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1. WYKAZ SKROTOW I OZNACZEN

acu — udarno$¢ (ang. Impact strength),

alk-HNT — alkalizowane nanorurki haloizytowe (ang. Alkalized halloysite nanotubes),

DSC - skaningowa kalorymetria roznicowa (ang. Differential Scanning Calorimetry),

DMTA — dynamiczna analiza termomechaniczna (ang. Dynamic Mechanical Thermal Analysis),

EDS - spektroskopia rentgenowska z dyspersja energii (ang. Energy Dispersive Spectroscopy),

E: — modut spre¢zystosci przy rozcigganiu (ang. Young modulus),

E> — modut zachowawczy (ang. Storage modulus),

FTIR — spektroskopia w podczerwieni z transformacja Fouriera (ang. Fourier—Transform Infrared
Spectroscopy),

H — twardos$¢ Shore’a w skali D (ang. Shore D hardness/ toughness),

HA — haloizyt z kopalni Dunino (Polska) (ang. Halloysite from Dunino mine),

HDPE - polietylen wysokiej gestosci (ang. High Density Polyethylene),

HDT — temperatura ugiccia pod obcigzeniem (ang. Heat Deflection Temperature),

HMDS — heksametylodisilazan (ang. Hexamethyldisilazane),

HNT — nanorurki haloizytowe (ang. Halloysite nanotubes),

KHA — kalcynowany haloizyt pochodzacy z kopalni Dunino (Polska) (ang. Calcinated halloysite from
Dunino mine),

L*a*b* — parametry barwy L* (jasno$¢), a* (udzial barwy czerwonej/zielonej), b* (udzial barwy
z6ttej/miebieskiej) (ang. Color parameters L* (brightness), a* (proportion of red/green color), b*
(proportion of yellow/blue color)),

m-HNT — szczepione HMDS nanorurki haloizytowe (ang. HMDS-grafted halloysite nanotubes),

MEe — moment obrotowy w stanie rownowagi (ang. Equilibrium torque),

Mx — maksymalny moment obrotowy (ang. Maximum values of torque),

PVC — poli(chlorek winylu) (ang. Poly(vinyl chloride)),

RM — masa resztkowa (ang. Residual mass),

Seet — powierzchnia wiasciwa wyznaczona metoda BET (ang. BET surface area),

SEM - skaningowa mikroskopia elektronowa (ang. Scanning Electron Microscopy),

SEM/EDS - skaningowa mikroskopia elektronowa z mapowaniem elementarnym EDS (ang. Scanning
Electron Microscopy with Energy Dispersive Spectroscopy),

Tc — temperatura krystalizacji (ang. Crystallization peak),

Ty / Tqwans — temperatura zeszklenia (ang. Glass Transition Temperature),

TGA — analiza termograwimetryczna (ang. Thermogravimetric Analysis),

Tm— tempertura topnienia (ang. Melting temperature),

Txo — temperatura ubytku x% masy probki (ang. X% Weight losses of the sample),

tx — czas potrzebny do osiagniecia maksymalnego momentu obrotowego (ang. Time to reach maximum
torque),

X — stopien krystalicznosci (ang. Degree of crystallinity),

XRD - dyfrakcja rentgenowska (ang. X-Ray diffraction analysis),

VST — temperatura micknienia Vicata (ang. Vicat softening temperature),

gg — wydluzenie przy zerwaniu (ang. Elongation at break),

om — wytrzymato$¢ (maksymalne naprezenie) (ang. Tensile strength),

6v — naprezenie na granicy plastycznosci (ang. Yield stress),

AE —roznica barwy (ang. Color difference),

AHmn— entalpia (ang. Melting enthalpy).
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2. WSTEP
2.1 HALOIZYT

Haloizyt jest mineratem ilastym zaliczanym do gromady krzemiandéw warstwowych.
Wystepuje naturalnie w réznych formach strukturalnych, a jego nazwa zostata po raz pierwszy
uzyta przez belgijskiego geologa Omaliusa d’Halloya w 1826 roku, ktory zaobserwowat
w strukturze mineralu wyzsza zawarto§¢ wody w poréwnaniu do kaolinu. Do roku 1930
korzystano z okreslenia haloizyt dla r6znych form morfologicznych, natomiast w pdzniejszych
latach naukowcy zaczeli korzystac z takich okreslen jak "uwodniony haloizyt", "metahaloizyt",
"embrionalny haloizyt" i innych, natomiast finalnie przyjeto okreslenie ,,haloizyt” [1]. Haloizyt
oraz inne mineraly ilaste powstaja w wyniku wietrzenia i hydrotermalnej modyfikacji mi¢dzy
innymi skat wulkanicznych 1 pumeksu. Struktura i wtasciwos$ci haloizytu zaleza od miejsca
jego wystepowania. Mineral mozna zlokalizowa¢ w takich regionach jak USA (stan Utah),
Chiny (prowincje Kuejczou, Junnan i Hunan), Tajlandia (prowincja Ranong) i Argentyna
(prowincja Rio Negro). Jedno z najwigckszych zt6z haloizytu na §wiecie wystgpuje takze
w Polsce w powiecie legnickim (Dunino) [2].

2.1.1 Struktura i wlasciwosci

Ze wzgledu na sktad i strukture chemiczng haloizyt jest zaliczany do grupy kaolinitu.
W pordéwnaniu do innych mineratow z tej grupy wyrdznia si¢ obecnoscig czgsteczek wody
pomigdzy poszczegdlnymi warstwami. Uwodniona posta¢ haloizytu 10A sklada sie z warstwy
pojedynczej mineratu o gruboéci 7A oraz monowarstwy wody 3A. Ogoélny wzér chemiczny
haloizytu Al>Si>Os(OH)4-nH20, gdzie n = 0 lub 2 opisuje odpowiednio odwodniong lub
uwodniong posta¢ mineratu, przy czym sktad chemiczny moze ulega¢ zmianie ze wzgledu na
obecnos¢ zanieczyszczen [3].

Haloizyt jest dioktaedrycznym mineratem, w ktorym jednej warstwie oktaedrycznej jest
przyporzadkowana jedna warstwa tetraedryczna. W sprzyjajacych warunkach geologicznych
sgsiadujgce warstwy oktaedryczna AlOg i tetraedryczna SiOs ulegaja zwinigciu tworzac postaé
wielowarstwowych rurek. Rozne warunki krystalizacji oraz miejsce wystgpowania przyczynity
si¢ do powstania rozbudowanej morfologii czastek haloizytowych, wyrdznia si¢ struktury
rurkowe, sferoidalne, ptytkowe oraz nieregularne [4][5]. Na rysunku 1 przedstawiono
schematyczng strukturg krystaliczng odwodnionej nanorurki haloizytowej.

\
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Rys. 1. Budowa nanorurki haloizytowej 7 A
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Zewngtrzna warstwa Krzemianowa zawiera grupy siloksanowe (Si-O-Si), natomiast
wewnetrzna uwodniony tlenek glinu Al-OH, na krawedziach §cian natomiast obecne sg grupy
Al-OH i Si—-OH. Odlegtos¢ miedzy warstwami wynosi 0,7nm i sg one potgczone miedzy sobg
prawdopodobnie wigzaniami wodorowymi. W haloizycie 7A i 10A odleglo$¢ pomiedzy dwoma
sgsiednimi warstwami jest taka sama [6][7].

2.1.2 Zastosowanie

Z uwagi na wysoka powierzchni¢ wiasciwg, HNT w postaci nanorurek charakteryzuje si¢
dobrymi wtasciwosciami sorpcyjnymi, zdolnoscia wymiany jonowej, biokompatybilnoscia
i odpornoscig termiczng, zatem mozna stwierdzi¢, ze mineral o takiej strukturze moze by¢
dobrg alternatywa dla powszechnie stosowanych nanorurek weglowych. Mozliwo$é
modyfikacji jego struktury wewng¢trznej i zewnetrznej, hydrofilowo$¢ oraz niski koszt sprawity,
ze nanorurki haloizytowe sa wykorzystywane m.in. jako czujniki elektrochemiczne do
identyfikacji roznych substancji [8][9].

W poréwnaniu do innych mineratéow z grupy kaolinitu haloizyt charakteryzuje si¢ wyzsza
reaktywnos$cia 1 zdolno$cia wymiany kationowej, dzigki czemu moze by¢ uzywany do
immobilizacji komplekséw metali [10].

Ze wzgledu na wlasciwosci sorpcyjne, haloizyt jest wykorzystywany m.in. do
neutralizowania metali cigzkich z roztworéw [11][12], usuwania azotu amonowego
i fosforanéw oraz adsorpcji barwnikow ze $ciekoOw komunalnych [13][14]. Ponadto jest
stosowany do zapobiegania korozji metali [15][16] oraz jako dodatek poprawiajacy odporno$é
termiczng 1 ograniczajacy palno$¢ nanomaterialdéw, w tym nanokompozytow polimerowych
[17][18].

Wysoka powierzchnia wlasciwa to cecha szczegodlnie istotna dla zastosowania haloizytu
jako no$nika katalizatora w procesach rafinacji ropy naftowej [19][20] i jako no$nika substancji
stuzacych do konserwacji dziet sztuki [21][22]. Jako material biokompatybilny, haloizyt
sprawdza si¢ jako nosnik substancji aktywnych w lekach lub materiat w implantologii
[23][24][25][26]. W ciagu ostatnich 3 lat opracowano jego zastosowanie do precyzyjnego
uwalniania i dostarczania substancji przeciwnowotworowych oraz wychwytywania komorek
nowotworowych zapobiegajac interakcji ze zdrowymi komdrkami, co pozwala na osiagnigcie
lepszych wynikow terapii [27][28]. Moze by¢ zastosowany rowniez jako nanoreaktor
enzymatyczny do reakcji biomineralizacji [29][30]. Stuzy takze jako napetniacz tworzyw
polimerowych poprawiajacy wlasciwosci termiczne i mechaniczne [10][31][32].

W dostgpnej literaturze przedstawiono wyniki badan nad wptywem haloizytu na
wlasciwos$ci nanokompozytéw na osnowie tworzyw termoplastycznych takich jak polipropylen
(PP) [33][34][35], polietylen (PE) [36][37][38], polilaktyd (PLA) [39][40][41], poli(tereftalan
etylenu) (PET) [42][43], poliamid (PA) [44][45][46] i polistyren (PS) [47][48]. Z uwagi na
rosngce znaczenie materialdw pochodzacych z recyklingu, ktoérych proces rozdzielenia jest
trudny lub w niektorych przypadkach niemozliwy trwaja intensywne badania zwigzane
z opracowaniem nanokompozytow z udzialem haloizytu na osnowie mieszanin dwodch
polimerow termoplastycznych takich jak PP/PE [49], PP/PET [50], PP/ABS [51][52],
ABS/PVC [53], PS/PA [54]. Haloizyt znalazt zastosowanie jako wysoce funkcjonalny sktadnik
napetniaczy hybrydowych lub materiat do produkcji kompozytéw hybrydowych, gdzie
wprowadzano réwnolegle do osnowy polimerowej haloizyt oraz ligning [55][56], nanorurki
weglowe [57][58], wiokna weglowe [59][60], widkna bazaltowe [61][62], sadze [63], widkna
szklane [64][65] i celuloze [66][67].

Z uwagi na silnie hydrofilowy charakter zewngtrznej powierzchni nanorurek
haloizytowych bardzo trudne jest uzyskanie homogenicznej dyspersji napelniacza
w hydrofobowej osnowie polimerowej. Aglomeraty nanorurek haloizytowych dziataja jak
miejsca kumulacji naprezen, co wplywa negatywnie na wlasciwosci mechaniczne
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kompozytéw. Ponadto, tylko jednorodna dyspersja HNT w osnowie polimerowej prowadzi do
uzyskania efektu barierowego, dzigki ktéoremu kompozyty polimerowe charakteryzuja sig
korzystnymi wlasciwosciami termicznymi 1 obnizong palnoscig. Dlatego modyfikacja
powierzchni HNT jest niezb¢dna w celu osiggnigcia pozadanych wilasciwosci kompozytow
polimerowych wytworzonych z ich udziatem [68][69].

2.1.3 Cel i metody modyfikacji nanorurek haloizytowych

Ze wzgledu na szereg korzystnych wlasciwosci m.in. duzg powierzchnie wiasciwa, tatwa
dostgpno$¢ 1 znacznie nizszg ceng w porownaniu do nanorurek weglowych, nanorurki
haloizytowe stanowig rowniez ciekawg alternatywe dla innych powszechnie stosowanych
napetniaczy tworzyw polimerowych [70]. Niepolarne polimery stabo oddziatujg z hydrofilowa
powierzchnig nanorurek haloizytowych, stad w celu poprawy kompatybilno$ci obu materiatow
pojawia si¢ konieczno$¢ modyfikacji HNT przed wprowadzeniem do osnowy. Modyfikacja
haloizytu polega na wprowadzeniu dodatkowych grup funkcyjnych poprzez utworzenie sit van
der Waalsa, wigzan wodorowych (interkalacje¢) i przyciagania elektrostatycznego chemiczna
natomiast prowadzi do utworzenia wigzan kowalencyjnych pomiedzy powierzchnig nanorurki,
a substancjg modyfikujgcg. Zewnetrzna powierzchnia nanorurki haloizytowej jest natadowana
ujemnie, a wewnetrzna dodatnio, co pozwala na selektywng modyfikacje materiatu
w zalezno$ci od jego przeznaczenia. W celu wykorzystania nanorurek haloizytowych jako
napetniacza tworzyw polimerowych przeprowadza si¢ modyfikacj¢ powierzchni zewnetrznej,
natomiast powierzchni¢ wewngtrzng modyfikuje si¢ w celu przygotowania nosnikow substancji
aktywnych lub katalizatorow [71][72]. Na rysunku 2 przedstawiono grupy materiatow
I zwigzkow chemicznych stosowanych w modyfikacji zewnetrznej i wewnetrznej powierzchni
nanorurek haloizytowych [73]. Do modyfikacji obu powierzchni stosuje si¢ generalnie takie
same substancje, z jednym wyjatkiem gdzie do wewngtrznej powierzchni stosowane sg kwasy,
natomiast do zewnetrznej - alkalia.

« QOrganosilany

Modyflkacja_ + Polimery
POW'erZCh“[ « Srodki powierzchniowo czynne
wewngtrznej - Nanomateriaty

+ Kwasy wytrawiajgce
+ Zwiazki pochodzenia biologicznego

« Alkalia
+ Organosilany
+ Nanoczastki Modyfikacja
~ + Polimery powierzchni
« Srodki powierzchniowo czynne zewnetrznej
= Zwigzki pochodzenia biologicznego

Rys. 2. Materiaty wykorzystywane do modyfikacji wewngtrznej i zewnetrznej powierzchni
nanorurki haloizytowej

Modyfikacja metoda chemiczng prowadzaca do utworzenia wigzan kowalencyjnych moze
zosta¢ przeprowadzona na powierzchni wewnetrznej [74] lub zewnetrznej, jednak stosunkowo
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niska liczba grup hydroksylowych na tej powierzchni ogranicza ilo$¢ miejsc reaktywnych
umozliwiajacych wprowadzenie grup funkcyjnych [75]. W dostgpne;j literaturze do modyfikacji
poprzez utworzenie wigzan kowalencyjnych z powierzchnig haloizytu wykorzystywano kwas
1-pirenoborowy [76], kwas 1,4-fenylenodiboronowy [77] i B-cyklodekstryne [78]. Jedna
z popularniejszych metod modyfikacji chemicznej jest szczepienie silanami takimi jak vy-
aminopropylotrietoksysilan (APTES) [6], benzylopropylotrimetoksysilan (BOPTMS) [42],
winylotrimetoksysilan (VTMS) [79]. Opracowano metode efektywnego wprowadzania grup
funkcyjnych silanu, ktoéra poprzedza operacja obejmujaca aktywacje nanorurek alkaliami
w celu zwigkszenia $rednicy wewnetrznej i ilosci grup hydroksylowych na ich powierzchni
zewnetrznej. Do modyfikacji chemicznej silanami poprzedzonej aktywacja alkaliami lub
kwasami  wykorzystywano eter diglicydylowy bisfenolu A (DGEBA) i vy-
aminopropylotrietoksysilan (APTES) [80] lub 3-aminopropylotrietoksysilan (APS) [81].
Z uwagi na odmienny charakter powierzchni zewnetrznej i wewngtrznej istnieje mozliwos¢
jednoczesnej modyfikacji obu warstw nanorurek haloizytu roznymi zwigzkami chemicznymi.
Moghari i inni [72] przeprowadzili jednocze$nie modyfikacje wewngtrznej powierzchni
nanorurek haloizytowych wykorzystujac 8-hydroksychinoling, a do powierzchni zewnetrznej
oligomery aniliny (AO), ktorej efektem bylo utworzenie nowatorskich nanono$nikoéw
inhibitoréw Kkorozji. Podobne badania przeprowadzili Yah i inni [82], ktorzy modyfikowali
wewnetrzng powierzchni¢ kwasem oktadecylofosfonowym, natomiast zewnetrzng N-(2-
aminoetylo)-3-aminopropylotrimetoksysilanem (AEAPS) przygotowujac w ten sposob
material do r6znych zastosowan, zaczynajac od oczyszczania wody po immobilizacje lekow
i ich kontrolowane uwalnianie.

Modyfikacja fizyczna haloizytu jest metodg znacznie tatwiejsza do przeprowadzenia,
natomiast nalezy pamigtaé, ze prowadzi do otrzymania haloizytu o nizszej stabilno$ci
termicznej w porownaniu do tego, otrzymanego metoda kowalencyjnego szczepienia [71].
W literaturze opisano utworzenie sit van der Waalsa pomig¢dzy powierzchnig haloizytu
a polilaktydem (PLA) [83] i polistyrenosulfonianem (PSS) [84]. Czasami wprowadzanie grup
funkcyjnych na powierzchni haloizytu zwigzane jest z wystepowaniem réznych oddziatywan
jednocze$nie. Francisco i inni [85] zwrécili uwagg na to, ze interakcje pomigdzy haloizytem
i 2,2'-(1,2-etenodi-4,1-fenyleno)bisbenzoksazolem  (EPB) mogg obejmowaé  wiele
mechanizmow, takich jak interakcja kwasowo-zasadowa Lewisa, sily van der Waalsa
I przeniesienie elektronéw. W ostatnim czasie duze zainteresowanie przyciggaja kompleksy
nanorurek haloizytowych interkalowanych czasteczkami organicznymi ze wzgledu na
mozliwo$¢ ich wykorzystania do otrzymywania adsorbentoéw. Do modyfikacji tego typu
stosowano m.in. dimetylosulfotlenek (DMSQ), octan potasu (KAc), N-metyloformamid
(NMF), mocznik i akryloamid (AM) [86], mocznik [87] i kwas stearynowy (SA) [88].
Doskonatlg stabilno$cig strukturalng charakteryzuja si¢ nanoczastki srebra wprowadzone do
haloizytu z wykorzystaniem N-acetylo-L-cysteiny modyfikowanej nanoczastkami srebra (Ag
NPs) poprzez oddziatywania elektrostatyczne z wewnetrzng powierzchnig mineratu [89].
Oddzialywania elektrostatyczne wystepowaty pomigdzy powierzchnig haloizytu w przypadku
zastosowania takich zwigzkow jak chitozan [90] lub anionowe $rodki powierzchniowo czynne
[91]. Metoda aktywacji alkaliami jest wykorzystywana rowniez do uzyskania korzystnych
oddzialywan elektrostatycznych na zewnetrznej powierzchni nanorurki z ofloksacyng (OFL)
[92].

Jedng z tatwych do przeprowadzenia metod dehydroksylacji powierzchni nanorurek
haloizytowych jest kalcynacja. Proces prowadzi si¢ w zakresie temperatury 400-1200 °C;
w temperaturze 500-800 °C przebiega dehydroksylacja powierzchni natomiast w temperaturze
powyzej 800 °C dochodzi do znacznych zmian morfologicznych materiatu [93][94][95][96].

Wprowadzenie do osnowy polimerowej haloizytu poddanego modyfikacji, niezaleznie od
wybranej metody, skutkowato uzyskaniem silniejszych oddzialywan na granicy faz polimer-
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napetniacz i lepszej kompatybilnosci, a zatem dyspersji napetniacza w osnowie, CO prowadzi
do uzyskania korzystnych wlasciwosci mechanicznych kompozytow w poréwnaniu do
zastosowania surowego HNT [97][98].

2.2 POLIMERY TERMOPLASTYCZNE

Osnowe materiatow kompozytowych moga stanowi¢ wielkotonazowe polimery
termoplastyczne, w tym wymieniajac w kolejnosci wielkosci $wiatowej produkcji:
polipropylen, polietylen, poli(chlorek winylu), poli(tereftalan etylenu) i polistyren. Swiatowa
produkcja tworzyw polimerowych w 2022 roku wyniosta ogétem 400,3 milionéw ton, z czego
12,7% stanowita produkcja PVC, a 12,2% produkcja HDPE [99].

Haloizyt przyciaga coraz wigkszg uwage badaczy z dziedziny materiatoznawstwa, 0 czym
swiadczy rosngca ilo$¢ publikacji zwigzana z jego zastosowaniem jako napelniacza
kompozytéw polimerowych na osnowie réoznych tworzyw termoplastycznych. Na rysunku
3 zestawiono liczbe publikacji na przestrzeni ostatnich 10 lat dotyczacych badan kompozytow
na osnowie wybranych tworzyw, w ktorych stosowano haloizyt. Najwigksza ilo$¢ publikacji
w ciggu ostatnich 10 lat tj. 216 odnotowano w przypadku zastosowania jako osnowy
polietylenu. Liczba publikacji zwigzana z badaniami kompozytow na osnowie polipropylenu
z haloizytem wynosi 121, natomiast w przypadku pozostatych tworzyw polimerowych lgczna
ilos¢ publikacji w czasie ostatnich 10 lat nie przekracza ok. 100. W ostatnim czasie pojawity
si¢ tez publikacje o tematyce kompozytow na osnowie PVC z haloizytem; w ciaggu trzech lat
ukazato si¢ 14 artykutow o tej tematyce i jest to wigksza ilo$¢ niz sumaryczna liczba zbieznych
tematycznie artykulow naukowych opublikowanych w latach 2014-2021.

Ag
oy

&
fikaci

=3
Llczbapub

Rys. 3. Liczba publikacji artykutéw naukowych na przestrzeni ostatnich 10 lat na temat
kompozytow na osnowie wybranych tworzyw termoplastycznych z udziatem haloizytu (dane z bazy
Scopus, stan na listopad 2024)

Biorac pod uwage powyzsze dane tj. niewielkg liczb¢ publikacji w czasie ostatnich 10 lat
dotyczaca PVC, polimeru o znaczacym udziale w $§wiatowej produkcji tworzyw, jako material
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badawczy wybrano poli(chlorek winylu), ktory nalezy do polimeréw szczegdlnie podatnych na
modyfikacje. W celu uzyskania szerszego obrazu potencjalnych zastosowan haloizytu podjeto
réwniez prob¢ oceny jego wptywu na inny polimer z grupy wielkotonazowych tj. polietylen
wysokiej gestosci, ktorego wielkos¢ produkcji jest wigksza w porownaniu do PVC, ale przede
wszystkim rozni si¢ istotnie wlasciwos$ciami i obszarami zastosowan.

2.3 POLI(CHLOREK WINYLU)
2.3.1 Synteza

Poli(chlorek winylu) jest jednym z najstarszych tworzyw termoplastycznych, ktorego
historia rozpoczeta si¢ w 1835 roku. Stopniowy rozwoj technologii i zainteresowanie przemystu
spowodowato, ze na poczatku lat trzydziestych XX wieku polimer ten zostat
skomercjalizowany. Swiatowa produkcja PVC w 1960 roku wynosita 2 mln ton i dynamicznie
rosta, aby w 2022 roku osiagna¢ wartos¢ ponad 50 min ton [99][100].

Najbardziej skomercjalizowang metoda produkcji PVC jest polimeryzacja suspensyjna.
Reakcja przebiega z zastosowaniem nierozpuszczalnego w wodzie monomeru - chlorku winylu
(VC) i inicjatora, monomer rozprasza si¢ w wyniku silnego mieszania w srodowisku wodnym
tworzac krople, w ktorych przebiega polimeryzacja prowadzaca do utworzenia si¢ ziaren
polimeru. Morfologia i wielko$¢ ziaren suspensyjnego PVC zalezy od szeregu czynnikow
takich jak szybko$¢ mieszania, temperatura polimeryzacji, rodzaj i ilo$¢ stabilizatorow
suspensji oraz inicjatora [101]. Schemat ziarna powstajacego w wyniku reakcji polimeryzacji
suspensyjnej przedstawiono na rysunku 4.

Mikrodomena ~ 0,01-0,02 pm

Domena ~ 0,1-0,2 pym

Czastka pierwotna
~0,2-1,5 nm

Agregat czgstek
pierwotnych ~ 10pm

Ziarno 50-150pm

Rys. 4. Schematyczny model ziarna PVC [102]

W poczatkowej fazie formowania ziaren przy stopniu konwersji ok. 5% powstaja
mikrodomeny. Laczenie si¢ mikrodomen prowadzi do utworzenia domen. Dalsza
polimeryzacja prowadzi do utworzenia czastek pierwotnych, ktore taczg sie tworzac agregaty,
a ich wzrost i dalsza agregacja prowadzi do utworzenia ziaren [103][104].

Przetworstwo ziaren PVC prowadzi do zmiany ich morfologii, zjawisko to obejmuje
rowniez przemiany struktury krystalicznej. Transformacja pierwotnej morfologii ziaren pod
wplywem temperatury i sit Scinajacych okreslana jest jako zelowanie. Odpowiedni dobor
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parametrOw zelowania wplywa na wilasciwosci gotowych produktéow [105][106], takze
w przypadku, gdy PVC stanowi osnowe kompozytow.

W technologii przetworstwa PVC stosuje si¢ mieszanki zawierajace oprocz sktadnika
podstawowego czyli polimeru w postaci proszku popolimeryzacyjnego sktadniki pomocnicze
tj. stabilizatory termiczne, plastyfikatory, napelniacze, smary, modyfikatory ptyniecia,
modyfikatory udarnos$ci i inne. Odpowiedni dobor ilosciowy i jako$ciowy sktadnikéw
mieszanki determinuje wiasciwos$ci gotowych produktow i pozwala na ich modyfikacje w celu
poszerzenia zakresu zastosowan plastyfikatow.

2.3.2 Wlasciwosci i zastosowanie

PVC zyskat szczegélne znaczenie gospodarcze w przemysle tworzyw polimerowych
Z uwagi na wysoka odporno$¢ na warunki atmosferyczne i czynniki chemiczne, korzystne
wlasciwoséci mechaniczne, niski koszt produkcji, biokompatybilnos¢ 1 odpornos¢ na
sterylizacje. Polimer przetwarza si¢ gldwnie z wykorzystaniem takich technik jak wyttaczanie,
kalandrowanie, formowanie wtryskowe i rozdmuchowe. Zastosowanie substancji
pomocniczych w postaci plastyfikatorow pozwala na otrzymanie odmian migkkich
(plastyfikowanych) lub twardych (nieplastyfikowanych) [107][108]. Twardy PVC, ktory
charakteryzuje si¢ duza wytrzymatoscia i twardo$cig stuzy do produkcji rur wodociggowych
I kanalizacyjnych, profili okiennych, dachowek, zbiornikéw, ptyt gramofonowych, drzwi
i zabawek. Plastyfikowany PVC z uwagi na duza elastyczno$¢ jest powszechnie
wykorzystywany do produkcji drenéw, cewnikdéw, workow na krew, wezy przemystowych,
uszczelek, oston kabli elektrycznych, wyktadzin podtogowych i sztucznej skory [109].

W celu poszerzenia obszaru zastosowan PVC celowe jest wprowadzenie do osnowy
polimerowej napetniaczy w tym napetniaczy roslinnych taki jak maczka drzewna. Kompozyty
polimerowo-drzewne sa obecne na rynku tworzyw od wielu lat, ale zainteresowanie tymi
materiatami nie stabnie, o czym $wiadczy warto$¢ globalnej produkcji WPC, ktora w 2019 roku
wyniosta 4,77 mld dolarow a do 2027 roku wyniesie 9,03 mld dolarow [110]. Oprocz
uwarunkowan proekologicznych, istotng zaleta WPC jest m.in. mozliwo$¢ przetwarzania
tradycyjnymi metodami, najczesciej wytlaczania 1 wtryskiwania. Dlatego, pomimo, ze
materiaty te wykazuja wiele istotnych zalet, nadal aktualne sa badania nad modyfikacja ich
wlasciwosci, zwlaszcza napetniaczami pochodzenia naturalnego, w tym mineralnych. Wyniki
tych badan moga znalez¢ zastosowanie jako nowe rozwigzanie materialowe w przemysle
kompozytow polimerowych, ktére wplywajac na redukcj¢ masy sktadnikoéw ropopochodnych
sprzyjaja rozwojowi gospodarki opartej na idei zréwnowazonego rozwoju. Ponadto, do
wytwarzania WPC mozna wykorzysta¢ jako osnowg materialy polimerowe pochodzace
z recyklingu [111].

Rosnaca wielko$¢ produkcji PVC w ostatnich latach sprawia, ze istotne sg dzialania
zwigzane z rozwojem technologii wtornego obiegu materialow. Recyklaty PVC sg czgsto
wykorzystywane do produkcji kompozytéw, gdzie mimo obecno$ci zanieczyszczeh nie
stwierdzono ich istotnego wptywu na wiasciwosci produktow koncowych [112][113]. W celu
poprawy wiasciwoséci mechanicznych, termicznych i elektrycznych prowadzi si¢ modyfikacje
PVC napeliaczami pochodzacymi z r6znych grup materialowych [114][115][116][117][118].
W ostatnich latach uwaga naukowcow skupita si¢ na kompozytach PVC z napetniaczami
mineralnymi, w szczegdlnosci krzemianami warstwowymi, w tym z haloizytem
[119][120][121][122][123][124].

2.3.3 Kompozyty poli(chlorku winylu) z haloizytem
Do produkcji kompozytow PVC/HNT w zaleznosci od przewidywanego zastosowania

stosuje si¢ metode przetworstwa w stanie uplastycznionym lub metod¢ wylewania folii
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nanokompozytowych. Suszenie nanorurek haloizytowych przed wprowadzeniem do osnowy
polimerowej jest pierwszym etapem zwigzanym z przygotowaniem kompozytéw PVC/HNT.

Pierwsze nanokompozyty poli(chlorku winylu) z nanorurkami haloizytu nie poddanymi
weczesniejszej modyfikacji zostaly przygotowane i zmieszane w stanie stopionym przy uzyciu
walcarki przez Mondragén i innych [122]. Wyniki badan wskazywaly na obecnos¢
aglomeratow haloizytu w osnowie PVC, co przyczynito si¢ do uzyskania niekorzystnych
wiasciwos$ci mechanicznych.

Przetworstwo z wykorzystaniem walcarki do przygotowania kompozytow PVC
z udziatem niemodyfikowanych nanorurek haloizytowych zaproponowali takze Liu i inni
[123][124]. Korzystna dyspersja haloizytu w osnowie polimerowej przy zawartosci do 10 cz.
wag. przyczynita si¢ do poprawy wiasciwosci mechanicznych, w tym udarnosci oraz stabilnosci
termicznej. Wigksza zawartos¢ HNT w osnowie polimerowej powoduje powstawanie
aglomeratow, ktore dziataja jak miejsca koncentracji napr¢zen. RoOwnomierne rozproszenie
haloizytu w osnowie polimerowej jest korzystne w aspekcie powstawania efektu barierowego,
co zwigzane jest z ograniczaniem transferu ciepta i opdznianiem procesu degradacji termicznej
kompozytéw PVC.

Korzystng dyspersje 2 i 4% wag. haloizytu uzyskat Liu i inni [120] wprowadzajac
napetniacz podczas polimeryzacji suspensyjnej in situ chlorku winylu (VC), a nastgpnie
przetwarzajac otrzymany polimer z HNT metodg walcowania. Uzyskanie jednorodnie
rozprowadzonych czastek napetlniacza w osnowie przyczynito si¢ do wzrostu whasciwosci
mechanicznych kompozytow zawierajacy do 4 % wag. haloizytu.

Liu i inni [125] zaproponowali réwniez wprowadzanie metoda mieszania w stanie
stopionym modyfikowanych HNT do osnowy PVC/PMMA. W pierwszym etapie nanorurki
haloizytowe zmodyfikowano przy uzyciu $rodka sprzegajacego W postaci metakrylanu 3-
(trimetoksysililo)propylu (MPS), a nastgpnie prowadzono polimeryzacje MMA w obecnosci
nadsiarczanu potasu (KPS) jako inicjatora. Szczepione PMMA nanorurki haloizytowe
wprowadzano do PVC poprzez walcowanie a nastgpnie wtryskiwanie. Dzigki korzystnej
dyspersji  haloizytu w osnowie PVC/PMMA uzyskano wzrost wartosci modutu
zachowawczego, co zwigzane jest z silng interakcja migdzyfazowg polimer-napeniacz
i ograniczeniem ruchliwos$ci tancuchéw PVC. Wzrost temperatury ubytku masy kompozytow
PVC/PMMA wraz z rosngcym udziatem HNT w osnowie zwigzany byl z utworzeniem
fizycznej bariery utrudniajacej przenikanie lotnych produktow degradacji.

Ciekawe rozwigzanie przedstawit Thomas [119], przygotowujac kompozyty PVC/HNT ze
srodkiem kompatybilizujagcym metodg dwuetapowa tj. mieszania w stanie stopionym,
a nastgpnie  wtryskiwania. Wprowadzenie kompatybilizatora pozwolito na uzyskanie
korzystnych oddziatywan na granicy faz polimer-napetniacz. Stwierdzono poprawe
wlasciwo$ci mechanicznych 1 stabilnosci termicznej kompozytow, szczegolnie wowczas, gdy
stezenie haloizytu w osnowie wynosito 4%.

Kompozyty na osnowie PVC z udzialem haloizytu mozna réwniez otrzymaé¢ metoda
wylewania z roztworu, jak zaproponowat Mishra i inni [126][127][128][129]. W pracy [126]
do przygotowania folii nanokompozytowych PVC/HNT w postaci membran filtracyjnych
wykorzystano metode separacji faz indukowanej wodg. Kolejna publikacja dotyczyta
przygotowania fotokatalitycznych membran poprzez syntez¢ nanoczastek TiO2 metodag in Situ
na funkcjonalizowanej powierzchni nanorurek haloizytowych [127]. Trzecia publikacja
zwigzana byla z przygotowaniem membran poli(chlorku winylu) z nanonapetniaczem w postaci
tlenku ceru (CeO>) osadzonego na haloizycie [128]. W ostatnim opracowaniu skupiono si¢ na
szczepieniu silanami nanorurek haloizytowych, a nastgpnie syntetyzowaniu na powierzchni
HNT nanoczatek TiO2 [129].

Nowa metodag modyfikacji PVC jest wprowadzanie haloizytu réwnolegle z innymi
napetniaczami pochodzenia naturalnego, Ghalehno i inni [130] przygotowali kompozyty
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hybrydowe z udziatem haloizytu i maczki drzewnej na osnowie PVC. Powierzchni¢ HNT
modyfikowano tetraetoksysilanem i mieszano z maczka drzewna w wytlaczarce. Korzystne
wlasciwosci mechaniczne kompozytow z udzialem modyfikowanego haloizytu uzyskano
dzigki rownomiernej dyspersji napetniaczy w osnowie i silnym oddziatywaniom na granicy faz
polimer-napetniacz.

W tabeli 1 zestawiono wtasciwosci kompozytow PVC/HNT, z uwzglednieniem substancji
stosowanych do modyfikacji HNT oraz metody przetworstwa, na podstawie wszystkich
dostepnych publikacji, gdzie jako osnowe polimerowa zastosowano PVC.
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Tabela 1. Metody modyfikacji i przetworstwa oraz wiasciwosci kompozytow PVC/HNT

Materiaty Metoda modyfikacji HNT Przetworstwo Wriasciwosci kompozytéw
Napetniacz Lit.
Osnowa /udziat Met(_)da . Smdk.l Metgda Tgmp Cz_as Przetworcze | Strukturalne Mechaniczne Termiczne
wagowy w | modyfikacji pomocnicze | przetworstwa | [°C] [min]
PVC
1,5 cz. wag.
L . .| brak korzystnego
HNT stabilizatora, pojedyncze i wplywu HNT na
10 cz. wag. zagregowane o
(NaturalNa i modyfikator i nanorurki wytrzymatosc,
PVC no Inc., ylikato walcowanie 180 15 sztywnos¢ i - [122]
a udarnosci, rozproszone e
USA) /0- 18 . udarnos¢, wzrost
8% wag ! cz._wag. W osnowie wydhuzenia przy
' modyfikator PVC .
o zerwaniu
a plynigcia
wzrost udarnosci
Izoda z karbem
Wraz z rosnagcym
udziatem HNT do
korzystna 10 cz. wag. a wzrost
5 cz. wag. dyspersja nastepnie spadek stabilnosci
HNT L L. . .
(Hubei i stabl_llzatora HNT w wartosci, W’ZI"OS'[ termicznej
PVC Chiny) / 0- termicznego, walcowanie 175 8 i osnowie wytrzymalos'CI na wraz ze [123]
5 cz. wag. PVCz rozcigganie, wzrostem [124]
40% cz. . . . )
wa ftalan diokty matymi wytrzymato$ci na | udzialu HNT
g lu (DOP) aglomeratam | zginanie, modutu | w osnowie
i HNT zginania, modutu | PVC (TGA)
zachowawczego i
Tg tan §
16

16:34590236




wzrost udarnosci
Izoda z karbem

korzystna nanokompozytow
wzrost . PVC/HNT wraz z L
momentu dyspersja rosnacym niewielki
HNT w . wzrost
li : obrotowego osnowie udziatem HNT do temperatury
p;’u;mgg’z?:ia 5 cz. wag. i wydtuzenie | U 4% wag., a ogicia pod
monomer HNT {)/C v)\//J stabilizatora czasu matymi nastepnie spadek obciazeniem
chlorku (Hubei . termicznego, . zelowania warto$ci, wzrost [120]
' aglomeratam L wraz z
winylu Chiny) / 0- ObeHCIiIIE)rSCI 5 cz. wag. walcowanie 170 wraz z g i HNT wytrzymalos.CI na rosnacym
(VCM) 6% wag. ftalanu diokt rosngcym obserwowan rozcigganie, udziatem
ylu (DOP) udzialem . 0 wytrzymatosci na
ymi przy 6% L7 HNT w
HNT w udziale zginanie, modutu osnowie
osnowie sprezystosci przy
PVC Wag?\lvx_ym zginaniu i modutu PVC
zachowawczego
wzrost modutu
I zachowawczego,
mod|_)|/ ::II .IT_aCJ a wytrzymato$ci na
rozciaganie, L
mEtakgylanem 5 ¢z. wag wytrzymato$ci na n:,?,ggi(l
o IS korzystna inanie, modutu
HNT (trimetoksysili | stabilizatora dysp);rsja nglgf;zl;trgscﬁ temperatury
i i . oy ubytku mas
gmonomer | (Hiubel, | lojpropylu. | termicanedo. | yaycouanie | 175 : HNTw | wdamosei roda 7 | “AUMEY | f125)
: ) A - e osnowie karbem
5cz.wag. | polimeryzacja ftallanLE) dolgkt PVC/PMMA | nanokompozytéw rl?dszzc;éflrnn
. TMAT' ylu (DOP) PVC / PMMA e
unkcjonaiizo szczepionych
wanym MPS- HNT wraz
HNT rosngcym
udziatem HNT
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wzrost
wytrzymato$ci na
rozciaganie,
wytrzymatosci i wzrost
modutu .
. . sprezystosci przy stab1_1nosc_1
HNT kompatybiliz mieszanie w zginaniu termlcznej,
PVC (I\rlwac}L:;aclNa ator OPTIM uplaztt?/r::fnion 150/ - nanokompozyGw | P S STZ?/ [119]
- GE-344 (2% 220 PVC/HNT wraz z i
USA)/ 0- wag.) ym, rosnacym uzyskano dla
6% wag. witryskiwanie udziatem HNT, kompozytu z
.. | udziatem 4%
wzrost udarnos$ci wag. HNT
I1zoda z karbem do '
3% wag. HNT a
nastgpnie spadek
wartos$ci
HNT korzystna
potaczono z dyspersja 1 i
N, N - 2% wag. wzrost
dimetyloaceta HNT w wytrzymatos$ci na
HNT midem a osnowie rozciaganie i
PVC, (Sigma nastepnie do i odlewanie i PVC, wydluzenia przy
membrana Aldrich)/ otrzymanej folii aglomeraty zerwaniu folii i [126]
PVC/HNT . .
0-3% wag. mieszaniny HNT w PVC/HNT wraz z
wprowadzono oshowie rosngcym
PVCi PVC przy udziatem HNT
poliwinylopiro 3% udziale
lidon wag.
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synterzwfi1 TiO2 ¢rodek
(SHiglr-r:a powierzehni sprzqe%_a]qcy odlewanie
PVvC . funkcjonalizo . o - - [127]
Aldrich)/ wanvech HNT aminopropyl folii
0- 3% wag. yen fiN otrietoksysil
kalcynacja (2 an
h, 400 °C)
synteza CeO; srodek aglomerat
HNT na sprzggajacy H?\IT W foI)i/i
PVC (Sigma powierzchni 3- odlewanie ) PV/C prz [128]
Aldrich)/ HNT, aminopropyl folii % d‘;ia}’e
0-3% wag. | kalcynacja (2 | otrietoksysil Owa
h, 400 °C) an g
mol_c|i'<f||_k§_cja srodek
HNT . sprzggajacy
: aminopropylot .
(Sigma - : 3- odlewanie
PVC . rietoksysilane . o - - [129]
Aldrich)/ - aminopropyl folii
0-3% wag m | synteza otrietoksysil
' TiOo, (2 h, an
400 °C)
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wzrost
wytrzymato$ci na

haloizyt rozciaganie,
modyfikowan mpdulq .
HNT o} korzystna sprc;zystos’m.,
(Sigma | tetraetoksysila dyspersja | VYrzymatosci na
PVC Aldrich)/ nem i wytlaczanie | 175 HNTw | Z9inanie, modufu [130]
0-5 cz. mieszano z mieszaninie | 29inania, modutu
wag. maczka PV/C/WE zachowawczego i
drzewng (50 Tgtans ’
cz. wag.) kompozytow
PVC/WF/HNT
wraz rosngcym
udziatem HNT
20
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Podsumowujac, najwickszym wyzwaniem zwigzanym z przygotowywaniem kompozytow
PVC/HNT jest jednorodne rozproszenie napelniacza w osnowie polimerowej oraz uzyskanie
korzystnych oddziatywan na granicy faz polimer-napetniacz, co prowadzi do poprawy
wlasciwo$ci przetwdrczych, termicznych i1 mechanicznych. Rozwigzaniem moze by¢
chemiczna lub fizyczna modyfikacja powierzchni HNT prowadzaca do zmiany jej charakteru
z hydrofilowej na hydrofobowa - bardziej kompatybilng z osnowa polimerowa. Ciekawym
rozwigzaniem jest zastosowanie napetniacza roslinnego w potaczeniu z haloizytem, ze wzgledu
na odmienne wlasciwosci oraz wielkos$¢ i morfologig czastek.

2.4 POLIETYLEN WYSOKIEJ GESTOSCI

2.4.1 Wlasciwosci i zastosowanie

Polietylen wysokiej gestosci zyskal uznanie z uwagi na wytrzymato$¢, odpornos¢ na
pekanie, niskie temperatury i1 korozje, obojetno$¢ chemiczng, dobre wiasciwosci izolacyjne,
tatwo$¢ montazu elementow z niego wytworzonych i niski koszt. Polimer ten jest
wykorzystywany m.in. do produkcji rur do przesylu wody pitnej, gazu ziemnego, sciekow,
energii geotermalnej w instalacjach ogrzewania podtogowego. Rury z polietylenu stosowane sg
w przemysle chemicznym, naftowym i energetycznym. Polimer ten wykorzystywany jest
rowniez do produkcji zabawek, kanistrow na benzyne, zbiornikow na $mieci i paliwo, ztaczek,
beczek, butelek stosowanych w przemysle kosmetycznym i farmaceutycznym [131][132][133].
Ponadto, HDPE znalazl zastosowanie w medycynie jako material do produkcji implantow
wykorzystywanych m.in. w rekonstrukcji twarzoczaszki [134][135][136]. Z uwagi ha
odporno$¢ na wilgo¢ i zapachy sprawdza si¢ jako materiat do produkcji opakowan do
dlugoterminowego przechowywania zywnosci [137]. Stuzy réwniez do produkcji
kompozytowych wyktadzin znajdujacych si¢ na wysypiskach odpadéw tzw. geomembran,
ktore zapobiegajg przenikaniu zanieczyszczen pochodzacych ze sktadowisk do gleby [138].
Prowadzono badania dotyczace wykorzystania HDPE jako podloza mikrofalowego
w urzgdzeniach mikroelektronicznych [139] lub do produkcji kot zebatych [140].

2.4.2 Kompozyty polietylenu wysokiej gestosci z haloizytem

Liczba publikacji zwigzanych z tematyka kompozytow na osnowie polietylenu z udziatem
haloizytu jest znaczaca, nalezy jednak zwroci¢ uwage na fakt, ze w powadzonych badaniach
stosowano rézne odmiany polietylenu. Na rysunku 5 zestawiono ilo$ci publikacji artykutow
naukowych zwigzanych z badaniami kompozytéw na osnowie HDPE i LDPE z haloizytem od
2014 do 2024 roku.

21
21:52664441



LDPE/HNT

HDPE/HNT
/,/”’f/ T
101
91 Pt
8 ——
E‘ 7 e
§ 6 =
a 2 e B —
& 4 | | o
3)
3 "
2 4
14 T
0 — -
]
oy
S

//
T
L
Rok

Rys. 5. llo$¢ publikacji w czasie ostatnich 10 lat dotyczacych kompozytéw z udziatem
haloizytu na osnowie dwoch réznych odmian polietylenu (dane z bazy Scopus, stan na listopad 2024)

Ilos¢ publikacji na temat kompozytdow na osnowie polietylenu réznych odmian
zawierajacych haloizyt rosnie z roku na rok, co $wiadczy 0 tym, ze tematyka badan takich
materiatow jest aktualna i prowadzona przez wielu badaczy na calym $wiecie.

Rodzaj polietylenu zastosowanego jako osnowa wptywa istotnie na wlasciwosci
kompozytéow z HNT. Kadlec i inni [141] stwierdzili lepsza dyspersj¢ HNT w przypadku folii
kompozytowych na osnowie LLDPE, w poréwnaniu do tych, ktorych osnowe stanowit HDPE.
Mimo obecnosci aglomeratow napetniacza w osnowie HDPE stwierdzono wzrost stabilno$ci
termicznej wraz z rosngcg zawarto$cig HNT.

W celu poprawy dyspersji nanorurek haloizytu w osnowie HDPE, Singh i inni [37]
zastosowali dodatkowo kompatybilizator w postaci polietylenu wysokiej gestosci szczepionego
bezwodnikiem maleinowym. Materialty wytlaczano poczatkowo stosujac 20% wag. HNT,
a nastepnie rozcienczano otrzymany koncentrat wprowadzajac srodki pomocnicze podczas
ponownego wytlaczania. Probki do badan przygotowano metoda wtryskiwania. W przypadku
wprowadzenia do osnowy HDPE do 5% wag. HNT uzyskano korzystng dyspersje napetniacza
W osnowie; po przekroczeniu tej wartosci zaobserwowano aglomeraty napelniacza, ktore
dziataja jak koncentratory naprgzen skutkujac zmniejszeniem udarnos$ci kompozytow. Gdy
w mieszaninie zastosowano kompatybilizator, nie zaobserwowano miejsc kumulacji czgstek
napetniacza nawet wowczas, gdy jego zawartos¢ wynosita 10% wag.

Cecilio 1 inni  [36] =zaproponowat dwie metody modyfikacji haloizytu
metyloaluminoksanem (MAO) przed wprowadzeniem do osnowy HDPE. Pierwsza metoda
zwigzana byla z zastosowaniem aktywatora w §rodowisku toluenu (HNT-SA), druga natomiast
obejmowata dodatkowo wprowadzenie katalizatora w postaci dichlorku cyrkonocenu (HNT-
MAQO). Przeprowadzono reakcje polimeryzacji in situ etylenu z wykorzystaniem dwoch
wczesniej przygotowanych materiatow. Tak otrzymane proszki wytlaczano otrzymujac folie
wykorzystywane do badan. Haloizyt przygotowany pierwsza metoda byt lepiej zdyspergowany
W osnowie polimerowej w poréwnaniu do metody drugiej. Zastosowanie HNT, niezaleznie od
wybranej metody modyfikacji, wplyneto na poprawe stabilno$ci termicznej i modutu
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sprezystosci przy rozcigganiu, ktoérych wartosci rosty wraz z rosngcg zawartoscig napetniacza.
Naprezenie na granicy plastycznosci 1 przy zerwaniu kompozytow na osnowie HDPE
z zastosowaniem HNT-SA bylo wyzsze niz dla nienapetlnionego HDPE, natomiast
w przypadku zastosowania HNT-MAO wartosci tych wlasciwosci byly nizsze.

Z kolei Pelto i inni [142] zaobserwowali wystepowanie aglomeratow HNT w osnowie
HDPE, mimo modyfikacji silanami i niskiego udziatu wagowego napetiacza (0,5-1% wag.).
Haloizyt przed szczepieniem winylotrimetoksysilanem byl aktywowany poprzez suszenie
w 1000 °C, a nastgpnie mieszany z HDPE. Dodatkowo, na tak przygotowany materiat przed
wtryskiwaniem nanoszono nadtlenek organiczny w celu poprawy potgczenia obu sktadnikow.
Wprowadzenie 0,5% wag. haloizytu do osnowy HDPE wptyn¢to na nieznaczny wzrost stopnia
krystaliczno$ci i temperatury topnienia wWyznaczonych metodg DSC.

Hofler i inni [143] porownali wlasciwosci kompozytow HDPE z haloizytem otrzymanych
metoda dwuetapowa tj. wytlaczanych, a nastgpnie metoda odlewania rotacyjnego
Z wlasciwos$ciami kompozytow mieszanych w mieszalniku wysokoobrotowym i nast¢pnie
formowanych rotacyjnie. Mimo dwuetapowego mieszania napetniacza w osnowie HDPE
zaobserwowano wystepowanie aglomeratéw, ktore byly jednak mniejsze w poréownaniu do
aglomeratow w kompozytach otrzymanych metodg jednoetapowsg. Ich obecno$é¢ ttumaczono
brakiem oddziatywan na granicy faz polimer-napetniacz. Wprowadzenie 5% wag. HNT do
osnowy HDPE spowodowato wzrost o 15% modulu sprezystosci przy rozciagganiu, ktdrego
warto$¢ byta wyzsza 0 kolejne 10% w przypadku probek otrzymanych metoda dwuetapows.
Dane eksperymentalne potwierdzity wlasciwo$ci mechaniczne badanych materiatow
prognozowane z zastosowaniem modeli matematycznych.

W tabeli 2 zestawiono wlasciwosci kompozytow HDPE/HNT, z uwzglednieniem
substancji stosowanych do modyfikacji HNT oraz metody przetworstwa na podstawie
wszystkich dostgpnych publikacji, gdzie jako osnowe polimerowa zastosowano HDPE.
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Tabela 2. Metody modyfikacji i przetworstwa oraz wlasciwosci kompozytow HDPE/HNT

24:75641102

Materiaty Metoda modyfikacji HNT Przetworstwo Wiasciwosci kompozytow Lit.
Napetniacz )
Osnowa Judzial Metgda - Smdk.l Met(?da T‘jmp Cz'as Strukturalne Mechaniczne Termiczne
wagowy w | modyfikacji | pomocnicze | przetworstwa | [°C] | [min]
HDPE
prawie dwukrotnie wyzsze
wartos$ci odksztatcenia dla wzrost
HNT kompozytéw na osnowie stabilno$ci
HDPE/ Dragonite LLDPE w poroéwnaniu do termicznej w
LLDPE HP (95% - - wytlaczanie 200 - - HDPE, naprezenie na kompozytach [141]
HNT)/ 0- granicy plastycznos$ci prawie | HDPE wraz ze
7% wag. dwukrotnie wyzsze w wzrostem ilosci
przypadku HDPE w HNT
poréwnaniu do LLDPE
korzystna wprowadzenie
polietylen dyspersja do 5% nieznaczny wzrost HNT wplywa na
wysokiei Wad. brz wytrzymatos$ci i modutu wzrost
HNT ys toécij sz gr.np diiale sprezysto$ci na zginanie, stabilnosci
£G810! wyzszym U wprowadzenie HNT wptywa termicznej —
HDPE (Natural szczepiony wagowym HNT na spadek udarnosci nawet rosnie
(Indian Oil | Nano Corp., bezwodnikie . 140- aglomeraty, brak P .
. wytlaczanie/ , w obecnosci temperatura
Corporatio Stany - m e 205/ - aglomeratow - S [37]
. . wtryskiwanie kompatybilizatora, niewielki ubytku masy
n Ltd Zjednoczone maleinowym 205 nawet przy . .
Indie) )/ 0-15% (5, 10, 15% wyzszych wzrost modulu sprezystosei | (TGA), w
wa Wa ’) 7 udziatach na rozciaganie przy 10% przypadku
g haloig. tom wacowvch HNT udziale wag. HNT po zastosowania
10% v>\//a ov% roB\//vadzeniu dodaniu kompatybilizatora | kompatybilizato
g Eom F;t bilizatora nizsze warto$ci ra wartos$ci te sg
paty jeszcze wyzsze
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modyfikacja

wzrost sztywnosci

HNT - , .
metyloalumi korzystnl'ejsza kompozytéw na osnowie wzrost Tse, W
HNT (CID noksanem olimervzacia dyspersja w HDPE wraz z rosnacg ilo$cig | atmosferze tlenu
Grou (metoda P ot Ie%u/ ) HDPE przy haloizytu, niezaleznie od po
etylen Meksyk? / 0- | HNT-SA)i pragowanie 170 5 zastosowaniu jego rodzaju, najwyzsze wprowadzeniu [36]
23%wag. | dichlorkiem toczne folii HNT-SA w wartosel naprezenial _HNT .
cyrkonocenu poréwnaniu do odksztalcenla przy zerwaniu mezalezn_le 0
(metoda HNT-MAO miaty kompozyty HDPE z rodzaju
HNT-MAO) HNT-SA
winylotrimet . . . nieznaczny
dragonite oksysilan nie st\Nlerdzor_]q zmiany wzrost
HDPE (HE HP (95% na dtlenek, aglomeraty nanotwardo$ci i modutu temperatury
1878E, HNT)/ 0-1% | organiczn wtryskiwanie 250 0 haloizytu w sprezystosci po topnienia i [142]
Borealis) wa T?i onoxy osnowie HDPE wprowadzeniu do HDPE stopnia
g f 45 HNT krystalicznos$ci
(DSC)
. aglomeraty
HDPE ul tg::\ilr-]re-H dwgzipaivi\gai napeltniacza w wzrost modutu sprezystosci
VX573 (Imerys Vf?rmowanie osnowie HDPE, przy rozciaganiu i Nizsza
(Vision Ceram?::s ) rotacvine oraz | 250 0 mniejsze udarnos¢, niezaleznie od i [143]
Plastics,No Nowa ' i dnggta owa aglomeraty w zastosowanej metody
wa Zelandia) / J— formov?/anie przypadku otrzymywania w
Zelandia) 0-10% wag rotacyjne mieszania poréwnaniu do HDPE

wieloetapowego
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Podsumowujac, problem zwigzany z aglomeracja HNT w osnowie HDPE jest
przedstawiony w wielu publikacjach i pozostaje nadal nierozwigzany. Najczesciej
wykorzystywang metodg modyfikacji chemicznej tego napelniacza jest silanizacja. Mimo
stosowania przez badaczy roznych zwiazkéw i procedur modyfikacji prowadzacych do
szczepienia powierzchni HNT silanami, a w konsekwencji zmiany charakteru jego
powierzchni, nie uzyskano rownomiernego rozproszenia napetniacza w osnowie HDPE. Stad
istotne sg dalsze badania zwigzane z chemiczng modyfikacja haloizytu metodg silanizacji
zZ zastosowaniem nowych zwiazkow chemicznych i r6znych sposobow realizacji modyfikacji.

W dostepnych zrodtach literaturowych nie przedstawiono dotad wynikéw badan
dotyczacych zastosowania haloizytu modyfikowanego zaproponowanymi w pracy doktorskiej
metodami, takze w potaczeniu z wybranymi napetniaczami roslinnymi, jako napeitniacza
nieplastyfikowanego PVC i HDPE. Elementami okreslonej w oparciu o przeglad literatury
nowosci badan podjetych w ramach rozprawy sa:

e zastosowanie haloizytu pochodzacego z kopalni Dunino, ktéry przed wprowadzeniem do
osnowy zmodyfikowano termicznie poprzez kalcynacje jako napelniacza
nieplastyfikowanego PVC,

e zastosowanie funkcjonalnych materiatéw hybrydowych nanorurki haloizytowe — lignina
jako napelniacza nieplastyfikowanego PVC,

e modyfikacja kalcynowanymi nanorurkami haloizytowymi kompozytéw z napelniaczem
drzewnym na osnowie nieplastyfikowanego PVC oraz na osnowie mieszaniny dwoch
wielkotonazowych polimerow tj. PVC 1 HDPE,

e modyfikacja chemiczna nanorurek haloizytowych z zastosowaniem heksametylodisilazanu
(HMDS) i zastosowanie tak zmodyfikowanego materiatu jako napelniacza HDPE.

Na podstawie przeprowadzonego przegladu literatury zdefiniowano problemy badawcze,
co umozliwito sformutowanie hipotezy i celoéw badawczych niniejszej rozprawy doktorskiej,
ktorych realizacja pozwoli na poszerzenie wiedzy z zakresu modyfikacji tworzyw
polimerowych.
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3. HIPOTEZA, CELE BADAWCZE

Hipoteza badawcza:

Struktura oraz wtasciwosci mechaniczne i termiczne kompozytow poli(chlorku winylu)

i polietylenu wysokiej gestosci z haloizytem s3 w sposob istotny zalezne od metody
modyfikacji napetniacza, jego zawartosci W osnowie polimerowej oraz obecnosci napetniaczy
pochodzenia roslinnego.

Cele naukowe pracy:

1.

Ocena wplywu czastek haloizytu o wymiarze mikrometrycznym z uwzglednieniem ich
modyfikacji poprzez obrobke termiczng na strukture, wlasciwosci przetworcze,
mechaniczne i termiczne kompozytéw na osnowie PVC.

Analiza wptywu napehiaczy hybrydowych zawierajacych niemodyfikowane nanorurki
haloizytowe na jednorodno$¢ struktury i1 wlasciwosci przetworcze, mechaniczne,
termiczne kompozytéw na osnowie PVC.

Ocena efektywnosci modyfikacji chemicznej nanorurek haloizytowych jako napetniacza
wplywajacego na struktur¢ kompozytow na osnowie HDPE.

Ocena wptywu kalcynowanych nanorurek haloizytowych na strukture oraz wlasciwosci
przetworcze i uzytkowe kompozytow na osnowie nieplastyfikowanego PVC z maczka
drzewna.

Analiza mozliwosci zastosowania mieszanin PVC-HDPE do wytwarzania kompozytow
zdwoma rodzajami napelniaczy o roéznym pochodzeniu tj. maczki drzewnej
i kalcynowanych nanorurek haloizytowych.
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4. ARTYKULY NAUKOWE STANOWIACE CYKL PUBLIKACJI ROZPRAWY

Tabela 3. Zestawienie artykutéw naukowych stanowiacych cykl publikacji rozprawy

Liczba
Numer . Rok Impact | punktow
publikacji Autorzy Tytut Czasopismo Tom publikacji Strony DOI Factor | wedhug
MNiSW
| Jolanta Tomasseweka, | on Srucure and properticeor | ChEMERl ||| doawss
Tomasz Bajda, Jacek Rigid Poly(Vinyl Chloride) Enaineerin 24.2281. ’
Dlugosz Composites g g
Jolanta Tomaszewska, . L
virtna Wieczorek, | PIEIon Cheaceraatn
Katarzyna Skorczewska, Pol (Vingl Chlgri de) 10.3390/
P2 Izabela Klapiszewska, yviny . Materials 15 2022 8102 | mal5228 | 3.4 140
Composites with the Addition
Krzysztof . - 102
. of Functional Halloysite—
Lewandowski, L.ukasz . . .
X . Lignin Hybrid Materials
Klapiszewski
Martina Wieczorek, A
Tetiana Tatarchuk, Haﬁzeslftgelt\:l;ﬁgtsdlt)ae?i)idthe 10.3390/
P3 Katarzyna Skorczewska, y Materials 17 2024 3260 mal7133 3,1 140
Structure of Polyethylene—
Joanna Szulc, Jolanta . 260
Based Composite
Tomaszewska
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https://doi.org/10.3390/ma15228102
https://doi.org/10.3390/ma15228102
https://doi.org/10.3390/ma15228102

Poly(Vinyl Chloride) Wood 10.1080/1
Martina Wieczorek, Composites Reinforced with Material 7480272.
P4 Jolanta Tomaszewska Wood Flour and Calcinated Science and 2024 1-16 2024.238 2.2 100
Halloysite Engineering 0862
Influence of Halloysite
Nanotubes on Processing,
Martina Wieczorek, Structural and Thermal MVZtC:e ?idal 173;83%1
P5 Jolanta Tomaszewska, Properties of Poly(Vinyl . 2024 1-8 , 2,2 100
. . . . Science and 2024.242
Izabela Klapiszewska Chloride)/High-density Engineerin 3372
Polyethylene Composites with g g
Wood Flour
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https://doi.org/10.1080/17480272.2024.2380862
https://doi.org/10.1080/17480272.2024.2380862
https://doi.org/10.1080/17480272.2024.2380862
https://doi.org/10.1080/17480272.2024.2380862

5. UZASADNIENIE SPOJNOSCI TEMATYCZNEJ CYKLU
PUBLIKACJI ROZPRAWY

Podstawa niniejszej pracy doktorskiej jest cykl pigciu publikacji w recenzowanych
czasopismach naukowych przypisanych do dyscypliny nauki chemiczne z liczbg punktéw
MNIiSW o wartosci 100 i 140 pkt. Tytut rozprawy pt. ,, Wphyw modyfikowanego haloizytu na
strukture i wlasciwosci kompozytow na osnowie wybranych wielkotonazowych polimeréow
termoplastycznych” odpowiada tematyce zataczonych publikacji dotyczacej zastosowania
haloizytu jako napelniacza polimeréw termoplastycznych. Celem modyfikacji tego mineratu
byto uzyskanie jego jednorodnej dyspersji w osnowie polimerowej i odpowiedniej adhezji na
granicy faz polimer-napetniacz, a w konsekwencji korzystnych wtasciwosci otrzymanych
kompozytéow polimerowych. Innym rozwigzaniem, jakie zaproponowano w pracy w celu
poprawy rozproszenia haloizytu w osnowie polimerowej byto jednoczesne wprowadzenie
napelniacza roslinnego lub napetniaczy hybrydowych stanowigcych potaczenie haloizytu
i ligniny.

Celem badan przedstawionych w publikacji [P1] bylo zastosowanie naturalnego
napetniacza mineralnego W postaci haloizytu pochodzgcego z kopalni Dunino w Polsce (HA)
do wytwarzania kompozytow na osnowie nieplastyfikowanego PVC. Haloizyt zostat
zmodyfikowany metoda kalcynacji (KHA) w celu zwigkszenia jego wlasciwosci
hydrofobowych sprzyjajacych uzyskaniu korzystnych oddziatywan z osnowa polimerows.
Morfologi¢ surowego haloizytu scharakteryzowano na postawie obrazéw otrzymanych
technikg skaningowej mikroskopii elektronowej, na ktorych zaobserwowano struktury
lamelarne iptytkowe 2z niclicznie wystepujacymi nanorurkami. Kompozyty PVC
przygotowano metoda mieszania w stanie stopionym, a zawarto$¢ napetniacza wynosita do
10% wag. Na podstawie wynikdéw badan plastografometrycznych stwierdzono skrocenie czasu
uplastyczniania i jednoczesny wzrost maksymalnego momentu obrotowego wraz z zawarto$cia
napetniacza, Szczegdlnie istotny w przypadku haloizytu kalcynowanego. Zastosowanie
zarowno napelniacza surowego jak 1 kalcynowanego wplyngto na wzrost sztywnosci,
twardosci, temperatury migknienia Vicata 1 temperatury ugigcia pod obcigzeniem. Ponadto,
W probie rozciggania zaobserwowano kruchg charakterystyke pekania kompozytu z haloizytem
surowym i plastyczng w przypadku zastosowania haloizytu kalcynowanego. Zastosowanie 1%
wag. KHA wptyneto na poprawe udarnosci kompozytu PVC oraz jego stabilnosci termicznej
okreslonej metodg czerwieni Kongo. Malejgca wraz z rosngcym udziatem haloizytu udarnos¢
wskazuje, ze napetniacz w osnowie polimerowej stosowany w wigkszej ilosci ma tendencje do
aglomeraciji.

W publikacji [P2] zaprojektowano i przygotowano napetniacze hybrydowe stanowiace
potaczenie ligniny (L) i niemodyfikowanych nanorurek haloizytowych (H) w réznych
stosunkach masowych (5:1, 1:1 i 1:5). Otrzymane metoda mieszania mechanicznego
napelniacze hybrydowe byly jednorodne i charakteryzowaty si¢ bardzo dobrg stabilnoscig
termiczng, ktéra zwickszata si¢ wraz ze wzrostem udziatu czgéci nieorganicznej. Do osnowy
PVC wprowadzano metodg mieszania w Stanie stopionym odpowiednio 2,5%, 5%, 7,5% i 10%
wag. napetniaczy. Zastosowanie ligniny jako sktadnika hybrydy wptywa na wzrost stabilnosci
termicznej, z kolei haloizyt dziala korzystnie na sztywno$¢ kompozytow PVC,
a w szczego6lnosci na modut zachowawczy w temperaturze od 30 °C do 70 °C. Wprowadzenie
samego haloizytu do osnowy PVC powoduje wzrost modutu sprezystoSci przy rozcigganiu,
korzystniejszy efekt zaobserwowano w przypadku zastosowania napetniacza H1L5. Ponadto,
dzigki potaczeniu obu tych materiatdw uzyskano nieznacznie wyzsza temperature migknienia
Vicata w przypadku kompozytow PVC/H5L1 i PVC/H1L1 w porownaniu do kompozytow
z udzialem pojedynczego napetniacza.
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Celem pracy [P3] bylo okre$lenie wptywu modyfikacji chemicznej polegajacej na
alkalizacji, a nastepnie Szczepieniu zewngtrznej powierzchni nanorurek haloizytowych (HNT)
heksametylodisilazanem (HMDS), na ich stopien dyspersji w polietylenie wysokiej gestosci.
Do osnowy polimerowej wprowadzono osobno surowy, alkalizowany i silanizowany haloizyt
w ilosci 1, 3 i 5% wag. Zmiana charakteru powierzchni przetomu kompozytu z haloizytem
niemodyfikowanym z gladkiej i kruchej na plastyczng i ciggliwa w przypadku kompozytu
z haloizytem modyfikowanym HMDS zwigzana byla z korzystng dyspersja napeiniacza
w osnowie polimerowej HDPE. W poréwnaniu do kompozytow z niemodyfikowanym
i alkalizowanym haloizytem rozproszenie nanoczastek napetniacza byto w tym przypadku
najbardziej jednorodne, cho¢ na powierzchni przeloméw widoczne byly pojedyncze
aglomeraty. Na podstawie analizy DSC kompozytow HDPE z udziatem 5% wag. HNT
szczepionego zwiazkiem silanowym stwierdzono korzystny wplyw napeiniacza na jako$¢
uporzadkowania fazy krystalicznej osnowy.

Kolejna praca [P4] obejmowata badania wptywu dwoch rodzajow napetniaczy roznigcych
si¢ pochodzeniem i morfologia czgstek tj. kalcynowanego haloizytu (H) i maczki drzewnej (W)
wprowadzonych w mieszaninie z PVC do komory mieszalnika plastografometru Brabendera.
Whprowadzenie do 5% wag. haloizytu i 30% wag. maczki drzewnej wptyneto na wydtuzenie
czasu zelowania i wzrost warto§ci momentu obrotowego kompozytdéw w poréwnaniu do
niemodyfikowanego PVC. Obecno$¢ maczki drzewnej w mieszaninie PVC z haloizytem
powodowata wzrost tarcia miedzy czastkami napelniaczy oraz pomiedzy tymi czastkami
a $ciankami komory, dzigki ktéremu roztarte zostaty aglomeraty haloizytu i w efekcie uzyskano
poprawg jednorodnosci otrzymanych kompozytow. ROwnomiernie rozproszone nanorurki
haloizytowe przyczynity si¢ do uzyskania efektu barierowego, co skutkowalo wzrostem
stabilnosci termicznej badanej metoda czerwieni Kongo oraz wzrostem temperatury migknienia
Vicata. Stwierdzono synergistyczny efekt dziatania maczki drzewnej 1 haloizytu
w kompozytach PVC, o ktorym $wiadczy wzrost sztywnosci i twardosci w porownaniu do
kompozytéw PVC z maczka drzewna.

W publikacji [P5] przedstawiono wyniki badan nad wptywem kalcynowanych nanorurek
haloizytu (HNT) imaczki drzewnej (WF) na ujednorodnienie mieszaniny dwoch
niemieszalnych tworzyw tj. poli(chlorku winylu) oraz polietylenu wysokiej gestosci jako
osnowy kompozytéw. Rosnaca z roku na rok ilo$¢ zanieczyszczen tworzywami polimerowymi
1 brak mozliwo$ci wyodrebnienia pojedynczego polimeru ze strumienia odpadéw zmusza
naukowcow do poszukiwania nowych metod zagospodarowania mieszanin polimerow.
W pracy zaproponowano zastosowanie maczki drzewnej jako napelniacza poprawiajacego
mieszalno$¢ niemieszalnych polimerow PVC i HDPE i jednocze$nie wplywajacego na
korzystniejsza dyspersj¢ haloizytu w osnowie polimerowej. Jest to o tyle istotne, ze
roOwnomierne rozproszenie nanorurek haloizytowych w osnowie polimerowej moze skutkowaé
otrzymaniem kompozytu o wiasciwosciach barierowych i jednoczesnic 0 poprawionej
stabilnosci termicznej. Metoda mieszania w stanie stopionym przygotowano kompozyty na
osnowie PVC, HDPE i mieszaniny PVC-HDPE w stosunku masowym 90:10 i 10:90
zawierajace 30% wag. maczki drzewnej 1 5% wag. kalcynowanych nanorurek haloizytowych.
Po wprowadzeniu HNT do osnowy z dominujagcym udzialem PVC i maczkg drzewna
zarejestrowano wzrost maksymalnego momentu obrotowego i jednoczes$nie skrocenie czasu
zelowania kompozytéw. Obecnos¢ nanorurek haloizytowych powoduje wzrost lepkosci
kompozytow w stanie uplastycznionym, o czym $wiadcza malejace wartosci wskaznika
szybkos$ci ptynigcia. Istotnym osiggnigciem bylo uzyskanie jednorodnej dyspersji HNT
w osnowie PVC 30WF oraz w mieszaninie PVC-HDPE 90:10 30WF. Nanorurki haloizytowe
wprowadzone do mieszaniny PVC-HDPE z maczka drzewng przyczyniajg si¢ do opdznienia
procesow degradacyjnych, co potwierdzono na podstawie zmniejszenia ubytku masy
w zakresie temperatur przetworstwa. Wskazane jest kontynuowanie badan w celu oceny
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wplywu stosowanych napelniaczy na wlasciwos$ci mechaniczne materiatow kompozytowych

na osnowie mieszaniny PVC-HDPE.

Spdjnos¢ dorobku naukowego przedstawionego w ramach niniejszej pracy doktorskiej
wynika z:

1. Konsekwentnego stosowania napeilniacza mineralnego W postaci haloizytu o réznych
formach morfologicznych,

2. Zastosowania jako osnowy dwoéch termoplastycznych polimeréw wielkotonazowych
kolejno nieplastyfikowanej mieszanki PVC o staltym sktadzie i polietylenu wysokiej
gestosci oraz mieszanin obu polimerow,

3. Zastosowania napetniaczy pochodzenia roslinnego (maczki drzewnej i ligniny) jako
srodkow wptywajacych na poprawe dyspersji nanorurek haloizytu w osnowie
polimeroweyj,

4. Przetwarzania kompozytow w stanie uplastycznionym w plastografometrze Brabendera
z zastosowaniem optymalnych parametrow i przygotowywanie ksztattek do badan zgodnie
z obowiazujacg, znormalizowang metodyka,

5. Stosowanie optymalnej, jednakowej we wszystkich pracach badawczych metody
kalcynacji materialu haloizytowego, ktorej warunki wyznaczono doswiadczalnie
W pierwszym etapie badan,

6. Prowadzenia badan nad wptywem haloizytu na wtasciwosci kompozytow wedtug spojne;j
metodyki.

Udziat autora niniejszej rozprawy w przygotowaniu artykutdéw obejmowal etapy od
opracowania i rozwoju koncepcji badawczej we wspotpracy z promotorem do wspoétredakeji
manuskryptu i odpowiedzi na recenzje poprzez etap prowadzenia prac badawczych.
Oswiadczenia autora pracy i wspotautorow znajduja si¢ w zataczniku.

6. METODYKA BADAWCZA

Do przygotowania kompozytéw uzyto suchg mieszank¢ PVC sktadajaca si¢ ze 100 czesci
wagowych PVC S-61 Neralit (Spolana Anwil Group, Neratovice, Czechy), 4 czgsci wagowych
stabilizatora cynoorganicznego Patstab 2310 (Patcham, Goor, Holandia) i 1 czgsci wagowej
parafiny Naftolube FTP (Chemson, Arnoldstein, Austria). Stabilizator i parafina byty jedynymi
zastosowanymi $rodkami pomocniczymi. Drugg osnowe stanowit HDPE Tipelin BA 550-13
(Tiszai Vegyi Kombinat Nyrt) pochodzacy z odpadow technologicznych rurek cienko$ciennych
(gestosé 0,946 g/cm®, MFR1go-c, 21.6kg = 39,2 g/10min.). Stosowano réwniez granulat pierwotny
polietylen wysokiej gestosci Hostalen ACP 5831 D (Basell Orlen Polyolefins) o gestosci 0,958
g/cm® i MFR1g0<c, 216 kg = 22 9/10 min.

W tabeli 4 zestawiono udzial wagowy napelniaczy i polimerow stosowanych w ramach
niniejszej pracy badawczej. Do badan wykorzystano dwa typy haloizytu:

a) pochodzacy z kopalni Dunino w Polsce (HA), ktory jest produktem wietrzenia
trzeciorzedowych skat bazaltowych,

b) nanorurki haloizytowe (HNT) (wzor liniowy: Al2Si2Os(OH)s-2H20) z firmy Sigma-
Aldrich (numer CAS 1332-58-7) o masie czasteczkowej 294,19 g/mol. Wedtug producenta
srednica wynosi 30-70 nm i dlugos¢ 1-3 um, powierzchnia wiasciwa nanorurek
64 m?/g oraz objetosé poréw 1,26-1,34 mL/g.

Haloizyt stosowany w niniejszej pracy byl modyfikowany metodg kalcynacji lub
z zastosowaniem reakcji alkalizacji, a nastepnie szczepienia heksametylodisilazanem (HMDS).
Kalcynacje haloizytu przeprowadzano w temperaturze 800 °C przez 2 godz. w suszarce firmy
Binder. W wyniku dwuetapowej modyfikacji chemicznej otrzymano produkt posredni
w postaci haloizytu alkalizowanego i produkt koncowy czyli haloizyt szczepiony zwigzkiem
silanowym. W pierwszym etapie 50 g HNT zdyspergowano w 410 ml wody destylowanej i do
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tak przygotowanej zawiesiny dodano 0,24 g wodorotlenku sodu. Mieszaning mieszano za
pomoca mieszadla magnetycznego przez 5 godzin w temperaturze pokojowej, a nastgpnie
filtrowano i kilkakrotnie przemywano woda do uzyskania pH 7. Przygotowany w ten sposob
alkalizowany haloizyt suszono w temperaturze 110 °C przez 2 godziny. Szczepienie
heksametylodisilazanu (HMDS) na zewnetrznej powierzchni alkalizowanego haloizytu
rozpoczeto od zdyspergowania 5 ml HMDS w 100 ml toluenu przez 1 godzing. W kolejnym
etapie 17 g probki alkalizowanego HNT dodano do roztworu HMDS z toluenem mieszajgc
przez 4 godziny w temperaturze 60 °C i nastgpne 4 godziny bez ogrzewania. Tak przygotowany
materiat przefiltrowano 1 kilkakrotnie przemyto toluenem w celu usunigcia nadmiaru HMDS.
Nastepnie zmodyfikowany heksametylodisilazanem haloizyt suszono przez 2 godziny
w temperaturze 110 °C w celu usuni¢cia zaadsorbowanej wilgoci. Ilos¢ HMDS, niezbedna do
réwnomiernego rozprowadzenia na powierzchni HNT, obliczono zgodnie z rownaniem (1):

m(HMDS) [g] = m(HNT)-S(HNT)/ SSW(HMDS) (1)

gdzie:
m(HMDS) - masa HMDS [g],
mM(HNT) - masa HNT [g],
S(HNT) - powierzchnia HNT (S= 64m?/g (wedlug Sigma-Aldrich)),
SSW(HMDS) - specyficzna powierzchnia zwilzajaca HMDS (SSW= 485 m?/g).
Schemat alkalizacji i modyfikacji powierzchni HNT za pomoca heksametylodisilazanu
(HMDS) przedstawiono na rysunku 6.

c (/:HZ
H4C *CH
cha\\ H3i|/ §i—CHs
: Si ~N
OH - He” T | Son,
oH o © L HBet1 1l o
o PR
ls S eoH L S e |
. / i . _ . g o 4
= 5 godz. / toluen //,/
Alkalizowany HNT Silanizowany HNT

Rys. 6. Schemat alkalizacji i modyfikacji powierzchni HNT za pomoca heksametylodisilazanu
(HMDS) [P3]

Haloizyt przed wprowadzeniem do osnowy polimerowej byt suszony w temperaturze ok.
80-105 °C przez ok. 3-4 godz. w celu usunigcia pochtonigtej wilgoci.

W ramach prowadzonych prac badawczych stosowano réwniez napetniacz hybrydowy
nieorganiczno-organiczny oraz napetniacz roslinny. Rownolegle z haloizytem do osnowy
polimerowej wprowadzano maczke drzewng (WF) Lignocel C120 (J. Rettenmaier & Soéhne
GmbH + Co. KG, Niemcy) o wielkosci czgstek w zakresie od 70 do 150 um. Do przygotowania
napetiaczy hybrydowych zastosowano ligning kraft z firmy Merck, Darmstadt, Niemcy
($rednia Mw ~10,000 g/mol, numer CAS 8068-05-1) oraz nanorurki haloizytowe z firmy
Sigma-Aldrich (numer CAS 1332-58-7). Materiaty haloizytowo-ligninowe otrzymano metoda
mechaniczng. W pierwszym etapie oba napelniacze rozcierano w ucieraku mozdzierzowym
RM100 (Retsch GmbH, Haan, Niemcy) przez 1 godz., a nastepnie w wysokoenergetycznym
planetarnym mtynie kulowym firmy Pulverisette 6 Classic Line, Fritsch GmbH, Amberg,
Niemcy. Por6wnawczo, do kompozytow wprowadzano roéwniez sama lignine. Maczke drzewna
i napetniacze hybrydowe (haloizyt-lignina) suszono przez 3-6 godz. w temperaturze 105 °C.
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Tabela 4. Udziat wagowy napetniaczy i polimerow stosowanych do przygotowania poszczegolnych kompozytow

Haloizvt z Nanorurki
kopalni Dyunino Kalcvnowane haloizytowe- Alkalizowane | Silanizowane
. PVC HDPE P - Nanorurki y - Lignina lignina Maczka . HMDS
Numer Oznaczenia surowy (HA) i . nanorurki nanorurki .
L X [% [% ' haloizytowe . [% (stosunek drzewna . nanorurki
publikacji | kompozytéw po kalcynaciji 0 haloizytowe ) 0 haloizytowe .
wag.] wag.] (KHA) [% [% wag.] [% wag ] wag.] | wagowy 1:5, | [% wag.] [% wag ] haloizytowe
' 1:1,5:1) [% ' [% wag.]
wag.]
wag.]
PVC 100 - - - - - - - - -
PVC/1IHA 99 - 1 - - - - - - -
PVC/5HA 95 - 5 - - - - - - -

P1 PVC/10HA 90 - 10 - - - - - - -
PVC/1IKHA 99 - 1 - - - - - - -
PVC/5KHA 95 - 5 - - - - - - -
PVC/10KHA 90 - 10 - - - - - - -

PVC/2,5H 97,5 - - 2,5 - - - - - -

P2 PVC/5H 95 - - 5 - - - - - -

PVC/7,5H 92,5 - - 7,5 - - - - - -
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PVC/10H

90

10

PVC/2,5L

97,5

2,5

PVC/5L

95

PVC/7,5L

92,5

7,5

PVC/10L

90

10

PVC/2,5H1L5

97,5

2,5

PVC/5H1L5

95

PVC/7,5H1L5

92,5

75

PVC/10H1L5

90

10

PVC/2,5H1L1

97,5

2,5

PVC/5H1L1

95

PVC/7,5H1L1

92,5

7,5

PVC/10H1L1

90

10

PVC/2,5H5L1

97,5

2,5

PVC/5H5L1

95
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P3

PVC/7,5H5L1 | 92,5 - 75
PVC/10H5L1 90 - 10
HDPE - 100 -
HDPE/IHNT - 99 -
HDPE/3HNT - 97 -
HDPE/5HNT - 95 -
HDPE/1alk-
HNT ) 9 )
HDPE/3alk-
HNT ) 97 )
HDPE/5alk-
HNT ) 95 )
HDPE/1m-
HNT ) 9 )
HDPE/3m-
HNT ) 97 )
HDPE/5m-
HNT - 95 -
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P4

P5

PVC/1H 99 - ]
PVC/3H 97 - ]
PVC/5H 95 - ]
PVC/30W 70 - 30
PVC/30W-1H | 69 - 30
PVC/30W-3H | 67 - 30
PVC/30W-5H | 65 - 30
PVC 30WF 70 - 30
vacHs':?¥VF 6 ) 30
sot050we | 6 | 10 30
PVC-HDPE
90:10 30WF | 585 6,5 30
SHNT
HDPE 30WF - 70 30
HDEE N3_?_WF ] 65 30
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PVC_HDPE

10:90 30w | 10 60 30

PVC_HDPE

10:9030WF | 65 | 585 30
SHNT
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Kompozyty polimerowe zostaly przygotowane metodg mieszania w stanie
uplastycznionym w plastografometrze Brabendera typu FDO 234H o temperaturze $cian
185 - 190 °C, stosujac predkos¢ obrotowa 30 m, przy frykcji 1:1,5. Czas ugniatania wynosit
10-15 minut, w zaleznosci od sktadu, a masa wsadu 60-64 g. Materiaty odniesienia PVC, HDPE
i PVC-HDPE byty przetwarzane w takich samych warunkach. Po ochtodzeniu, uplastycznione
materiaty byly mielone w mlynku, a otrzymany przemiat sprasowany w temperaturze
185-190 °C pod cisnieniem 15-20 MPa za pomocg prasy hydraulicznej. Z otrzymanych
wyprasek o wymiarach 100x100 mm i grubos$ci 2 mm i 4 mm wyci¢to za pomoca plotera
frezujacego Seron 6090 (Seron, Polska) ksztattki do badan mechanicznych (przy statycznym
rozciaganiu, udarnosci, twardosci i analizy DMTA) oraz termicznych (temperatury migknienia
Vicata i temperatury ugiecia pod obcigzeniem HDT). Wypraski kompozytow HDPE przed
obrobka mechaniczng poddano badaniom kolorymetrycznym.

Na rysunku 7 przedstawiono schematycznie rodzaje materiatow bgdacych przedmiotem
publikacji z uwzglgdnieniem metod modyfikacji napelniacza stosujac oznaczenia jak
w publikacjach [P1-P5] i tabeli 4.

[P1] [P2] [P3] [P4] [P5]
Surowy : . Kalcynowane Kalcynowane
Haloizyt sl Alkalizowane || . 1 orurki haloizytu | nanorurki haloizytu
z kopalni szczaplang. (800 °C, 2 godz.) (800 °C, 2 godz))
Surias haloizytul | heksametylodisila :
lignina zanem (HMDS)
Kalcynowany (rozcieranie nanorurki Maczka Maczka
haloizyt z mechaniczne) haloizytu drzewna drzewna
kopalni Dunino (suszenie | (suszenie
(800 °C, 2 105 °C, 105 °C,
godz.) \ 5 godz.) 5 godz.)
PVC+HAIPVC+KHA | PVC+HL | ot KNI/ puc+H+w | PVC-HDPE+WF+ HNT

\ J

\

4

185-190°C
I 10min. .

S

Rys. 7. Rodzaje materiatow bgdacych przedmiotem badan w poszczegdlnych publikacjach

Do badan wilasciwosci przetworczych, strukturalnych termicznych i mechanicznych
kompozytéw polimerowych wykorzystano rézne techniki pomiarowe, ktdre zestawiono
w tabeli 5. Analize statystyczng otrzymanych wynikow wykonywano z zastosowaniem
programu Origin 8.6 Pro wykorzystujac metode statystyczng ANOVA.

Tabela 5. Techniki pomiarowe stosowane w ramach pracy doktorskiej

Metoda badawcza/ .
Lp. . . Cel zastosowanej metody
urzadzenie pomiarowe
1 XRD Analiza strukturalna haloizytu
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Identyfikacja charakterystycznych grup funkcyjnych oraz obecnosci

2 FTIR wigzan chemicznych na widmach haloizytu i kompozytow
Obserwacja morfologii napetniaczy oraz kompozytow
3 SEM/EDS przygotowywanych z ich udziatem, analiza sktadu badanych
materiatow
4 BET Analiza powierzchni wlasciwej haloizytu
5 Kolorymetr Oznaczenie barwy kompozytow
6 Analiza rozktadu Rozktad wielkosci czastek napetniaczy i odpowiadajace im
wielkosci czastek wskazniki polidyspersyjnosci
7 Potencjal Zeta Okreslenie stabilnosci elektrokinetycznej napetniaczy
Plastografometr Analiza wlasciwosci przetworczych, badanie procesu zelowania
8
Brabendera PVC
Analiza stabilnosci termicznej kompozytoéw i napetniacza
9 TGA
hybrydowego
10 | Metoda czerwieni Kongo | Pomiar czasu stabilno$ci termicznej kompozytow na osnowie PVC
11 Temp eratura migknienia Analiza wlasciwos$ci termicznych kompozytow
Vicata
12 Temperatura ugiecia pod Analiza whasciwosci termicznych przy zginaniu trojpunktowym
obcigzeniem (HDT) przy stalym obcigzeniu
Analiza wlasciwoS$ci termicznych i 0znaczenie stopnia
13 DSC . L ,
krystaliczno$ci kompozytow
14 Twardo$¢ Shore’a Pomiar twardosci kompozytow
15 Udarnoé¢ Charp’yego Badanie wiascw(;/osm rpechamcznych k_ompozytow przy
ynamicznym uderzeniu
16 Statyczna proba Badanie wtasciwosci mechanicznych kompozytéw przy statycznym
rozciagania rozcigganiu
17 DMTA Analiza wlasciwos$ci termomechanicznych i okre$lenie wartosci

temperatury zeszklenia kompozytow
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7. OPIS BADAN SKEADAJACYCH SIE NA ROZPRAWE DOKTORSKA

7.1 ANALIZA STRUKTURY HALOIZYTU PRZED | PO MODYFIKACJI

Z uwagi na silnie hydrofilowy charakter powierzchni, haloizyt stosowany do badan
w ramach niniejszej pracy modyfikowano aby zwigkszy¢ jego kompatybilno$¢ z hydrofobowsa
osnowg polimerow3a. Zastosowang metoda modyfikacji haloizytu o mikrometrycznej wielkosci
czastek, ktora prowadzita do dehydroksylacji powierzchni mineratu byta kalcynacja [P1].
W ramach prac badawczych zaproponowano rowniez wprowadzenie do osnowy polimerowej
nanorurek haloizytowych modyfikowanych taka sama metodg, rownolegle z maczka drzewna
[P4], [P5]. W przypadku nanorurek haloizytowych przeprowadzono réwniez modyfikacje
chemiczng polegajaca na szczepieniu silanami z zastosowaniem heksametylodisilazanu
(HMDS) [P3]. Jako alternatywe do napelniacza mineralnego zaproponowano réwniez
napetniacze hybrydowe lignina i haloizyt [P2].

W haloizycie wykorzystanym w pracy badawczej [P1] pochodzacym z polskiej kopalni
Dunino wystgpowaly r6zne formy morfologiczne czastek. Mimo, ze do badan wykorzystano
frakcje o srednim rozmiarze ziaren wynoszacym 2 pum, z uwagi na obecnos¢ aglomeratow
o wymiarach 5-10 pm trudno bylo okresli¢ jednoznacznie wszystkie wystepujace w probee
formy morfologiczne (Rys. 8A, B). Dominujacymi formami byly jednak struktury lamelarne
i ptytkowe; w przypadku haloizytu niepoddawanego obrobce cieplnej dominuje struktura
lamelarna, natomiast w materiale kalcynowanym widoczne sa struktury ptytkowe.

Rys. 8. Mikrofotografie SEM A) surowego haloizytu, B) kalcynowanego haloizytu

Drugim typem materiatu stosowanego do badan, ktorych wyniki opisano w publikacjach
[P2-P5] byt haloizyt z dominujacg formag morfologiczng w postaci nanorurek. Na rysunku
9 przedstawiono mikrofotografie SEM prébek niemodyfikowanego haloizytu stosowanego
jako sktadnik uktadéw hybrydowych [P2] oraz nanorurek kalcynowanych, ktére wykorzystano
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do modyfikacji nieplastyfikowanego PVC [P4]. Nanorurki haloizytowe poddane kalcynacji
zastosowano do modyfikacji kompozytu nieplastyfikowanego PVC z maczka drzewna [P4]
oraz mieszanin PVC z HDPE [P5]. Nie zaobserwowano zmiany morfologii haloizytu pod
wplywem obrobki cieplnej, a jedynie zmniejszenie wielkosci aglomeratow (Rys. 9A-D). Mimo,
ze stwierdzono obecno$¢ aglomeratow o mniejszych wymiarach w poréwnaniu do haloizytu
nie poddanego obrobce termicznej, to widoczne sa pojedyncze nanorurki haloizytowe, ciasno
i regularnie upakowane wzgledem siebie (Rys. 9D).

Rys. 9. Mikrofotografie SEM niemodyfikowanych nanorurek haloizytu (A, B),
kalcynowanych nanorurek haloizytu (C, D)

W przypadku modyfikacji chemicznej przedstawionej w publikacji [P3] realizowanej
dwuetapowo kolejno poprzez alkalizacje a nastepnie szczepienie heksametylodisilazanem
(HMDS) nastapita zmiana wielkosci aglomeratow nanorurek haloizytu. Niemodyfikowane
nanorurki haloizytu tworza skupiska o wielkosci ok. 15-20 um, ale na obrazach mozna
zauwazy¢ roOwniez mniejsze ich agregaty o $rednicy ok. 2 um (Rys. 10A). Alkalizacja
nanorurek haloizytu prowadzi do zwiekszenia ich wielkosci, w przypadku pojedynczych
aglomeratow do ok. 4 um (Rys. 10C). Zgodnie z danymi producenta $rednica nanorurek
haloizytowych wynosi 30-70 nm i dlugos¢ 1-3 um. Na podstawie analizy obrazow SEM
stwierdzono, ze dtugo$¢ nanorurki haloizytowej nie ulegta zmianie, zwigkszyta si¢ natomiast
srednica do ok. 100 nm po reakcji alkalizacji prowadzacej do rozpuszczania si¢ Scian mineratu.
Na obrazie widoczny jest fragment aglomeratu nanorurek haloizytowych szczepionych
heksametylodisilazanem (HMDS) o wielkosci ok. 8 um (Rys. 10E).
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Rys. 10. Mikrofotografie SEM (A, B) nanorurek haloizytu, (C, D) alkalizowanych nanorurek
haloizytu, (E, F) modyfikowanych HMDS nanorurek haloizytu [P3]

Modyfikacja powierzchni napetniacza haloizytowego poprzez obrobke cieplng lub
szczepienie silanami prowadzi do zmiany powierzchni wilasciwej (Tabela 6). Kalcynacja
haloizytu pochodzacego z kopalni Dunino [P1] przyczynita si¢ do zmniejszenia powierzchni
0 44%. Tak znaczaca redukcja powierzchni wlasciwej jest zwigzana ze zmiang morfologii
mineralu z lamelarnej o luzniejszym utozeniu struktury na ptytkowa, bardziej zwarta.
Kalcynacje przeprowadzono w temperaturze 800 °C, zatem nie mozna wnioskowac
0 degradacji i zniszczeniu struktur, ktére w przypadku tego materialu maja miejsce
w temperaturze powyzej 1000 °C.

Dwuetapowa modyfikacja nanorurek haloizytowych zaprezentowana w publikacji [P3]
doprowadzita do znacznej zmiany powierzchni wilasciwej mineralu. Zwigkszenie 0 44%
powierzchni wiasciwej po reakcji alkalizacji wynika z faktu, ze plukanie zasadg prowadzi nie
tylko do rozpuszczania $cian nanorurek, a zatem zwigkszenia ich wewnetrznych $rednic, ale
rowniez pozwala na usunigcie zanieczyszczen obecnych na powierzchni HNT. Wigksza
powierzchnia wtasciwa pozwala na przylaczenie wigkszej ilos¢ grup funkcyjnych silanu do
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powierzchni nanorurki haloizytowej. Po reakcji z HMDS powierzchnia wiasciwa zmniejszyta
si¢ 0 7% w porownaniu do haloizytu alkalizowanego, co jest potwierdzeniem skuteczno$ci
procesu silanizacji. Powierzchnia wlasciwa haloizytu szczepionego HMDS jest jednak nadal
wigksza niz materialu niemodyfikowanego, co jest korzystne dla uzyskania lepszej interakcji
miedzy nanorurkami haloizytu a makroczasteczkami HDPE.

Tabela 6. Powierzchnia wtasciwa haloizytu pochodzacego z kopalni Dunino przed i po kalcynacji
(HA, KHA) oraz nanorurek haloizytu (HNT) po reakc;ji alkalizacji (alk-HNT) i szczepienia (HMDS)
(m-HNT)

Publikacja Nazwa probki Sger [M%g]
HA 73,2
P1
KHA 40,7
HNT 50,5
P3 alk-HNT 12,7
m-HNT 67,5

Skuteczno$¢ modyfikacji chemicznej haloizytu oraz oddziatywania pomigdzy haloizytem,
a ligning potwierdzono metoda spektroskopii FTIR. Na widmach FTIR haloizytu pochodzacego
z kopalni Dunino [P1] oraz nanorurek haloizytowych [P2], [P3] zarejestrowano
charakterystyczne pasma w zakresie 910-906 cm™ i przy 1106-1000 cm™, ktére odpowiadaja
drganiom grup hydroksylowych Al-OH i drganiom walencyjnym w ptaszczyznie Si-O-Si. Piki
przy 792, 754-749 cm™ i 560-524 cm! reprezentuja wiazania Si-O-Al, natomiast piki przy 680-
674 cm™ i 458-412 cm™ mozna przypisaé odpowiednio deformacjom pochodzacym z Al-OH
i Si-O.

Modyfikacja haloizytu pochodzacego z kopalni Dunino [P1] metodg kalcynacji prowadzi
do przesunigcia pasma 1031 cm™ w kierunku wyzszej liczby falowej 1058 cm™. Brak pasma
przy 908 cm? w widmie KHA potwierdza proces dehydroksylacji haloizytu w wyniku
wygrzewania. Mnigjsza intensywnos$é pasm przy 792 cm™ i 754 cm™ przy jednoczesnie takie;
samej lokalizacji, jak w przypadku HA, moze by¢ spowodowana rozpadem uporzadkowanej
sieci Si,Os i separacja krzemionki i tlenku glinu. Swiadczy o tym réwniez brak pasma przy
534 cm* zwigzanego z deformacija Al-O-Si.

Modyfikacja chemiczna nanorurek haloizytowych metoda szczepienia na ich powierzchni
heksametylodisilazanu [P3] skutkowata pojawieniem si¢ nowych pikéw na widmie FTIR przy
2920 cm™ i 2850 cm™ zwigzanych z drganiami rozciggajacymi C-H. Ponadto, odnotowano
obecno$¢ stabego piku przy 1261 cm™ odpowiadajacego symetrycznej deformacji Si-CHs.
Wszystkie nowe piki na widmie potwierdzaja skuteczno$¢ chemicznej modyfikacji
powierzchni HNT poprzez reakcje miedzy grupami OH na powierzchni nanorurek, a grupami
trimetylosililowymi modyfikatora. Szczepienie grup (CH3)sSi na powierzchni HNT powoduje,
ze ich powierzchnia wykazuje charakter hydrofobowy.

Na widmach napetniaczy hybrydowych [P2] mozna zaobserwowac charakterystyczne piki
pojedynczych sktadnikow, tj. ligniny 1 haloizytu. Z uwagi na stabe oddziatywania pomigdzy
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nimi na widmach napetiaczy hybrydowych, niezaleznie od udziatu obu sktadnikéw, widoczne
sg jedynie niewielkie przesunigcia maksimoéw poszczegdlnych pasm.

Jako uzupelienie analizy struktury przeprowadzonej metodg spektroskopii FTIR
przeprowadzono badania metoda dyfrakcji rentgenowskiej XRD dwoch form morfologicznych
haloizytu. Kalcynacja haloizytu pochodzacego z kopalni Dunino prowadzi do dehydroksylacji,
stad na dyfraktogramie charakterystyczne refleksy zaobserwowane w surowym materiale przy
7,34 A, 4,43 A, 2,56 A,2,35A,2,23 A, 1,67 A nie wystepuja [P1]. Na widmach zaobserwowano
obecno$¢ takich samych pikow dyfrakcyjnych charakterystycznych dla nanorurek
haloizytowych stosowanych w publikacji [P3] i dla haloizytu pochodzacego z kopalni Dunino.
Szczepienie heksametylodisilazanem (HMDS) przyczynito si¢ do niewielkiego wzrostu
intensywnosci pikéw 20 = 12,114; 20,073; 24,572 odpowiadajagcych wigzaniom grup
trimetylosililowych z powierzchniag HNT, co moze $wiadczy¢é o efektywnej modyfikacji
powierzchni HNT.

Przeprowadzone badania struktury haloizytu pozwolily na potwierdzenie skuteczno$ci
modyfikacji chemicznej jego powierzchni, istotnej w aspekcie jego zastosowania jako
napelniacza tworzyw polimerowych.

7.2 ANALIZA WEASCIWOSCI KOMPOZYTOW

Z uwagi na duza roznorodno$¢ przygotowanych materiatow kompozytowych pod
wzgledem sktadu ilosciowego i jakosciowego, do omdwienia wynikow badan nad okresleniem
wptywu haloizytu na wlasciwosci przetworcze, strukturalne, termiczne i1 mechaniczne
wytypowano wylacznie kompozyty z jedng zawartoscig napetniacza.

Uzasadnieniem wyboru 5% stezenia jest fakt, ze powyzej tej ilosci haloizytu w osnowie
wystepuje wyzsze ryzyko jego aglomeryzacji, co moze by¢ przyczyng istotnego pogorszenia
wlasciwos$ci. Biorac pod uwage perspektywe przemystowej aplikacji kompozytéw bytoby to
niekorzystne. Ponadto, wybor 5% zawarto$ci napetniacza haloizytowego w réznych formach
(pochodzenie, wielko$¢ czastek) umozliwia kompletne porownanie wiasciwosci kompozytow
zaprezentowanych we wszystkich publikacjach [P1-P5].

Jako material referencyjny przyjeto nienapetniony PVC [P1], [P2] i [P4], nienapetniony
HDPE [P3] oraz kompozyt PVC napelniony maczkg drzewng [P5]. W dyskusji nad wptywem
kalcynacji haloizytu na wtasciwosci kompozytow uwzglgdniono wyniki badan zaprezentowane
w jednej publikacji [P1] (haloizyt z kopalni Dunino surowy i kalcynowany) oraz przedstawione
w dwoch publikacjach: w [P2] dotyczace nanorurek haloizytowych niemodyfikowanych
I w [P4], w ktorej opisano badania kompozytéw z nanorurkami kalcynowanymi.

7.2.1 Wlasciwosci przetworcze

Okreslenie wlasciwosci przetworczych jest szczegélnie istotne w przypadku PVC, ze
wzgledu na odmienne, w poréwnaniu do innych termoplastycznych tworzyw
wielkotonazowych zjawiska, jakie zachodzg podczas przetwarzania, gdy polimer ten poddany
jest jednoczesnemu dziataniu ciepta, Scinania i ci$nienia. Nastgpuje wowczas przemiana
pierwotnych ziaren polimeru w jednorodnie uplastyczniony materiat okreslana jako zelowanie
PVC (ang. fusion, gelation). Zelowaniu suspensyjnego PVC towarzyszy stapianie krystalitow
pierwotnych obecnych w ziarnach popolimeryzacyjnych, ktére po ochtodzeniu formujg
strukture wtorna ztozong z fizycznej sieci krystalitow trwale potaczonych z amorficzng osnowa
[106][144].

Bezposrednig obserwacje dynamiki zmian w Zelujacym materiale umozliwiaja badania
plastografometryczne. Podczas ugniatania w zamknietej, termostatowanej komorze
plastografometru rejestrowane sg W czasie rzeczywistym zalezne od lepkosci ugniatanego
materiatu zmiany oporu, jaki przeciwstawia ten materiat obracajagcym si¢ dwom profilowanym
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rotorom. Moment obrotowy oraz rzeczywista temperatura ugniatanego polimeru rejestrowane
sa w funkcji czasu w postaci typowego wykresu zwanego plastogramem. Badania
plastografometryczne pozwalajg nie tylko na analize procesu zelowania nienapetnionych
mieszanck PVC, ale takze na okres$lenie wpltywu ich sktadu i dodatkéw na wiasciwosci
przetworcze. Shuzg réwniez do oceny przetwarzalnosci innych tworzyw termoplastycznych
umozliwiajac symulacj¢ w skali laboratoryjnej rzeczywistych warunkow przetworstwa
wystepujacych w przemystowych urzadzeniach przetwoérczych. Urzadzenia te sg rowniez
niezwykle przydatne do powtarzalnej produkcji probek do dalszych badan.

Przebieg plastograméw ugniatania kompozytow na osnowie PVC jest zblizony do
przebiegu plastogramu nieplastyfikowanego PVC [145][146]. Pierwszy wzrost momentu
obrotowego zwigzany jest z zaladowaniem komory, nastepujacy po nim spadek momentu
obrotowego do warto$ci minimalnej zachodzi w efekcie stopniowej dezintegracji ziaren. Dalsze
ugniatanie prowadzi do osiggnigcia maksymalnej wartoSci momentu obrotowego
spowodowanej stopniowym uplastycznianiem rozdrobnionych ziaren i ich sukcesywnym
taczeniem. Koncowy etap procesu zelowania zwigzany jest ze zmniejszeniem momentu
obrotowego i stabilizacjg jego wartosci, a ugniatana mieszanina znajduje si¢ w stanie
uplastycznionym. Prawidtowo dobrane warunki przetworstwa tj. temperatura, predkosé
obrotowa rotoréw oraz czas przebywania mieszaniny w komorze sg kluczowe dla uzyskania
jednorodnej struktury, a wiec pozadanych wiasciwos$ci materiatu koncowego [105][147].

Na rysunku 11 przedstawiono plastogramy PVC i kompozytow PVC z udziatem surowego
i kalcynowanego haloizytu pochodzacego z kopalni Dunino [P1]. Wprowadzenie 5% wag.
napetniaczy obu rodzajow do polimerowej osnowy wptyngto na zwigkszenie warto$ci
maksymalnego momentu obrotowego przy jednoczesnym skroceniu czasu zelowania
odpowiednio o0 23% (PVC/5HA) i 43% (PVC/5KHA) w porownaniu do PVC. Najwyzsza
warto§¢ momentu obrotowego (54,1 Nm) zarejestrowano dla kompozytu PVC/KHA.
Zelowanie PVC z napelniaczami zachodzi szybciej, co jest zwigzane z tarciem czastek
napelniacza o siebie, o ziarna PVC 1 o $ciany komory, ktore generuje dodatkowe ciepto.
W efekcie nastgpuje szybsze stapianie elementow ziarnistych iugniatana mieszanina
przechodzi do stanu lepkoptynnego.

60 5

| ——PVC
55 4 — PVC/5HA
50 —— PVC/5KHA
E 45
=z
= 40+
=
D 35
o
S 30
T 25
£
§ 20—_
15
10 4
5]
0 ] T T T T v T v T T T T 1
0 60 120 180 240 300 360

Czas (s)

Rys. 11. Zalezno$¢ momentu obrotowego od czasu ugniatania PVC i kompozytéw PVC z udziatem
5% wag. haloizytu pochodzacego z kopalni Dunino: surowego (HA) i kalcynowanego (KHA)

Zastosowanie napelniaczy hybrydowych mialo réwniez wplyw na wlasciwosci
przetworcze kompozytow PVC [P2]. Na rysunku 12 przedstawiono plastogram
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niemodyfikowanego PVC i kompozytow PVC z udzialem haloizytu, ligniny i napetniaczy
hybrydowych. Najwyzsza warto§¢ maksymalnego momentu obrotowego zarejestrowano
w przypadku kompozytéw z pojedynczymi napelniaczami i byla ona porownywalna do
warto$ci momentu obrotowego nienapelnionego PVC, najnizszg natomiast dla kompozytu
PVC/5H1L1, przy czym roznica pomi¢dzy najnizsza a najwyzszg wartoScig momentu
obrotowego wynosita maksymalnie 5 Nm. Wprowadzenie 5% wag. napetniaczy, niezaleznie
od ich rodzaju, wptyn¢to na obnizenie warto$ci momentu obrotowego w stanie rOwnowagi oraz
skrocenie czasu do osiggni¢cia maksymalnej warto$ci momentu obrotowego. Najdtuzszy czas
zelowania zarejestrowano dla nienapelionego PVC (4,8 minuty), a wprowadzenie ligniny
spowodowato skrocenie tego czasu do 2,7 minuty, za$ niekalcynowanych nanorurek
haloizytowych do 1,4 minuty. Krétszy czas zelowania kompozytu z udzialem haloizytu
w poréwnaniu do kompozytu z ligning moze wynika¢ z mniejszych rozmiaréw czastek
napelniacza mineralnego, dzigki czemu lepiej przewodzg ciepto w ugniatanym materiale. Czas
zelowania kompozytow PVC z udziatem napelniaczy hybrydowych, niezaleznie od proporcji
obu sktadnikéw, miescit sie¢ w zakresie od 1,5 min do 2,0 min.
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Rys. 12. Zalezno$¢ momentu obrotowego od czasu ugniatania PVC i kompozytéw PVC z udziatem
5% wag. haloizytu i ligniny oraz napetniaczy hybrydowych o stosunku sktadnikow jak 1:5,5:11i 1:1

Analize plastografometryczng wykonano rowniez dla kompozytow PVC zawierajacych
jednoczesnie 5% wag. kalcynowanych nanorurek haloizytu i 30% wag. maczki drzewnej (Rys.
13) [P4]. Proces zelowania rozpoczyna si¢ po dostarczeniu odpowiedniej ilosci ciepta do ziaren
PVC, dlatego gorsza przewodnos¢ cieplna maczki drzewnej mieszaniny PVC/30W wptywa na
wydluzenie czasu zelowania o 22% w poroéwnaniu do nienapetnionego PVC. Dodatek drugiego
napetniacza w postaci haloizytu spowodowal, ze czas ten byl dluzszy jedynie o 14%
w porownaniu do niemodyfikowanego PVC, co wiaze si¢ z generowaniem dodatkowego ciepta
w wyniku zwickszonego tarcia czgstek mineralnych oraz czastek drzewnych. Najwyzsza
warto$¢ maksymalnego momentu obrotowego wykazywat kompozyt PVC/5H i jest ona wyzsza
0 25% od warto$ci zarejestrowanej dla PVC. Warto$¢ maksymalnego momentu obrotowego
kompozytu PVC/30W bylta porownywalna, a kompozytu PVC/30W-5H wigksza jedynie o 7%,
w poréwnaniu do nienapetnionego PVC. Nizsze wartosci maksymalnego momentu obrotowego
sa korzystniejsze z punktu widzenia obcigzen mechanicznych urzadzenia przetworczego,
dlatego zasadne jest stosowanie jednoczes$nie obu napetniaczy tj. maczki drzewnej i haloizytu.
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Rys. 13. Zalezno$¢ momentu obrotowego od czasu ugniatania PVC i kompozytow PVC z udziatem
5% wag. kalcynowanego haloizytu i maczki drzewnej

Na rysunku 14 przedstawiono plastogramy kompozytow na osnowie PVC, HDPE i PVC-
HDPE (proporcja sktadnikow jak 90:10 i 10:90) z udziatem 5% wag. HNT i 30% wag. WF
[P5]. Na plastogramie kompozytow na osnowie HDPE i PVC-HDPE 10:90 zaobserwowano
wystepowanie jedynie jednego maksimum momentu obrotowego zwigzanego z zaladowaniem
komory, po czym jego warto$¢ zmalata i ustabilizowata si¢ na statym poziomie. Przebieg
plastogramu ugniatania kompozytu na osnowie PVC i PVC-HDPE 90:10 jest
charakterystyczny dla ugniatania mieszanek nieplastyfikowanego PVC, tj. wystepuja dwa
maksima, jedno zwigzane z zatadowaniem komory i drugie $§wiadczace o zelowaniu materiatu.
Dodatek HDPE w mieszaninie z PVC wpltynat na wydtluzenie czasu zelowania o 16%
I zmniejszenie warto$ci maksymalnego momentu obrotowego 0 19% w poréwnaniu do PVC
30WF 5HNT. Wartos¢ momentu obrotowego w stanie rownowagi kompozytu PVC 30WF
SHNT byta natomiast nieznacznie wyzsza w poréwnaniu do kompozytu PVC-HDPE 90:10
30WF 5HNT.

w
o
1

B MY

J\-—'\_a"‘-u—\‘f.“"-

Moment obrotowy (Nm)
8 B

-
w
L

PVC 30WF 5HNT [
| —— PVC-HDPE 90:10 30WF 5HNT
5 HDPE 30WF SHNT
PVC-HDPE 10:90 30WF 5HNT

10 4

0 ] T T T T T - T I T T 1
0 60 120 180 240 300 360 420 480 540 600
Czas (s)

Rys. 14. Zalezno$¢ momentu obrotowego od czasu przetworstwa PVC, HDPE i kompozytéw PVC—
HDPE 10:90 i 90:10 z udziatem 5% wag. kalcynowanego haloizytu i 30% wag. maczki drzewnej
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Podsumowujac, stosowanie haloizytu jako napetniacza nieplastyfikowanej mieszanki PVC
wplywa na wzrost wartoSci maksymalnego momentu obrotowego podczas ugniatania
i skrocenie czasu zelowania mieszanki PVC [P1], [P4], przy czym kalcynacja nieznacznie
wzmacnia ten efekt [P1]. Skrocenie czasu zelowania PVC zaobserwowano rowniez
w przypadku zastosowania napetniaczy hybrydowych [P2]. Efekt wydtuzenia czasu zelowania
obserwuje si¢ natomiast po wprowadzeniu jednoczes$nie kalcynowanego haloizytu i maczki
drzewnej do osnowy PVC [P4], co moze by¢ zwigzane z ograniczonym transportem ciepta
wewnatrz ugniatanej mieszaniny na skutek obecnosci czastek drewna.

Wprowadzenie napetlniaczy hybrydowych powoduje uzyskanie nieznacznie nizszych
wartosci maksymalnego momentu obrotowego w poréwnaniu do PVC, zatem zasadne jest
stosowanie napelniaczy mineralnych i pochodzenia roslinnego w formie hybrydowej biorac
pod uwage mniejsze obcigzenia mechaniczne urzadzenia przetworczego [P2]. Analiza
plastograméw kompozytow PVC z napelniaczami hybrydowymi wskazuje na zmniejszenie
warto§¢ momentu obrotowego w stanie réwnowagi co jest zwigzane z korzystnym
zmniejszeniem lepko$ci mieszaniny w stanie lepkoptynnym [P2].

7.2.2 Wlasciwosci strukturalne

W celu oceny jednorodnosci rozproszenia nanorurek haloizytu w polimerowej osnowie
przeprowadzono obserwacje powierzchni przetomow wszystkich badanych w ramach
niniejszej pracy kompozytéw z wykorzystaniem skaningowego mikroskopu elektronowego.
W tej cze$ci pracy doktorskiej zostang omowione jedynie zdjecia kompozytow, w ktorych
stezenie napetniacza wynosito 5% wag.

Rys. 15. Mikrofotografie SEM (A, B) powierzchni przetomu kompozytu PVC/5H1L5
z publikacji [P2]

Na rysunku 15 przedstawiono zdjgcia powierzchni przetomu kompozytu PVC
z napetniaczem haloizyt-lignina w proporcji 1:5 [P2]. Ciemne obszary to zatopione w osnowie
polimerowej czastki ligniny o wydhizonym ksztatcie i powierzchni ok. 1500 um? (promien
gtowny ok. 50 um), na powierzchni ktérych widoczne sg pojedyncze, jasne czastki haloizytu
0 wielko$ci okoto 1-2 pm. Nie zaobserwowano pustych miejsc powstatych po oddzieleniu
czastek napetniacza z osnowy na skutek ztamania probki, co §wiadczy o dobrej ich adhez;ji
zZ fazg polimerow3.
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Rys. 16. Mikrofotografie SEM powierzchni przetomu kompozytéw A) PVC/5H, B)
PVC/30W-5H

W pracy [P4] stwierdzono, ze obecno$¢ maczki drzewnej w mieszaninie PVC sprzyja
dobremu rozproszeniu napetniacza mineralnego w osnowie. Na mikrofotografii przedstawionej
na rysunku 16A widoczny jest aglomerat nanorurek haloizytowych o szerokosci ok. 10 um
obecny na powierzchni przetlomu PVC/5H. Powierzchnia aglomeratu przylega do fazy
polimerowej, co $wiadczy o korzystnej adhezji na granicy faz polimer-napeniacz. Nie
zaobserwowano natomiast obecnos$ci aglomeratéw HNT na zdjgciu kompozytu PVC z 30%
wag. udziatem maczki drzewnej (Rys. 16B). Widkna maczki drzewnej generuja dodatkowe
tarcie podczas przetworstwa, CO sprzyja dobremu zdyspergowaniu nanorurek w osnowie
polimerowe;j.

Na rysunku 17 przedstawiono mikrofotografie SEM kompozytéw na osnowie PVC, HDPE
i PVC-HDPE w proporcji 10:90 i 90:10 zawierajacych wytacznie 30% wag. maczki drzewnej
oraz jednoczesnie maczke drzewnga i kalcynowany napetniacz mineralny.
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Rys. 17. Mikrofotografie SEM kompozytow: A) PVC 30WF, B) PVC 30WF SHNT, C) PVC-HDPE
90:10 30WF, D) PVC-HDPE 90:10 30WF 5HNT, E) HDPE 30WF, F) HDPE 30WF 5HNT, G) PVC-
HDPE 10:90 30WF, H) PVC-HDPE 10:90 30WF 5HNT

Na powierzchni przetomu kompozytéw na osnowie mieszaniny PVCHDPE (Rys. 17C-D,
G-H) zlokalizowa¢ mozna wtragcenia czgstek polimeru o mniejszym udziale, jednorodnie
rozproszonych w fazie ciaggtej polimeru o udziale dominujagcym. Na obrazach kompozytéw na
osnowie PVC i mieszaniny PVC-HDPE 90:10 (Rys. 17B, D) nie zaobserwowano aglomeratow
haloizytu, co moze by¢ zwigzane z wyzszymi naprezeniami $cinajgcymi podczas przetworstwa
wynikajagcymi z obecnosci maczki drzewnej. Widkna maczki drzewnej sg silnie zatopione
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w osnowie polimerowej, co moze $wiadczy¢ o silnych oddziatywaniach na granicy faz polimer-
napetniacz (Rys. 17 A-D). Stabsza adhezj¢ maczki drzewnej z osnowa polimerowa
zaobserwowano w przypadku kompozytéw na osnowie HDPE i PVC-HDPE 10:90, gdzie
wiokna zostaly catkowicie lub czgsciowo z niej wyrwane (Rys. 17E-H). Ponadto, na obrazach
kompozytéw na osnowie HDPE i PVC-HDPE 10:90 (Rys. 17F, H) zaobserwowaé¢ mozna
aglomeraty haloizytu o srednicy ok. 5-10 um.

Rys. 18. Mikrofotografie SEM kompozytow: HDPE/SHNT (A, B), HDPE/5alk— HNT (C, D),
HDPE/5m-HNT (E, F) z publikacji [P3]

Na powierzchni przetloméw kompozytow na osnowie HDPE stwierdzono obecno$é
aglomeratow nanorurek haloizytowych surowych (HNT), alkalizowanych (alk-HNT)
i modyfikowanych silanami (m-HNT) [P3]. Na mikrofotografiach SEM kompozytow
HDPE/5SHNT (Rys. 18A, B) zaobserwowano zatopione w osnowie aglomeraty napelniacza
0 $rednicy Ok. 5 um, a powierzchnia przetomu jest krucha i gtadka. Nieco wigksze aglomeraty
0 $rednicy ok. 10 um widoczne sg na mikrofotografii SEM kompozytow HDPE z udziatem
haloizytu alkalizowanego (Rys. 18C, D). Jednak w obszarze, gdzie haloizyt jest rozproszony
roOwnomiernie zaobserwowano zmiang charakteru powierzchni przetomu osnowy polimerowej
z kruchej na plastyczng. Taki sam efekt zwigzany ze zmiang charakteru p¢kania jest wyraznie
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widoczny na mikrofotografiach SEM kompozytow HDPE z udzialem haloizytu
modyfikowanego silanami, gdzie obszar kruchy, ptaski sasiaduje z plastycznym, ciggliwym co
jest zwigzane z réwnomierng dyspersjg haloizytu w tym obszarze. Ponadto widoczne sa
pojedyncze aglomeraty haloizytu o powierzchni ok. 5 um (Rys. 18 E, F).

7.2.3 Wlasciwosci mechaniczne

Na rysunku 19 przedstawiono analizowane w publikacjach [P1], [P2] i [P4] krzywe
zalezno$ci naprezenie-odksztalcenie PVC oraz kompozytow na osnowie PVC z udzialem 5%
wag. napehlniaczy. W przypadku nienapelnionego PVC, kompozytow PVC z udzialem
kalcynowanego haloizytu pochodzacego z kopalni Dunino [P1], kompozytow PVC z udziatem
ligniny, nanorurek haloizytowych, napetliaczy hybrydowych haloizyt-lignina [P2]
i kalcynowanych nanorurek haloizytowych [P4] stwierdzono ciggliwy charakter pekania
Z wyrazng granicg plastycznos$ci, a warto$§¢ naprezenia na granicy plastycznos$ci odpowiada
wytrzymato$ci na rozcigganie (cy = om).

Surowy haloizyt pochodzacy z kopalni Dunino lub 30% wag. maczki drzewnej i 5% wag.
kalcynowanych nanorurek haloizytowych wptywa na zmiang¢ charakteru pekania z ciggliwego
na kruchy, a w konsekwencji zanik granicy plastycznosci kompozytow na osnowie PVC.
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Rys. 19. Krzywa napr¢zenie-odksztatcenie niemodyfikowanego PVC i kompozytow PVC
z publikacji [P1], [P2] i [P4]

Potwierdzeniem zmiany charakteru pg¢kania z kruchej na ciagliwg jest obraz SEM
powierzchni przetoméw kompozytow PVC/IHA i PVC/IKHA po probie statycznego
rozciggania (Rys. 20A, B) [P1]. Na mikrofotografii 20A widoczna jest krucha, gtadka
powierzchnia przetomu z zatopionymi aglomeratami surowego haloizytu wynoszacymi ok. 50
um. Plastyczny charakter odksztalcenia zaobserwowano na fotografii 20B, gdzie widoczna jest
deformacja osnowy polimerowej w kierunku rozciggania. Przesuwanie si¢ warstw
polimerowych podczas rozciggania probki zawierajacych twarde czastki kalcynowanego
napelniacza spowodowato powstanie elipsoidalnych przestrzeni, w ktorych zatopione sa
aglomeraty haloizytu o wielkosci ok. 20 um.
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Rys. 20. Mikrofotografie SEM powierzchni kompozytow po statycznej probie rozciggania (A)
PVC/1HA, (B) PVC/1IKHA

Wyniki badan wtasciwosci mechanicznych przy statycznym rozcigganiu oraz udarnosci
kompozytéw na osnowie PVC bedacych przedmiotem badan opublikowanych w publikacjach
[P1], [P2] i [P4] zamieszczono w tabeli 7. Najnizszym modutem spr¢zystosci przy rozcigganiu
charakteryzuje si¢ niemodyfikowany PVC, a zastosowanie 5% wag. napelniaczy, niezaleznie
od ich rodzaju, wptywa na wzrost wartosci E; czyli sztywnosci kompozytéw. Kompozyty na
osnowie PVC z udzialem surowych i kalcynowanych nanorurek haloizytowych wykazuja
zblizone warto$ci modutu sprezystosci przy rozcigganiu [P2], [P4]. Wplyw obrobki termicznej
napetniacza na sztywno$¢ kompozytéw na osnowie PVC jest widoczny w przypadku haloizytu
pochodzacego z kopalni Dunino, $wiadczy o tym wyzsza warto$¢ Erx kompozytu PVC/5KHA
w porownaniu do kompozytu PVC/SHA [P1]. Wprowadzenie ligniny do osnowy PVC wplywa
nieznacznie na wzrost wartosci Et kompozytow PVC, natomiast zastosowanie napeiniacza
hybrydowego haloizyt-lignina w stosunku wagowym 1:5 skutkuje najwigkszym wzrostem
sztywnosci tj. 0 17% w poréwnaniu do nienapetnionego PVC [P2]. Rownomierna dyspersja
HNT w osnowie PVC/30W skutkowala zwickszeniem sztywnosci o 14% w poréwnaniu do
kompozytu PVC/30W [P4].

Kompozyty PVC z udzialem kalcynowanych nanorurek haloizytowych jako jedyne
sposrod badanych kompozytow charakteryzowaty si¢ wigkszym maksymalnym naprezeniem
w poréwnaniu do niemodyfikowanego PVC; wigksza o 5MPa (0 8%,) warto$¢ om jest
przypuszczalnie zwigzana ze zmiang charakteru haloizytu z hydrofilowego na hydrofobowy,
ktory jest bardziej kompatybilny z osnowa polimerowg i przyczynia si¢ do uzyskania lepszych
oddziatywan na granicy faz polimer-napetniacz [P4]. Kalcynowany napetniacz wprowadzony
do kompozytu PVC/30W wplywa réwniez korzystnie na jego wytrzymato$¢ na rozcigganie
podwyzszajac jej warto$¢ o 23% [P4]. Materialty kompozytowe z haloizytem pochodzacym
z kopalni Dunino charakteryzowaly si¢ natomiast mniejszg wytrzymatoscig na rozcigganie
w poréwnaniu do nienapetnionego PVC, jednak spadek wartosci om W przypadku kompozytow
PVC z udziatem KHA (13%) byt mniejszy niz spadek tej wartosci w przypadku probek HA
(20%) [P1]. Zastosowanie napetniaczy hybrydowych niezaleznie od proporcji sktadnikow
przyczynia si¢ do obnizenia wytrzymato$ci na rozcigganie 0 0k. 7%, nalezy jednak zauwazyc¢,
ze dzieki zawartosci haloizytu w uktadzie z ligning spadek om jest mniejszy niz w przypadku
zastosowania samej ligniny (obnizenie wartosci om 0 16%) [P2].
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Tabela 7. Poréwnanie wybranych wiasciwosci mechanicznych PVC i kompozytéw PVC z haloizytem,

napetiaczami hybrydowymi i maczka drzewna z nanorurkami haloizytu z publikacji [P1], [P2], [P4]

Publikacja m;z:;;nie acu [KI/M?] E.[MPa] ov [MPa] on [MPa]
P4 PVC 15,8 1570 (28) 61,3 (1,6) 61,3 (1,6)
PVC/5HA 11,6 (0,6) 1660 (12) - 49,2 (0,8)

P1
PVC/5KHA 13,8 (0,8) 1730 (12) 53,4 (1,0) 53,4 (1,0)
PVC/5H 15,6 (3,0) 1740 (13) 58,8 (0,3) 58,8 (0,3)
PVC/5L 17,6 (1,0) 1620 (23) 51,2 (1,1) 51,3 (1,1)
P2 PVC/5H1L5 16,8 (2,2) 1830 (8) 57,3 (0,2) 57,3(0,2)
PVC/SHILL | 14,1 (24) 1680 (22) 56,4 (4,1) 56,4 (4,1)
PVC/5H5LL | 151 (1,3) 1710 (14) 56,8 (0,7) 56,8 (0,7)
PVC/5H 29,5 1720 (106) 66,3 (3,2) 66,3 (3,2)
P4 PVC/30W 47 2080 (63) - 34,2 (1,2)
PV/C/30W-5H 47 2380 (55) - 41,9 (2,7)

- brak granicy plastyczno$ci

Z analizy wynikow badan udarnosci niemodyfikowanego PVC i kompozytow na osnowie
PVC zamieszczonych w tabeli 7 wynika, ze wprowadzenie do osnowy PVC haloizytu surowego
oraz kalcynowanego pochodzacego z kopalni Dunino skutkowato obnizeniem udarnos$ci
odpowiednio 0 27% i 13% [P1l]. Udarnos¢ kompozytow PVC z niemodyfikowanymi
nanorurkami haloizytu jest zblizona do udarno$ci nienapelnionego PVC [P2]. Kalcynacja
nanorurek haloizytowych przyczynita si¢ do wzrostu udarnosci kompozytu o 87%
W poroéwnaniu do nienapelnionego PVC, mimo obecnosci aglomeratow napetniacza w osnowie
przedstawionych na rysunku 16A [P4]. Obecnos¢ 30% wag. maczki drzewnej w osnowie PVC
znaczaco obniza udarno$¢ kompozytow, a wprowadzenie dodatkowo 5% wag. kalcynowanych
nanorurek haloizytowych nie wptywa na zmian¢ wartosci acu [P4]. Dodanie do osnowy PVC
napetniacza hybrydowego haloizyt-lignina w proporcji 1:5 poprawia jej udarnos¢ o 6%.
W przypadku kompozytéw zawierajacych napeiniacz o jednakowym lub przewazajacym
w stosunku do ligniny udziale haloizytu (PVC/5H1L1 i PVC/5H5L1) udarno$é¢ jednak maleje
odpowiednio 0 11% i 4% w poroéwnaniu do wartosci acu nienapetnionego PVC [P2].
Zmniejszenie odpornosci na uderzenia moze wynika¢ z obecnos$ci aglomeratoéw napetniacza
hybrydowego widocznych na obrazach SEM (Rys. 15), ktore stanowig miejsca kumulacji
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naprezen. Cho¢ wplyw napetliaczy hybrydowych na udarno$¢ kompozytow PVC jest
niekorzystny, to nalezy podkresli¢, ze wartos¢ acu maleje jedynie 0 11% lub mniej.

Na rysunku 21

przedstawiono termogramy DMTA niemodyfikowanego PVC

I kompozytow PVC, a w tabeli 8 zestawiono wartosci modutu zachowawczego (E’)
wyznaczone w temperaturze 30 °C, 50 °C, 70 °C oraz temperatury zeszklenia (Tq tans)

wszystkich badanych
roznego rodzaju.

Modut zachowawczy (MPa)

materiatbw kompozytowych zawierajacych 5% wag. napelniaczy

A

——PVC

—— PVC/5H [4]
—— PVC/30W
—— PVC/30W-5H
—— PVC/5H [2]
—— PVC/5L
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Rys. 21. Termogramy DMTA PVC i kompozytéw PVC: modut zachowawczy (A) i tangens kata
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stratnosci mechanicznej (B) z publikacji [P2], [P4]
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Tabela 8. Modut zachowawczy oraz temperatura zeszklenia PVC i kompozytow PVC z publikacji [P2]
i [P4]

E’ [MPa]
Publikacja Nazwa probki -[‘f, gr]ls
30°C 50 °C 70 °C
P4 PVC 3177 3029 2594 90,4
PVC/5H 3698 3525 3066 92,9
PVC/5L 3514 3341 2823 94,3
P2 PVC/5H1L5 3229 3056 2638 94,5
PVC/5H1L1 3249 3085 2674 94,4
PVC/5H5L1 3360 3202 2763 93,7
PVC/5H 3637 3478 3046 96,9
P4 PVC/30W 4684 4425 3905 91,3
PVC/30W-5H 5046 4721 4152 94,5

Wprowadzenie napetniaczy, niezaleznie od rodzaju, do osnowy PVC przyczynito si¢ do
wzrostu temperatury zeszklenia wyznaczonej jako temperatura, w ktorej tand przyjmuje
wartos¢ maksymalng oraz wzrostu sztywnos$ci otrzymanych kompozytow, o czym $wiadczy
wyzsza warto$¢ modutu zachowawczego (E’) w temperaturze 30 °C, 50 °C 1 70 °C.

Najwyzszym modutem zachowawczym charakteryzuja si¢ kompozyty zawierajace 30%
wag. maczki drzewnej i dodatkowo 5% wag. kalcynowanych HNT; wartos¢ E” w temperaturze
30°C, 50 °C 170 °C byta w tym przypadku wyzsza odpowiednio o0 59%, 56% i 60% w stosunku
do nienapelnionego PVC [P4]. Nalezy jednak nadmieni¢, ze kalcynacja nanorurek
haloizytowych wptyneta na niewielkie obnizenie sztywno$ci kompozytéw PVC z ich udziatem
[P4] w poroéwnaniu do kompozytu z niemodyfikowanymi HNT [P2]; najwigkszy spadek
wartosci E’ wynoszacy 61 MPa odnotowano w temperaturze 30 °C i byt on tym mniejszy, im
wyZzsza temperatura pomiaru.

Niemodyfikowane nanorurki haloizytowe korzystnie wptywaja na modut zachowawczy
kompozytéw na osnowie PVC, ktdrego wartos¢ byta wyzsza o ok. 500 MPa w poréwnaniu do
E’ osnowy, niezaleznie od temperatury. Jednakze, wraz z rosnagcym udziatem ligniny
w napelniaczach  hybrydowych warto$¢ modutu kompozytow malata w kolejnosci
PVC/5H5L1>PVC/5H1L1>PVC/5H1LS [P2].

Analizujac zmiany modutu zachowawczego E’ w zakresie temperatur od 30 °C do 70 °C
stwierdzono spadek jego wartosci w zakresie od 16% (PVC/5H) [P4] do 20% (PVC/5L) [P2].
W przypadku pozostatych kompozytow PVC warto$¢ modutu zachowawczego w tym zakresie
temperatur zmniejszyta si¢ o ok. 17% - 18%.
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Dane zestawione w tabeli 8 wskazujg na zwigzany z obecno$cig napetniaczy wzrost
temperatury zeszklenia PVC, ktory moze wynika¢ z ograniczenia ruchliwosci segmentow
tancuchow polimerowych. Najwyzszy wzrost wartosci Tg wans Zarejestrowano w przypadku
kompozytu z kalcynowanymi nanorurkami haloizytowymi (o 7%) [P4], natomiast w przypadku
zastosowania niekalcynowanych nanorurek haloizytowych [P2] wzrost ten wynosit
3% w porownaniu do wartosci T wans Niemodyfikowanego PVC.

Whprowadzenie 30% wag. maczki drzewnej do osnowy PVC skutkowalo wzrostem
temperatury zeszklenia o 0,9 °C, a dodatek HNT spowodowal podniesienie tej temperatury
0 kolejne 3,2 °C. Podobny trend wzrostu temperatury zeszklenia stwierdzono w przypadku
kompozytéw PVC z napelniaczami hybrydowymi, niezaleznie od ich sktadu; wartosci Tg tans
kompozytow byly wyzsze o ok. 4 °C w porownaniu do nienapetnionego PVC [P2].

Podsumowujac, wprowadzenie napetniaczy, niezaleznie od ich rodzaju, wptywa na wzrost
temperatury zeszklenia 1 sztywnosci kompozytow PVC. Najwyzszym modulem
zachowawczym charakteryzowal si¢ kompozyt z maczka drzewna, a wprowadzenie
kalcynowanego HNT spowodowato dodatkowy wzrost wartosci E’. Efekt ten stwierdzono
niezaleznie od temperatury pomiaru w zakresie od 30°C do 70°C, przy czym warto$¢ modutu
maleje ze wzrostem temperatury w tym zakresie. Cho¢ prawidtowos$¢ taka stwierdzono dla
kazdego z badanych kompozytow, to obnizenie wartosci E* mierzonej w temperaturze 70°C
wynosi maksymalnie 20%, co nie wyklucza takich kompozytow, szczegdlnie z udziatem 5%
wag. kalcynowanych HNT, jako materiatbw do wielu zastosowan wewnetrznych
I zewnetrznych.

Zastosowanie napelniaczy, niezaleznie do ich rodzaju, nie wptyngto korzystnie na udarno$¢
I wytrzymatos¢ kompozytow PVC, co moze byé zwigzane z obecno$cig aglomeratow
w osnowie polimerowej. Jednak wartosci tych wlasciwosci sg wystarczajace do wielu
zastosowan i stanowig przyczynek do dalszego rozwoju koncepcji badawczej, ktorej celem jest
poprawa oddziatywan na granicy faz osnowa - napetniacz, a tym samym uzyskania materiatu
0 zadowalajgcych wlasciwosciach mechanicznych.

7.2.4 Wlasciwosci termiczne

Wyniki badan stabilno$ci termicznej 0znaczonej metoda czerwieni Kongo, temperatury

migknienia Vicata oraz temperatury ugiecia pod obcigzeniem zestawiono w tabeli 9.

Napetniacze pochodzenia ros§linnego zastosowane w ramach niniejszej pracy wptywaja na
znaczacy wzrost stabilnosci termicznej PVC badanej metoda czerwieni Kongo; w przypadku
ligniny wzrost ten jest niemal trzykrotny, a maczki drzewnej dwukrotny. Jedng z przyczyn
poprawy stabilnosci moze by¢ reakcja chlorowodoru uwalnianego podczas degradacji PVC
z grupami metoksy w pierscieniach fenolowych, ktora prowadzi do powstania chlorometanu.
Dzigki temu wydluza si¢ czas, po ktorym zachodzg procesy degradacyjne materialu, a zatem
poprawia si¢ stabilno$¢ termiczna kompozytow PVC. W przypadku ligniny taki efekt
obserwowany jest rowniez gdy jest sktadnikiem uktadu hybrydowego [P2]. Istotne jest, ze
wprowadzenie kalcynowanego haloizytu do kompozytu PVC/30W wydluza dodatkowo
0 2 minuty jego czas stabilnosci termicznej badanej metoda czerwieni Kongo, o jest dobrym
wynikiem biorgc pod uwagg, ze test stabilno$ci prowadzono w temperaturze 200 °C [P4].

Natomiast zastosowanie jako napetniacza niemodyfikowanych nanorurek haloizytu [P2],
kalcynowanych nanorurek haloizytu [P4] lub haloizytu pochodzacego z kopalni Dunino,
niezaleznie od zastosowanej obrobki termicznej [P1], prowadzi do nieznacznego tj. o ok. 1-3
minuty skrocenia czasu zwigzanego z wydzielaniem si¢ chlorowodoru. Nalezy jednak
zauwazyC, ze czas stabilno$ci termicznej jest dtuzszy niz czas przebywania materiatu
W urzadzeniu przetworczym np. w wytlaczarce, zatem nie eliminuje go do przetwoérstwa
w stanie uplastycznionym.
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Tabela 9. Wiasciwosci termiczne PVC i kompozytow PVC z publikacji [P1], [P2], [P4]

. .| Stabilnos¢ termiczna .Tempe.ratu ra Temperatl.lré.i ugi@cia
Publikacja | Nazwa probki czerwieni Kongo [min] mlqkmezna Vicata pod obilqzemem
[°C] [°C]
PVC 18 (1,0) 79,3(0,2) 64,5 (0,2)

P1 PVC/5HA 15 (0,5) 80,8 (0,4) 65,5 (0,3)

PVC/5KHA 17 (1,0) 81,2 (0,3) 65,9 (0,1)
PVC/5H 15 (0,1) 82,3(0,2) -
PVC/5L 46 (0,2) 81,7 (0,2) -

P2 PVC/5H1L5 42 (0,5) 81,9 (0,1) -
PVC/5H1L1 30 (0,4) 82,5(0,2) -
PVC/5H5L1 22 (1,0) 83,0 (0,2) -

PVC/5H 15 (1,0) 83,9 (0,4) 65,9 (0,3)

P4 PVC/30W 36 (0,5) 101,3(0,2) 74,7 (0,2)

PVC/30W-5H 38(0,5) 106,6 (0,6) 74,5 (0,1)

Znaczacy wzrost temperatury migknienia Vicata i ugiecia pod obcigzeniem, odpowiednio
0 22 °C i 10,2 °C, odnotowano w przypadku kompozytu napetnionego maczka drzewng.
Modyfikacja tego kompozytu kalcynowanymi nanorurkami haloizytowymi wplyneta na
podwyzszenie temperatury migknienia Vicata o kolejne 5,3 °C, temperatura ugigcia pod
obcigzeniem nie zmienita si¢ przy tym znaczaco [P4]. Efektem zastosowania haloizytu
pochodzacego z kopalni Dunino w kompozytach z PVC byt rowniez nieznaczny wzrost
temperatury migknienia Vicata 1 ugigcia pod obcigzeniem, ktorych wartosci wzrosty
maksymalnie o 2 °C [P1]. Niewielki wzrost temperatury migknienia, w poréwnaniu do
nienapetnionego PVC, stwierdzono takze dla wszystkich kompozytow PVC z napelniaczami
hybrydowymi, niezaleznie od ich sktadu; jej wartosci byty jednocze$nie wyzsze niz temperatura
Vicata kompozytu z ligning, a w przypadku probek PVC/5HIL1 i PVC/5H5L1 takze

nieznacznie wyzsze niz kompozytu z haloizytem [P2].

Wyniki badan termograwimetrycznych niemodyfikowanego PVC, kompozytow PVC,
HDPE i PVC-HDPE przedstawiono na rysunku 22 i zestawiono w tabeli 10.
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Rys. 22. Krzywa termograwimetryczna niemodyfikowanego PVC i kompozytow PVC, HDPE i PVC—
HDPE z publikacji [P4] i [P5]

Degradacja PVC jak i kompozytow na osnowie mieszaniny PVC i HDPE obejmuje dwa
etapy. W przypadku kompozytow PVC/30W, procesy degradacji charakterystyczne dla PVC i
maczki drzewnej naktadajg si¢ na siebie. W temperaturze 100-120 °C dochodzi do utraty wody
obecnej w maczce drzewnej. Pierwszy etap degradacji kompozytu przebiega w temperaturze
ok. 250 °C, gdzie zachodza jednoczesnie dwa procesy: rozktad maczki drzewnej do kwasu
mrowkowego oraz reakcja dehydrochlorowania PVC, prowadzaca do powstawania struktur
polienowych. W drugim etapie, w temperaturze wyzszej niz 320 °C, dochodzi do jednoczesnej
degradacji hemicelulozy i celulozy z maczki drzewnej oraz do dalszej degradacji PVC, w tym
krakingu termicznego sprzezonych sekwencji polienowych, a takze tworzenia resztkowych
zweglen [148][149].

Proces degradacji nienapelnionego HDPE obejmuje jeden etap, ktory rozpoczyna si¢
w temperaturze 380 °C, gdzie polimer gwaltownie traci mase¢ 1 jest prawie catkowicie
przeksztalcany w substancje lotne [150]. Rowniez w przypadku kompozytow HDPE 30WF
mozemy wyodrebni¢ jeden etap, ale proces degradacji rozpoczyna si¢ w temperaturze 300 °C,
co zwigzane jest z koncowsg degradacjg maczki drzewnej (Rys. 22).

Kalcynacja nanorurek haloizytowych nie wptynela znaczaco na zmiang temperatury
ubytku 1%, 5%, 10% i 50% masy; roznica pomiedzy warto§ciami tych temperatur kompozytow
PVC/5H [P2] i PVC/5H [P4] wynosita maksymalnie 5 °C. Warto$¢ temperatury ubytku masy
kompozytéw z udziatem ligniny, surowego HNT i napelniaczy hybrydowych na wszystkich
etapach degradacji jest wyzsza niz niemodyfikowanego PVC; najwyzsza temperaturg 1%
ubytku masy kompozytow PVC z udzialem napetniaczy hybrydowych zarejestrowano dla
kompozytu PVC/5H1L5 [P2].
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Wyniki badan TGA kompozytow PVC/30W i PVC 30WF z udzialem 5% wag.
kalcynowanych nanorurek haloizytowych przedstawiono w pracach [P4] i [P5], przy czym
w pracy [P4] sa to materialy b¢dace podstawowym przedmiotem badan, a w pracy [P5]
stanowig odniesienie dla kompozytow ztozonych z mieszanin PVC i HDPE. Stwierdzone
roéznice wartosci temperatur ubytku masy tych kompozytéow wynikaja prawdopodobnie
z r6znych nawazek probek i/lub postaci probek tj. w badaniach TGA opisanych w [P4] byt to
fragment wypraski natomiast w [P5] przemiat.

W przypadku zastosowania jako napeilniacza maczki drzewnej temperatura ubytku 1%
masy jest nizsza o odpowiednio 0 78,9 °C [P4] 1 98,3 °C [P5] w poréwnaniu do nienapelnionego
PVC, ale wprowadzenie kalcynowanych nanorurek haloizytu do kompozytu PVC z udziatem
30% wag. maczki drzewnej powoduje, ze temperatura poczatku degradacji jest wyzsza
odpowiednio 0 20,5 °C [P4] i 0 30,2 °C [P5].

Podobna zalezno$¢ zarejestrowano dla kompozytéw na osnowie HDPE z udziatem 30%
wag. maczki drzewnej gdzie wprowadzenie kalcynowanych nanorurek haloizytowych do tego
kompozytu wplyngto na podwyzszenie temperatury ubytku 1%, 5%, 10% i 50% masy
odpowiednio 0 16,8 °C, 7,2 °C, 15 °C, 0,7 °C.

Zastosowanie haloizytu w kompozytach PVC-HDPE 10:90 nie miato znacznego wptywu
na wzrost wartosci T1o, Ts%, T10% | Tso%, co moze by¢ zwigzane z obecnoscig aglomeratow
napetniacza widocznych na mikrofotografiach SEM (Rys. 17H) [P5].

Tabela 10. Wyniki analizy termograwimetrycznej niemodyfikowanego PVC i kompozytow PVC
z publikacji [P2], [P4] i [P5]

Publikacja | Nazwa probki T1% Ts% T10% Tso%

P4 PVC 2154 238,1 248,7 286,1

PVC/5H 243,7 267,7 278,9 325,3

PVC/5L 261,1 276,6 285,5 330,3

P2 PVC/5H1L5 256,3 273,9 285,0 328,6

PVC/5H1L1 253,5 272,3 283,0 327,2

PVC/5H5L1 243,1 263,3 276,6 321,3

PVC/5H 238,8 266,6 280,9 329,8

P4 PVC/30W 136,5 2475 265,7 332,7

PVC/30W-5H 157,0 257,7 265,0 357,1

P5 PVC 30WF 1171 248,3 260,3 328,3
61
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PVC 30WF
EHNT 147,3 2479 261,5 331,8
PVC-HDPE
90:10 30WE 111,4 254,9 269,3 342,0
PVC-HDPE
90:10 30WF 144,6 250,0 267,7 351,0
SHNT
HDPE 30WF 101,5 295,4 319,3 488,3
HDPE 30WF
EHNT 118,3 302,6 334,3 489,0
PVC-HDPE
10:90 30WE 102,5 270,9 286,0 486,4
PVC-HDPE
10:90 30WF 101,4 267,7 285,2 485,0
SHNT

Podsumowujac, warunkiem uzyskania korzystnych wiasciwosci termicznych kompozytow
z udziatem haloizytu jest jego homogeniczna dyspersja w osnowie polimerowej. Efektem
rownomiernego rozproszenia HNT w kompozytach na osnowie PVC i PVC-HDPE 90:10
z udziatlem maczki drzewnej jest wzrost temperatury Tiy 0 ponad 20°C. Natomiast w przypadku
kompozytow PVC-HDPE 10:90 30WF, w ktorych zaobserwowano obecnos¢ aglomeratow
napetniacza, nie stwierdzono poprawy stabilnosci termicznej. \Wprowadzenie napetniaczy,
niezaleznie od ich rodzaju, do osnowy PVC wplywa na wzrost temperatury migknienia Vicata
i ugiecia pod obcigzeniem. Zastosowanie napetniaczy hybrydowych stanowiacych potaczenie
haloizytu i ligniny w proporcji 1:1 i 1:5 w kompozytach na osnowie PVC wplywa na wzrost
stabilnosci termicznej kompozytow badanej metoda czerwieni Kongo odpowiednio o 12 i 24
minuty.

8. PODSUMOWANIE | WNIOSKI

Haloizyt zastosowany jako napetniacz poli(chlorku winylu) i polietylenu wysokiej gestosci
oraz mieszanin obu polimerow wptynat na wlasciwosci strukturalne, przetworcze, mechaniczne
i termiczne kompozytdw na osnowie tych polimerow.

W przedstawionej rozprawie doktorskiej omowiono szczegdélowo wyniki badan
materialdw zawierajacych takg samg ilo$¢ kolejnych napetiaczy tj. 5% wag. haloizytu o
r6znym pochodzeniu, morfologii i wielkosci czastek, ktory poddano dodatkowo modyfikacji,
napetniacza hybrydowego haloizyt-lignina oraz haloizytu jako jednego z dwoch sktadnikow
W mieszaninie z mgczka drzewna.

Bioragc pod uwage kryterium wiasciwosci przetworczych najbardziej korzystne jest
wprowadzenie do osnowy PVC napehiaczy hybrydowych z uwagi na nizsze wartosci
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maksymalnego momentu obrotowego, z kolei najwyzszy wzrost wlasciwosci mechanicznych
tj. modutu sprezystosci przy rozcigganiu i modutu zachowawczego zaobserwowano po
wprowadzeniu kalcynowanych nanorurek haloizytowych i jednoczesnie maczki drzewne;.
Rownomiernie rozproszone kalcynowane nanorurki haloizytu w osnowie PVC i PVC-HDPE
90:10 z maczka drzewna tworza efekt barierowy, co wptywa na poprawe stabilnosci termicznej
szczegblnie w temperaturach przetworstwa.

Wyniki badan przedstawione w publikacjach [P1-P5] potwierdzajg, ze wtasciwosci
kompozytéw wytworzonych z udziatem tych napetniaczy zalezg istotnie od ich stezenia, zatem
przedstawione ponizej wnioski obejmujg wyniki badan wszystkich kompozytéw zawierajacych
napetniacz o st¢zeniu w zakresie od 1% do 10% wag., opublikowane w artykutach [P1-P5].

Tendencje zmian wybranych wtasciwosci kompozytéw na osnowie PVC i jego mieszanin
zwigzanych ze stosowanymi napetniaczami zestawiono w tabeli 11.
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Napetniacz

odniesienia

Srednica
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Materiat

Maksymalny

Czas

Modut

Tabela 11. Tendencje zmian wybranych wiasciwosci kompozytéw PVC zwigzanych ze stosowanymi napetniaczami

P1

PVC

HA

KHA

(SEM)

ok. 50 pm
PVC

moment

obrotowy

zelowa
nia

sprezystosci
przy
rozcigganiu

Wytrzymatosé
na rozciaganie

Udarnos¢

Stabilnos¢

termiczna
badana
metoda
Kongo

VST/
HDT

TGA

P2

PVC

ok. 20 pm

ok. 20 pm

+/-

+/-

P4

PVC

W/H

PVC

PVC

w zaleznosci
od proporcji
sktadnikow

+/-

+**

-[+*

H do L: ok.
10-50 um
(L)/1-2 um
(H)

ok. 10 pm

brak

+/-

+**

H1L5,
HLLL +*,
H5L1 -/+*

P5

PVC

HNT / WF

PVC

30WF

aglomeratow

++

+*

brak

aglomeratow

++

-[+*

+*
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90:10
PVC-
HDPE

HDPE

10:90
PVC-
HDPE

PVC-

+W
HDPE brak _
90:10 aglomeratow ) 16238[(2“(3)80'5(:
30WF
HDPE
30WF ok. 5-10 pym o
PVC—

+W
T(I)Dgg: ok. 5-10 pm zakresie
30WF 160-200°C

Legenda:

- spadek wartosci

+ wzrost warto$ci

++ dwukrotny wzrost warto$ci

+/- przy najnizszej stosowanej zawarto$ci napetniacza wzrost, a nastgpnie spadek wartosci ze wzrostem stezenia
** nie badano temperatury ugigcia po obcigzeniem

+* 0znacza wzrost temperatury ubytku masy 1%, 5%, 10% i 50%

-/+* spadek wartosci przy Tiw, a nastepnie wzrost Txy w zakresie badanych stezen
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1.

Przeprowadzone badania pozwolity na zrealizowanie wszystkich celow badawczych
zatozonych w ramach niniejszej pracy i sformutowanie wnioskéw o charakterze poznawczym.
Oceniono wptyw czastek haloizytu o wymiarze mikrometrycznym z uwzgl¢dnieniem ich
obrébki termicznej na strukture, witasciwosci przetworcze, mechaniczne i termiczne
kompozytéw na osnowie PVC stwierdzajac, ze:

a)

b)

d)

Haloizyt pochodzacy z kopalni Dunino wptywa, niezaleznie od zastosowanego
stezenia w zakresie do 10% wag., na wlasciwosci przetwdrcze mieszanin na osnowie
nieplastyfikowanego PVC; skrocenie czasu zelowania jest korzystne pod wzgledem
ekonomicznym a wzrost maksymalnego momentu obrotowego nie jest na tyle istotny,
aby uniemozliwi¢ przetworstwo tych materiatow klasycznymi metodami w stanie
uplastycznionym. Efekt skrocenia czasu zelowania i wzrostu maksymalnego momentu
obrotowego jest wigkszy, gdy zastosowano materiat kalcynowany.

Obrobka cieplna haloizytu przed wprowadzeniem do osnowy PVC spowodowata
zmniejszenie S$rednicy jego aglomeratow widocznych na mikrofotografiach
powierzchni przetomow kompozytow od ok. 50 pm do ok. 20 pm.

Kalcynacja haloizytu wplyneta korzystnie na wtasciwosci mechaniczne kompozytéw
PVC powodujac wzrost modutu sprezystosci przy rozcigganiu zardwno w poréwnaniu
do niemodyfikowanego PVC jak i kompozytu PVC/HA. Zaobserwowano ponadto
interesujacy efekt zmiany charakteru pgkania kompozytow PVC/KHA z kruchego na
plastyczny, niezaleznie od st¢zenia napetniacza. Poprawa udarnos$ci kompozytow
nastepuje jedynie przy najmniejszej stosowanej zawartosci KHA, natomiast po
wprowadzeniu HA lub przy wyzszych stezeniach KHA w osnowie udarnos¢ malata.
Nieznaczng poprawe stabilno$ci termicznej uzyskano stosujac wylacznie
1% kalcynowanego haloizytu, przy wyzszych stezeniach napelniacza czas degradacji
termicznej byl krotszy. Niemniej jednak, zarowno kompozyty zawierajace HA jak
i KHA charakteryzowaty si¢ nieznacznie wyzsza, w poréwnaniu do PVC, temperaturg
migknienia Vicata 1 ugiecia pod obcigzeniem. Nawet nieznaczne podwyzszenie
temperaturowego zakresu uzytkowania przy zachowaniu niezmienionych whasciwosci
mechanicznych jest niezmiernie istotne w aspekcie zastosowan elementow
wykonanych z takich materialow kompozytowych.

Przeanalizowano wptyw napetniaczy hybrydowych zawierajacych niemodyfikowane
nanorurki haloizytowe na jednorodnos¢ struktury i wiasciwosci przetworcze, mechaniczne,
termiczne kompozytow na osnowie PVC, co pozwolilo na nastgpujace wnioski:

a)

b)

Z analizy wlasciwosci przetworczych podczas ugniatania wynika, ze zaréwno
nanorurki haloizytowe jak i napetniacze hybrydowe nanorurki haloizytowe-lignina
W mieszaninie z nieplastyfikowanym PVC powoduja skrocenie czasu zelowania
niezaleznie od st¢zenia. Ponadto, maksymalny moment obrotowy podczas ugniatania
kompozytow 2z udzialem napeliaczy hybrydowych ma mniejsze wartosci, co
dodatkowo potwierdza ich korzystny wptyw na wlasciwosci przetworcze.
Przetwarzanie nieplastyfikowanego PVC z uktadami hybrydowymi haloizyt-lignina
0 zawarto$ci do 10% wag. metoda ugniatania pozwolilo na otrzymanie kompozytéw
0 stosunkowo jednorodnej strukturze potwierdzonej obserwacjami SEM. Dodatkowo,
mikrofotografie powierzchni przeloméw oraz wilasciwosci mechaniczne $wiadcza
0 dobrej adhezji napehliacz-polimer, szczegdlnie wowczas, gdy zawartos$¢
napetniacza hybrydowego wynosi 2,5% wag.

Rosngcy udzial wagowy napelniaczy hybrydowych, niezaleznie od ich sktadu,
w osnowie PVC wplywa na wzrost warto$ci modulu sprezystosci przy rozcigganiu
i modutu zachowawczego w temperaturze 30 °C, 50 °C i 70 °C. Najwyzszymi
warto§ciami modutu sprgzystosci charakteryzuja si¢ kompozyty z uktadem haloizyt-
lignina 1:5. Najmniejszy spadek modutu zachowawczego w zakresie temperatury od
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30 °C do 70 °C wykazujg kompozyty z napelniaczem hybrydowym o proporcji
haloizytu do ligniny jak 5:1, niezaleznie od st¢zenia. Udarnos¢ kompozytow maleje
wraz z rosngcym udziatem napetniaczy w osnowie, jedynie w przypadku zastosowania
2,5% wag. napelniaczy, niezaleznie od ich rodzaju, warto$¢ tej wlasciwosci byta
wyzsza niz nienapetnionego PVC.

d) Stabilnos¢ termiczna badana metoda czerwieni Kongo kompozytow z udzialem
napetniaczy hybrydowych byta wyzsza niz nienapelionego PVC.

3. Oceniono efektywnos$¢ modyfikacji chemicznej nanorurek haloizytowych jako napeniacza
wpltywajacego na struktur¢ kompozytow na osnowie HDPE, co bylo podstawg
nastgpujacych wnioskow:

a) Powierzchni¢ nanorurek haloizytowych skutecznie szczepiono grupami funkcyjnymi
HMDS, co potwierdzono wynikami badan ich struktury metodami spektroskopii
FTIR, XRD i analiza BET modyfikowanych nanorurek haloizytowych.

b) Modyfikacja nanorurek haloizytowych z uzyciem HMDS wptyneta na poprawe ich
zdyspergowania w osnowie polietylenu wysokiej gestosci w pordwnaniu do
napelniacza niemodyfikowanego 1 alkalizowanego, co zaobserwowano jako zmiang
charakteru powierzchni przetomu z gtadkiego na plastyczny.

c) Efektem uzyskania jednorodnego rozproszenia chemicznie zmodyfikowanych
nanorurek haloizytowych w osnowie HDPE jest wzrost uporzadkowania fazy
krystalicznej, o ktorym s$wiadczy wzrost temperatury topnienia ocenionej na
podstawie DSC.

4. Oceniono wplyw kalcynowanych nanorurek haloizytowych na strukture oraz wiasciwosci
przetworcze i uzytkowe kompozytow na osnowie nieplastyfikowanego PVC z maczka
drzewna i stwierdzono, ze:

a) Wprowadzenie jednoczes$nie maczki drzewnej i kalcynowanego haloizytu do osnowy
PVC wptywa na wydluzeniu czasu zelowania. Zarejestrowany podczas ugniatania
kompozytu PVC/30W-5H niewielki wzrost momentu obrotowego nie eliminuje
takiego materiatu do przetworstwa klasycznymi metodami w stanie uplastycznionym.

b) Obecnos¢ maczki drzewnej w osnowie PVC sprzyja uzyskaniu homogenicznego
rozproszenia  kalcynowanych nanorurek  haloizytowych; dla  poréwnania
w kompozycie PVC/5H zlokalizowano aglomeraty napetniacza o wielkosci ok. 10 pm.

c) Zastosowanie kalcynowanych nanorurek haloizytowych i mgczki drzewnej w osnowie
PVC wptywa na wzrost stabilnosci termicznej kompozytow potwierdzony wynikami
badan TGA i testem czerwieni Kongo. Uwzgledniajac perspektywe przemystowego
przetworstwa takich materiatow klasycznymi metodami, szczegodlnie wazna jest ich
wyzsza stabilno$¢ termiczna w zakresie temperatur od 160 °C do 200 °C. Z punktu
widzenia uzytkownika istotne jest natomiast podwyzszenie temperatury migknienia
Vicata i ugiecia pod obcigzeniem obserwowane dla kompozytéw PVC z maczka
drzewna, a dodatek haloizytu w mieszaninie PVC/30W wzmacnia efekt wzrostu
temperatury mi¢knienia.

d) Woytrzymato$¢ na rozciaganie kompozytow PVC z udzialem maczki drzewnej byta
wyzsza po dodaniu 5% wag. kalcynowanych nanorurek haloizytowych. Wzrost
modulu sprezysto$ci przy rozcigganiu i modutlu zachowawczego w zakresie
temperatur od 30°C do 70°C kompozytdow na osnowie PVC wynikajacy
Z synergistycznego efektu dziatania obu napehlniaczy jest istotny w aspekcie
potencjalnych  zastosowan takich materiatbw do  produkcji  elementéw
konstrukcyjnych.

5. W oparciu o wyniki badan przetworczych, termicznych 1 strukturalnych przeanalizowano
mozliwos$ci zastosowania mieszanin PVC-HDPE do wytwarzania kompozytéw z dwoma
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rodzajami napetniaczy o réznym pochodzeniu tj. maczki drzewnej i kalcynowanych
nanorurek haloizytowych, co pozwolito na sformutowanie nastgpujacych wnioskoéw:

a)

b)

Stwierdzono na postawie analizy plastografometrycznej, ze wprowadzenie
kalcynowanego haloizytu wplywa na skrocenie czasu zelowania i nieznaczny wzrost
momentu obrotowego kompozytow na osnowie PVC-HDPE 90:10 i PVC z maczka
drzewna, zwigzany ze wzrostem lepkosci przetwarzanej mieszaniny.

Obecnos¢ maczki drzewnej w osnowie polimerowej PVC i PVC-HDPE 90:10
generuje wigksze tarcie, ktore sprzyja rOwnomiernemu rozproszeniu nanorurek
haloizytu. Korzystnej dyspersji napeilniacza nie stwierdzono w przypadku
kompozytéw na osnowie HDPE i PVC-HDPE 10:90, w ktérych zaobserwowano
aglomeraty haloizytu o $rednicy ok. 5-10 um.

Nanorurki haloizytowe majg pozytywny wptyw na stabilnos$¢ termiczng kompozytéw
wplywajac na zmniejszenie ubytku masy w zakresie temperatur, w ktérych PVC
i HDPE sa rutynowo przetwarzane.

Kierujac si¢ wynikami przeprowadzonych badan, jak réwniez uwzgledniajac aktualne

trendy rozwojowe w przemysle tworzyw polimerowych, w tym kompozytow polimerowo-
drzewnych, sformutowano nastgpujace wnioski i ustalenia o charakterze utylitarnym:

1.

Haloizyt z kopalni Dunino moze by¢ wykorzystany jako tani i dostgpny napeiniacz
mieszanek PVC do produkcji nowego tworzywa o korzystnych wiasciwosciach
uzytkowych spetniajacych wymagania okre§lonych zastosowan. Wprowadzenie
haloizytu do PVC wplynie na obniZenie kosztow produktu finalnego przy jednocze$nie
niezmienionych lub wyzszych parametrach mechanicznych.

Kalcynacja haloizytu wptyneta na poprawe jego kompatybilnosci z osnowa PVC, co
spowodowato zwigkszenie oddziatywah na granicy faz polimer-napetniacz,
a W konsekwencji poprawe wilasciwosci mechanicznych kompozytéw. Poréwnanie
wiasciwosci kompozytow PVC/HA 1 PVC/KHA wskazuje jednak, ze poprawa ta nie
jest tak znaczaca jak oczekiwano. Stosowanie kalcynowanego haloizytu nie jest
ekonomicznie uzasadnione w praktyce przemystowej, biorgc pod uwage dodatkowe
koszty takiej obrobki, ktére wplyna na wzrost ceny surowca, a w konsekwencji
gotowego wyrobu.

Uktad hybrydowy o stosunku haloizytu do ligniny wynoszacym 5:1, wydaje si¢ by¢
optymalny do zastosowania jako napeilniacz w kompozytach PVC. Korzystne
wlasciwosci przetworcze, termiczne (zwlaszcza VST), a takze mechaniczne wykazuja
kompozyty zawierajace juz 2,5% wag tego materiatu, przy jednoczesnym zapewnieniu
mozliwo$ci bezpiecznego, bez ryzyka degradacji termicznej, przetwarzania w stanie
uplastycznionym.

Korzystny wptyw ligniny jako sktadnika napeiniacza hybrydowego w uktadzie
Z haloizytem na wilasciwosci nieplastyfikowanego PVC stanowi przestanke do
dalszych badan nad wykorzystaniem odpadowej biomasy lignocelulozowej jako
niskowarto§ciowego produktu ubocznego z roznych sektorow przemystu do
wytwarzania napetniaczy hybrydowych ze sktadnikiem mineralnym pochodzacym ze
76z naturalnych. Wytworzony z takich sktadnikow material hybrydowy moze by¢
ekoefektywnym rozwigzaniem dla sektora nowych materialtow kompozytowych
0 korzystnych wtasciwos$ciach przetworczych 1 uzytkowych.

Uzasadnione jest jednoczesne wykorzystanie maczki drzewnej i1 haloizytu jako
napetniaczy kompozytow na osnowie PVC i PVC-HDPE 90:10, o korzystnych
wlasciwosciach przetworczych 1 uzytkowych, w szczegodlnosci termicznych
i mechanicznych.

Wykorzystanie mieszanin PVC-HDPE z napetliaczami pochodzenia naturalnego do
produkcji nowych materiatow jest rozwigzaniem przyjaznym dla srodowiska, ktore
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moze znalez¢ zastosowanie w przemysle recyklingowym. Wskazane jest jednak
kontynuowanie badan nad funkcjonalizacja HNT w celu uzyskania kompozytow
polimerowych o lepszej dystrybucji nanorurek haloizytowych, zwtaszcza w matrycy
HDPE i PVC-HDPE 10:90.

Kompozyty na osnowie PVC i PVC-HDPE 90:10 z ich udziatem stanowig propozycje
nowych materialow inzynierskich przeznaczonych do produkcji elementow, ktore
musza spetlnia¢ wymagania okreslone dla danej grupy zastosowan np.
w budownictwie, gdzie pozadane jest zachowanie sztywno$ci w podwyzszonych
temperaturach.

Pozytywny wpltyw modyfikacji haloizytu zaproponowang w niniejszej rozprawie
metoda silanizacji z zastosowaniem HMDS na wtasciwosci strukturalne kompozytow
z osnowa HDPE otwiera perspektywe dalszych badan nad tymi materiatami.
Rozwazajac mozliwo$¢ ich zastosowania w przemysle opakowaniowym celowa jest
ocena wlasciwos$ci mechanicznych, barierowych i biologicznych.

Przedstawione w ramach niniejszej rozprawy doktorskiej wyniki mogg stanowi¢ materiat

zrédtowy do dalszych badan nad modyfikacja haloizytu jako napeilniacza PVC
i1 HDPE, stosowanego takze w obecnos$ci napetniaczy roslinnych. Istotnym poznawczo
aspektem takich badan bedzie modyfikacja haloizytu innymi metodami fizycznymi lub
z zastosowaniem innego zwigzku chemicznego do modyfikacji kowalencyjnej, tak aby
wytypowaé najlepsza metode zmiany charakteru powierzchni zewnetrznej nanorurek
haloizytowych z hydrofilowego na hydrofobowy. Celowa jest kontynuacja badan materiatow
kompozytowych zawierajacych zmodyfikowany napetniacz haloizytowy co przyczyni si¢ do
uzupetnienia wiedzy na temat ich palnosci oraz barierowo$ci. Ponadto, w dalszych pracach
badawczych nalezy podjac¢ tematyke zwigzang z oceng mozliwosci recyklingu materiatowego
takich materiatow.
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10. STRESZCZENIE

Wplyw modyfikowanego haloizytu na strukture i wlasciwosci kompozytéw na osnowie
wybranych wielkotonazowych polimerow termoplastycznych

mgr inz. Martina Wieczorek

W niniejszej rozprawie doktorskiej przedstawiono wyniki badan kompozytow
polimerowych na osnowach nieplastyfikowanego poli(chlorku winylu) (PVC), polietylenu
wysokiej gestosci (HDPE) oraz mieszanin PVC-HDPE, z udzialem modyfikowanego haloizytu
(HNT) o roznych formach morfologicznych, wytworzonych metoda ugniatania
w plastografometrze Brabendera.

Pierwsza czes¢ rozprawy poswigcono analizie literatury dotyczacej struktury, wtasciwosci
i zastosowan haloizytu, oraz metod jego modyfikacji. Minerat ten jest przedmiotem
szczegllnego zainteresowania naukowcow i przemystu z uwagi na wlasciwos$ci sorpcyjne,
zdolno$¢ wymiany jonowej i biokompatybilnos¢ i jest stosowany m.in. jako katalizator reakcji,
nosnik substancji aktywnych oraz napelniacz tworzyw polimerowych. Haloizyt jest
napelniaczem zaro6wno tworzyw utwardzalnych jak i termoplastycznych, w tym
wielkotonazowych, do ktorych nalezg PVC 1 HDPE. Analiza aktualnego stanu wiedzy na temat
takich termoplastycznych materiatow kompozytowych pozwolita na sformutowanie hipotezy
I szczegotowych celow badawczych. Gtownym celem badan przeprowadzonych w ramach
pracy doktorskiej byta ocena wptywu haloizytu z uwzglgdnieniem modyfikacji jego struktury,
na wiasciwosci strukturalne, przetworcze, mechaniczne i termiczne kompozytow na osnowie
PVC i HDPE, takze w obecnosci napelniaczy pochodzenia ro$linnego. Wytwarzanie
kompozytéw polimerowych z wykorzystaniem napelniaczy naturalnych jest uzasadnione
Z punktu widzenia gospodarki o obiegu zamknietym. Istotnym aspektem badan byta
modyfikacja powierzchni haloizytu metoda kalcynacji i silanizacji, ktorg prowadzono w celu
poprawy oddziatywan na granicy faz polimer-napetniacz.

Wyniki badan plastografometrycznych i mechanicznych wskazuja, ze modyfikacja
powierzchni haloizytu metoda kalcynacji przyczynita si¢ do skrocenia czasu zelowania
I wzrostu sztywnosci kompozytow na osnowie PVC. Wprowadzenie do osnowy maczki
drzewnej w potaczeniu z kalcynowanymi nanorurkami haloizytowymi lub napetniaczy
hybrydowych nanorurki-lignina prowadzi do wzrostu sztywnosci I stabilnosci termicznej
kompozytow. Zastosowanie napetniaczy, niezaleznie od ich rodzaju, skutkowato wzrostem
temperatury migknienia Vicata i temperatury ugigcia pod obcigzeniem. Modyfikacja chemiczna
nanorurek haloizytu z wykorzystaniem heksametylodisilazanu (HMDS) spowodowata poprawe
rozproszenia nanorurek haloizytowych w osnowie HDPE. W ostatniej czgsci rozprawy
doktorskiej sformutowano wnioski koncowe bedace potwierdzeniem hipotezy badawczej,
w ktorej zalozono, ze "Struktura oraz witasciwosci mechaniczne i termiczne kompozytow
poli(chlorku winylu) i polietylenu wysokiej gestosci z haloizytem sq w sposob istotny zalezne
od metody modyfikacji napetniacza, jego zawartosci w osnowie polimerowej oraz obecnosci
napetniaczy pochodzenia roslinnego”.

Stowa kluczowe: haloizyt, kompozyty poli(chlorku winylu), kompozyty polietylenu wysokiej
gestosci
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11. ABSTRACT

Effect of modified halloysite on the structure and properties of selected commodity
thermoplastic matrix composites

MSc Martina Wieczorek

This doctoral thesis presents the results of the research on polymer composites based on
unplasticised poly(vinyl chloride) (PVC), high-density polyethylene (HDPE) and PVC-HDPE
blends matrices with modified halloysite (HNT) in different morphological forms, prepared by
kneading in a Brabender plastographometer.

The first part of the thesis focuses on an analysis of the literature concerning the structure,
properties and applications of halloysite, as well as methods for its modification. This mineral
is of particular interest to scientists and industry due to of its sorption properties, ion-exchange
capacity and biocompatibility, as well as its use, among others, as a reaction catalyst, carrier of
active substances as well as filler for polymer composites. Halloysite is a filler for both
thermoset and thermoplastic polymers, including large-volume plastics, such as PVC and
HDPE. The analysis of the current state of knowledge concerning such thermoplastic composite
materials allowed the formulation of the hypothesis and specific research objectives. The main
objective of the research in this dissertation was to evaluate the influence of halloysite,
including modifications of its structure, on the structural, processing, mechanical and thermal
properties of PVVC and HDPE based composites, also in the presence of plant-origin fillers. The
production of polymer composites using natural fillers is justified from the point of view of
a circular economy. An important aspect of the research was the surface modification of
halloysite by calcination and silanization methods, which was carried out to improve the
interaction at the polymer-filler interface.

The results of plastographometric and mechanical tests indicate that the modification of the
halloysite surface by calcination contributed to a reduction in gelation time and an enhancement
in stiffness of PVC composites. The introduction of wood flour combined with calcined
halloysite nanotubes or halloysite-lignin hybrid fillers into the PVC matrix leads to an increase
in the stiffness and thermal stability of the composites. The use of fillers, regardless of their
type, resulted in an increase in the Vicat softening temperature and the heat deflection
temperature. Chemical modification of halloysite nanotubes using hexamethyldisilazane
(HMDS) resulted in improved dispersion of halloysite nanotubes on the HDPE matrix. In the
last part of the thesis the final conclusions are formulated, confirming the research hypothesis,
‘The structure as well as the mechanical and thermal properties of poly(vinyl chloride) and
high-density polyethylene composites with halloysite are significantly dependent on the filler
modification method, its content in the polymer matrix, and the presence of plant fillers’.

Keywords: halloysite, poly(vinyl chloride) composites, high density polyethylene composites
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Halloysite is a filler which may be used to produce composites with thermoplastic polymer matrix.
This work summarized the results of investigations of processing, structural, mechanical, and thermal
properties of the composites with poly(vinyl chloride) (PVC) matrix and raw halloysite (HA) as well
as its calcined product (KHA). The effectiveness of calcination was confirmed with X-ray diffrac-
tion, Fourier-transform infrared spectroscopy, scanning electron microscopy, and nitrogen adsorption
method. The PVC composites with HA as well as KHA were processed in the molten state in the
Brabender mixer chamber. The reduction of gelation time and simultaneous increase in maximum
torque with filler content were found based on the results of plastographometric analysis. SEM images
of PVC/halloysite composites showed a homogeneous distribution of the filler in the polymer ma-
trix. The introduction of halloysite leads to a slight increase in Young’s modulus and tensile strength
compared to neat PVC, where the increase of both parameters is greater when KHA is used. The
incorporation of 1% KHA led to an increase in impact strength, an effect which may be attributed
to toughening of the polymer. A slight improvement of the Vicat softening temperature of 2.7 °C
for PVC/HA and heat deflection temperature of 2.4 °C for PVC/KHA was also ascertained for PVC
modified with 10 wt% of filler.

Keywords: polymer composites, mechanical properties, thermal properties, halloysite, poly(vinyl
chloride)

1. INTRODUCTION

Halloysite is one of the naturally occurring clay minerals belonging to the kaolinite group. It can form
spheroidal, tubular, lamellar, and irregular structures and the diversity of its particle morphology depends on
crystallisation conditions. Among the kaolinite group minerals, halloysite is distinguished by the presence
of a water monolayer in the inter-pack space (Joussein et al., 2005). Halloysite in its dehydrated formisa 1:1
layered dioctahedral mineral from the kaolin group with a basic chemical composition of Al,Si;Os5(OH)4.
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The layers are composed of silicon tetrahedral and aluminium octahedral sheets that are combined so that
the oxygen at the apex of the silicon tetrahedrons extends into and is part of the octahedral sheet. In turn, the
layers are held by hydrogen bonds formed between tetrahedral basal oxygens and inner surface hydroxyls
of the octahedral sheet.

The layers included in the composition of the packs are negatively charged, thanks to which it is possible
to bond cations with their surface and with the edges of the packs (Zahidah et al., 2017). Due to the
large variety of charges on the surface of the halloysite, it can be selectively modified, depending on the
potential use of the material. Functionalisation of halloysite nanotubes allows to use them, among others,
in the production of membranes applied for separation of impurities (Bai et al., 2021), in catalytic reactions
(Daraie et al., 2021), and as a material for biomedical engineering (Akrami-Hasan-Kohal et al., 2020).
Because of its unique structure, halloysite is used as a filler for plastics, to improve their thermal and
mechanical properties (Buruga et al., 2018; De Silva et al., 2016; Deng et al., 2008; Gaaz et al., 2017,
Legocka et al., 2013; Liu et al., 2011; 2012; 2013a; 2014a; Liu et al., 2014b; Mondragén et al., 2009;
Nakamura et al., 2012; Pasbakhsh et al., 2010b; Yin and Hakkarainen, 2011).

Nakamura et al. (2012) reported that the addition of a 5% mass fraction of halloysite nanotubes (HNT)
to bio-based composites comprising jute fabric and soy protein concentrate has a positive effect on flame
resistance. Moreover, it was found that Young’s modulus of green composites increased with HNT loading
up to 10% whereas bending properties were not affected by HNT. A favourable impact of halloysite on
thermal stability and tensile strength was confirmed by Buruga et al. (2018) for polystyrene in the form
of solution-cast membranes for water purification. The reinforcement effect of halloysite in the form of
nanotubes due to their large aspect ratio was found in the case of epoxy nanocomposites, where noticeable
enhancements in strength and modulus, as well as fracture toughness, were noted (Deng et al., 2008).
Increases in modulus of elasticity and tensile strength were also found in the case of extruded polyamide
composites containing halloysite modified with gelatine (Legocka et al., 2013). Halloysite nanotubes
modified by y-methacryloxypropyl trimethoxysilane contributed to an increase in the tensile strength and
tensile modulus at 100% elongation values of the ethylene propylene diene monomer (EPDM) (Pasbakhsh et
al., 2010a). In the case of poly(lactic acid) nanocomposites, apart from the improvement of the mechanical
properties, a favourable effect of halloysite on their thermal stability was found (De Silva et al., 2016).

Halloysite was also applied for the preparation of poly(vinyl chloride)-based composites (Liu et al.,
2011; 2012; 2013a; 2014a; Mondragén et al., 2009; Yin and Hakkarainen, 2011). According to Yin
and Hakkarainen (2011), PVC films containing HNT nanoparticles surface-grafted with poly(butylene
adipate) (PBA) exhibited considerably higher values of modulus and strain at break compared to PVC
with unmodified halloysite nanoparticles. Modified HNT could be applied to simultaneously improve the
toughness and stiffness of the materials. However, it requires optimisation of the number of PBA chains
and their molecular mass. Based on TGA, Liu et al. (2013a) found an improvement in thermal stability
of composites containing up to 40 wt% of unmodified halloysite PVC matrix, especially in the first stage
of degradation. Introduction of HNTs having hollow tubular structures effectively delayed the degradation
process of PVC by interfering with the formation of the conjugated polyene sequences. Moreover, the
addition of HNTs led to a remarkable improvement in flame retardancy compared to that of unfilled PVC.
In the case of PVC/halloysite nanotubes, nanocomposites synthesised by in situ dispersion polymerisation
of vinyl chloride in the presence of HNTs, an increase in the notched Izod impact strength with the loading
of HNTs up to 4 wt% was found. Increasing the concentration to 6 wt% led to a decrease of the Izod
impact energy. A similar tendency was found in the case of tensile strength and flexural strength, while
the flexural modulus of the PVC/HNTSs nanocomposites increased with the HNTs content. The results
indicate that introduction of HNTs leads to an enhancement of stiffness and toughness of PVC when the
addition of HNTs is 4.0 wt% or less (Liu et al., 2014a). The increase of the notched Izod impact strength
of PVC/HNTs nanocomposites, prepared by melt blending, with the loading of HNTs in the amount of
10% was noted. Increasing the filler concentration to 20, 30 and 40% causes a systematic reduction of the
impact toughness, the value of which, however, is higher than that of pure PVC. The values of the tensile
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and flexural strength and flexural modulus increased together with the filler’s concentration increasing
to 40% and were remarkably larger compared with those of the unfilled PVC. These results showed that
HNTs were effective in toughening and reinforcing PVC nanocomposites, similarly as described in (Liu
et al., 2012). Mondragén et al. (2009) reported also the influence of HNTs in the loading of up to 8%
on the mechanical properties of PVC composites and stated that both Izod impact and tensile strength
were similar to those of pure PVC while stiffness was reduced with an increase in the HNTs content. In
another publication, Liu et al. (2011) found that the polymethyl methacrylate-grafted halloysite nanotubes
uniformly dispersed in PVC effectively improved the toughness, tensile and flexural strength and flexural
modulus of PVC when added in an amount of up to 5 phr. Additionally, HNT particles cause restraining
the thermal motion of PVC molecular chains, leading to a slight improvement of thermal stability.

Obtaining favourable properties of polymer composites containing clay minerals is in many cases related
to a modification of the mineral to increase their specific surface area, improve the interaction at the filler-
matrix interface and change the nature of the mineral’s surface from hydrophilic to hydrophobic (Ghadiri
etal., 2015; Goda et al., 2018; Lazorenko et al., 2018; Liu et al., 2014b). Many methods for modification of
halloysite are described in the literature, including the application of surface active agents (Abhinayaa et al.,
2019; Cavallaro et al., 2016; Lee and Kim, 2002), coupling agents in a grafting reaction (Carli et al., 2014;
Luoetal.,2011; Sunetal., 2015; Yuan et al., 2008), by reaction with an ionic monomer (Jiang et al., 2017),
as well as by intercalation (Frost and Kristof, 1997; Zhang et al., 2019; Zhang et al., 2020b) and calcination
(Tan et al., 2016; Yuan et al., 2012; Zhang et al., 2020a). The calcination of halloysite generates changes in
the crystal structure of the mineral, increasing its specific surface area as well as the volume and size of the
pores, and thus the adsorption capacity (Deng et al., 2019). During heating of the material in the tempera-
ture range of 40-200 °C, dehydration takes place, followed by dehydroxylation which occurs at calcination
temperatures from ~500 °C to ~900 °C leading to a loss of long-range order and increasing disconnection
of the silica and alumina originally in the tetrahedral and octahedral sheets, respectively. Above the tem-
perature of 600 °C, the formation of amorphous metahalloysite occurs, while between the temperature of
900 °C and 1000 °C, the transformation of halloysite into mullite begins, which leads to the deformation
of the nanotubes and reduction of the porosity of the material. First changes in the morphology may be
observed at a temperature above 600 °C (Yuan et al., 2012). Deng et al. (2019) reported that precalcination
at 800 °C before acid treatment had little effect on the halloysite’s tubular morphology, but it improved the
halloysite’s affinity for benzene molecules due to the dehydroxylation. According to Pajdak et al. (2020),
the calcination process carried out at 600 °C caused the development of the pore space of the halloysite
and the opening of the smallest mesopores thus the adsorption properties of CO, and CH4 were improved.

There are many reports regarding the calcination of natural halloysite (Deng et al., 2019; Pajdak et al.,
2020; Yuan et al., 2012; Zhang et al., 2020a). However, the available literature lacks reports on the impact
of the natural halloysite calcination process on the mechanical and thermal properties of composites based
on large-tonnage polymers, including poly(vinyl chloride), which belongs to the commonly used polymers
due to favourable properties, such as relatively low price, widely developed processing, environmental
resistance and possibilities of modification of properties.

The goal of our research was to obtain composites with a homogeneous dispersion of halloysite in
a matrix of unplasticised poly(vinyl chloride) by melt blending, which should allow to obtain a new
composite material with favourable mechanical and thermal properties. Halloysite has been modified by
the calcination method to rise its hydrophobic properties favouring an increase in the interactions with
the polymer matrix. Subsequently, structure (by scanning electron microscopy) as well as processing,
mechanical (tensile strength, elongation at break, Young modulus and impact strength), and thermal
properties (softening and heat deflection temperature, Congo red test) of composites containing calcined
halloysite were performed and compared with those for composite with non-modified halloysite.

This research provides new knowledge concerning the development of innovative PVC-based composite
engineering materials with mineral filler.
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2. EXPERIMENTAL

2.1. Materials

For the preparation of composites, a dry blend composed of dispersion of PVC S-61 Neralit (Spolana
Anwil Group, Neratovice, Czech Republic) 100 phr, organotin stabilizer Patstab 2310 (Patcham, Goor, the
Netherlands) 4 phr, and 1 phr Naftolube FTP paraffin wax (Chemson, Arnoldstein, Austria) was used. The
stabilizer and the paraffin wax were the only added components to minimise the influence of additives on
processing properties. As a filler, halloysite in the form of a powder (HA) collected from Polish deposit
Dunino, located in the SW part of Poland near Legnica, and halloysite modified by calcination (KHA)
were used. The Dunino deposit, covering an area of 1.99 ha, was documented in 1996. Halloysite from
this deposit is a product of the weathering of tertiary basalt rocks. It has the form of a horizontal seam, is
homogeneous in composition, and was included in the second group of deposit variability in accordance
with the Baryszew classification (average variability) (Lutyriski et al., 2019). The thickness of the deposit
ranges from 3.5 to 18.8 m (average 12.2 m). The measured resources of this deposit are 470.63 thousand
t, whereas proven reserves account for 374.66 thousand t (Lutyriski et al., 2019). The Dunino deposit is
characterised by a homogeneous composition. The predominant part of the profile comprises a zone of
halloysite composition, in which the proportion of kaolinite is 1-10%, and subordinate occurrences of
goethite, illite, and montmorillonite (Stoch et al., 1977).

2.2. Methods of halloysite characterisation

XRD analysis was conducted on a SmartLab RIGAKU diffractometer using a copper X-ray tube, in the
angular range of 2—70°26 with a 0.05°26 measuring step. The phases were identified based on the results
using the X-RAYAN computer software (Version 4.2.2, “KOMA”, Warsaw, Poland).

The structure of raw and calcined halloysite was also determined using Fourier-transform infrared spec-
troscopy (FTIR). The study was carried out using an Alpha apparatus from Bruker, by the ATR (reflective)
technique, in the range of 4000—-360 cm™!, two scans at a resolution of 2 cm™~! were applied.

The morphology of the halloysite was observed using a scanning electron microscope (JEOL 6480LV, JEOL
Ltd., Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer for elemental microanalysis
(EDS). The samples were observed in the low-vacuum mode (LV-SEM) using a backscattered electron
detector (BSE) at 1Pa of chamber pressure, under an acceleration voltage of 20 kV and 11 mm working
distance. The EDS analyses were conducted for 5 samples of raw halloysite.

Characteristics of the porous texture of unmodified halloysite and calcinated halloysite were determined
based on isotherms of low-temperature nitrogen adsorption and desorption at a temperature of —196 °C.
The analysis was carried out using an apparatus for precise measurements ASAP 2020 (Micromeritics) in
a broad range of relative pressures of approximately 107> to 0.99. Before the measurement, the sample was
annealed in vacuo at a temperature of 110 °C for 12 h. The following parameters of porous texture were
evaluated:

1. Specific surface area according to Brunauer—Emmet—Teller (BET) method.

V0,99

2. Total volume of the pores V.,

for a relative pressure of % =0.99.
p

3. Volume of micropores anﬁ (pores having a width smaller than 2 nm) according to the Dubinin—

Radushkevich method.

4. Volume of mesopores V2! (pores having a width larger than 2 nm and smaller than 50 nm) according

to Barrett—Joyner—Halenda (BJH) method.
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The analysis of porous texture was performed according to the recommendations of the following standards:
ISO 9277:2010(E), ISO 15901-2:2006(E), ISO 15901-3:2007(E), and NIST 2006.

2.3. Preparation of PVC composites with HA and KHA

Powder mixtures of poly(vinyl chloride) with the raw halloysite and separately with the calcined halloysite
were prepared by mixing with a high shear mixer. Before processing, the halloysite was dried at 105 °C
for 3 h. The PVC dry blend and PVC compounds containing 1 wt%, 5 wt%, and 10 wt% of unmodified
halloysite and halloysite after calcination were processed by kneading in a Brabender type FDO 234H
plastographometer with the temperature of chamber walls of 185 °C, using a rotation speed of the main
rotor of 30 rpm, with the friction of 1:1.5. The charge weight was 60 g in each case. The kneading of
the PVC dry blend and each PVC-halloysite mixture was performed for 10 minutes and repeated 5 times,
obtaining a total of 300 g of the processed material. The compositions of the PVC mixtures and their
abbreviations as used in the text are presented in Table 1.

Table 1. Compositions of the PVC-based composites

Sample Filler type Filler content, wt%

PVC _ B
PVC/1HA :
PVC/5HA raw halloysite s

PVC/10HA 10
PVC/1KHA )
PVC/5KHA calcinated halloysite s

PVC/10KHA 10

The processed materials were comminuted and then pressed at a temperature of 190 °C under the pressure
of 15 MPa, obtaining mouldings with dimensions of 100 X 100 mm and thicknesses of 2 and 4 mm. The
ground material was used to determine the thermal stability by the Congo red method. Samples for the
static tensile test, impact strength and hardness as well as softening temperature measurements were cut
from the mouldings using the Seron 6090 numerical milling plotter (Seron, Poland).

To evaluate the processing properties of the PVC blend and composites with pristine and calcinated
halloysite, the torque of the rotors was recorded as a function of time during kneading. From the obtained
plastograms, the values characterising the processing properties were read, i.e. the maximum value of the
torque (Myx) and the time of its achievement (¢x ), as well as the torque at equilibrium (MEg) according to
the methodology described in our previous papers (Tomaszewska et al., 2007; Mirowski et al., 2021) as
well as in (Liu et al., 2014a; Liu et al., 2012).

2.4. Testing methods of PVC composites with HA and KHA

To determine the structure of composites, the observations of PVC composites with 1 wt% of filler were
carried out using scanning electron microscopy (JEOL 6480LV, JEOL Ltd., Tokyo, Japan). The samples for
the SEM observations were fractured in liquid nitrogen and sputtered with a thin layer of gold-palladium.
The observations were made using a voltage of 20 kV.
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Thermal stability was determined by the Congo red method; the test was carried out at a temperature of
200 °C according to the ISO 182-1:1990 standard.

The Vicat softening point tests were carried out on samples with dimensions of 10 mm X 10 mm X 4 mm
according to the ISO 306:2006 standard using a Ceast HDT Vicat Tester HV3. For every sample type, the
measurements were done in triplicate.

The heat deflection temperature (HDT) was determined according to the ISO 75-1:2020 standard using
a Ceast HDT Vicat Tester HV3. The heating rate was 2 °C/min and the applied load was 1.8 MPa. The
samples were measured flatwise with a 64 mm span distance.

The Charpy impact strength without notch was tested using a HIT5P device from Zwick Roell (Zwick
GmbH & Co. KG, Ulm, Germany) according to the ISO 179-2:2010 standard.

D-type Shore hardness tests were carried out using an apparatus from Zwick Roell (Zwick GmbH & Co.
KG, Ulm, Germany) according to the ISO 868:2003 standard.

The static tensile test was carried out using a Zwick Roell Z010 universal testing machine (Zwick GmbH &
Co. KG, Ulm, Germany) according to the ISO 527-1:2012, using type 1BA samples (overall length 78 mm,
the distance between broad parallel-sided portions 59 mm, length of narrow parallel-sided portion 30 mm,
gauge length 25 mm, width at narrow portion 5.0 mm, width at ends 10 mm, thickness 2 mm). The test was
carried out at room temperature using the tensile rate of 1 mm/min in the range of modulus of elasticity
determination and then 30 mm/min. Modulus of elasticity (E;), stress at yield (oy), tensile strength (o)
and strain at break (¢p) were determined. The measurements were carried out for ten samples of each
material.

Observations of the failure surfaces of PVC composites after tensile tests were carried out using a Hitachi
FlexSEM1000 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) operating with a voltage of
20 kV. The samples were observed in the variable-pressure mode (VP-SEM) using a BSE-COMP detector,
at 40 Pa of chamber pressure, and a 9.6 mm working distance.

3. RESULTS AND DISCUSSION

3.1. Preparation of halloysite

In the first step, two grain fractions were separated from halloysite by sieve analysis: below 50 pm (fraction
1) and above 50 um (fraction 2). For further studies, only halloysite fraction 1 was used. Analysis of particle
size was carried out to determine actual grain sizes. Grain size distribution of halloysite in the range of
0.18 to 100 pm was determined by sedimentation in an aqueous environment using a Sedigraph III X-ray
analyser (Micromeritics Instrument Corporation, Norcross, GA, USA). The dispersion for measurements
was prepared using 20 g of the sample and 80 ml of 0.20% sodium metaphosphate solution in distilled
water as a dispersion medium. The whole system was mixed with a magnetic stirrer for 24 hours.

Based on the grain size distribution, it was found that fraction 1 contained 96% of particles having an
average size of 2 um (Fig. 1).

In the next step, particles of halloysite fraction 1 were calcinated in a dryer from Binder company, at
a temperature of 800 °C for 2 h. Conditions of calcination were defined based on (Zhang et al., 2020a),
where the optimal temperature of the process is approx. 750 °C to ensure a high degree of dihydroxylation.
The time required for noticeable structural changes to occur is approx. 2 hours.
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Fig. 1. Particle-size distribution of halloysite fraction 1

3.2. Effectiveness of halloysite modification

3.2.1. XRD analysis

Figure 2 shows a diffractogram of raw halloysite (HA) and calcined halloysite (KHA). The XRD patterns
of HA showed a basal characteristic reflection at 7.34 A, which is attributed to dehydrated halloysite (7 A).
Other reflections (4.43 A, 256A,235A,223A,1.67 A) confirm the structure of the halloysite. In the
HA sample, apart from halloysite, there is also kaolinite (4.44 10\, 4.17 A, 3.61 A, 1.49 A), as well as a trace

4.44 A
4.43 A
7.34 A aazk
2.52 A
3.61A
2564
2.35A
1.49 A
-g 1.67 A
3.24 A : 223 A 1.70 A
\ HA
3.70 A
1.69 A
I 1 I
10 20 a0 40 50 60 T0

26Cuy, (deg)

Fig. 2. XRD patterns of HA and KHA
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amount of iron oxides (maghemite — 2.52 A; hematite — 1.70 A) and feldspars (3.24 A). In the calcination
process, the structure of halloysite and kaolinite is dehydroxylated. Hence the KHA sample diffractogram
shows no reflections from these minerals. The patterns of KHA show broad diffraction maxima (10-30°26)
owing to dehydroxylation and formation of an X-ray amorphous product, metahalloysite (Lutynski et al.,
2019). The remaining reflections in the KHA sample diffraction pattern originate from hematite (3.70 A,
270A,220A,1.84 A, 1.69 A, 1.48 A, 1.45 A).

3.2.2. FTIR analysis

FTIR spectra for halloysite and calcinated halloysite are shown in Fig. 3. The 1106 cm™" band, characteristic
for halloysite, may be attributed to the in-plane Si—O stretching vibration. The oscillations at 1031 cm™!
correspond to valence vibrations in the Si—O-Si plane.

[——HA 1031 ggg 534 458

—— KHA

449

Absorbance (a.u)

1 L] 1 ' 1
1500 1000 500
Wavenumber (cm™)

Fig. 3. FTIR absorbance spectra of halloysite (HA) and calcined halloysite (KHA)

The band at 908 cm™! corresponds to internal vibrations of AIOH hydroxyl groups. The band at 792 cm™!
may be attributed to Si-O symmetric stretching. The band at 754 cm™! corresponds to Si—O perpendicular
stretching. The Al-O oscillations at 674 cm™' are connected with five coordinated aluminium atoms.
The oscillations at 534 cm™! are caused by Al-O-Si deformation. On the other hand, the oscillations at
458 cm™! originate from Si—-O—Si deformation.

The bands at 1106 cm™! and 1031 cm™! in the halloysite sample are split. When the temperature increases,
halloysite forms a disordered structure, which causes a shift of the 1031 cm™' band towards higher
wavenumbers, 1058 cm™!. A lack of band at 908 cm™! in the KHA spectrum confirms the dehydroxylation
process resulting from the heating of the halloysite. The band at 792 cm~! and 754 cm™!, despite its lower
intensity, has the same location as that in the halloysite not subjected to calcination. It may be caused
by the decay of the ordered lattice of Si;Os and the separation of silica and alumina. This phenomenon
is supported also by the lack of the band at 534 cm™!, which has been connected with the Al-O-Si
deformation. Broadening and shift of the band corresponding with Si—O-Si vibrations at 458 cm™! towards
lower numbers result from the calcination process. In this case, the average Si—O—-Si bond angle connected
with the disturbance of the mineral system increases (Yuan et al., 2012; Zhang et al., 2020a).

3.2.3. SEM observations
The morphology of raw halloysite and calcinated halloysite was characterized by SEM, as shown in

Figure 4. In the case of non-calcinated HA, lamellar structure prevails, and agglomerates of nanoparticles
of various forms, including nanotubes, are visible. These structure elements with sizes from 5 to 10 um
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are present on the whole SEM image (Figures 4a and 4b). Lutynski et al. (2019) proved a simultaneous
presence of halloysite nanoplates and nanotubes in samples of halloysite from the Dunino mine. It can
therefore be assumed that these structures are also present in the halloysite samples used in our study, but
in Figures 4a and 4b the individual nanoparticles are invisible due to formation of agglomerates.

(a) (b)

OKa
E
FELI AlKa
SiKa
) ]
i
I| ' FeKa * Fekh

100 200 300 400 500 600 700 800 900 kev
(e)

Fig. 4. SEM images of raw halloysite (a, b), calcined halloysite (c, d) and EDS spectrum (e)

On the other hand, calcinated halloysite is characterised by a lamellar-angular structure. A significant part
of the aggregates cannot be considered as plates because of their thickness (Figs. 4c and 4d). As in the
case of HA, the presence of individual agglomerates of nanoparticles with dimensions of 5—-10 pm may be
found. However, there are clearly fewer of them compared to the sample of raw halloysite and the diameter
of the agglomerates present on the SEM image is slightly smaller; structure elements with a size of 1-2 um
are also visible.
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Based on Deng et al. (2019) and Tironi et al. (2017), a breach of the tubular structure occurs when

the temperature exceeds 900 °C; thus, it can be assumed that the structure of the agglomerate-forming
nanotubes has not changed due to calcination in our experiment.

The EDS spectrum of the raw halloysite seen in Fig. 4e confirms that aluminium, silicon and oxygen are
the basic elements constituting the mineral. Also, a reflection indicating the presence of iron is evident in
the EDS spectrum, in agreement with (Lutyriski et al., 2019); an iron oxide impurity was also found based
on electron energy loss spectroscopy spectrum (Filice et al., 2021).

3.2.4. Texture analysis

The results of texture analysis of HA and KHA samples are presented in Table 2. The specific surface area
of unmodified halloysite amounts to 73.2 m?/g.

Table 2. Parameters of porous texture of raw and calcinated halloysite

Sample SBET Ver? Vol vE
[m*/g] [em®/g] [em®/g] [em®/g]

HA 73.2 0.184 0.028 0.136
KHA 40.7 0.197 0.017 0.155

The literature data indicate that the BET surface area of halloysite depends on (similarly to its mineralogy,
chemical composition, and physicochemical properties) the localisation of halloysite ore deposit and
amounts to, according to various sources, from 24.2 m?/g to 65 m?/g (Lvov the et al., 2008; Sun et al.,
2015; Zhang et al., 2012), while according to (Joussein, 2016), from 22.10 m?/g to 74.6 or even 81.6 m?/g
(Liu et al., 2014b).

The data presented in Table 2 show that the specific surface area of the calcined halloysite is much smaller
than that of the raw halloysite and amounts to 40 m?/g. It may be caused by a smaller share of the tubular
structure, as well as a change from lamellar to lamellar-angular with larger dimensions of this structure,
which is confirmed by the results of SEM observations. The change in the structure and size of its elements
is also proved by a significant increase in the total volume of pores and a decrease in the volume of
micropores accompanied by a simultaneous increase in the volume of mesopores.

A similar effect of reduction of the specific surface area resulting from the halloysite calcination was
described in the publication (Deng et al., 2019). The specific surface area of raw halloysite was 58.4 m?/g,
and calcination at a temperature of 800 °C resulted in its decrease to 54.4 m?/g. Zhang et al. (2020a)
suggest that this effect is connected with the destruction or degradation of tubular structures caused by
calcination, although such structural changes usually take place at a temperature of 1000 °C or even higher.
A different effect of calcination of halloysite originating from the same deposit is described in (Yuan et
al., 2012), where the samples were annealed at a temperature from 120 to 1400 °C and then ground into
powders. It was found that the specific surface area of halloysite annealed at a temperature of 120°C
amounted to 72.5 m?/g and increased to 78.1 m?/g in the case of halloysite calcinated at a temperature of
900 °C. Temperature increase above 1000 °C caused a decrease in specific surface area and porosity due to
substantial collapse of the tubular structure occurred or formation of large mullite particles under sintering.

According to Pajdak et al. (2020) an increase in the specific surface area, resulting from calcination was
ascertained for halloysite originating from the Dunino mine, when the specific surface area of raw halloysite
amounted to 62.7 m?/g, while that of halloysite calcinated at a temperature of 600 °C was 69.8 m?/g.
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The total volume of pores of raw halloysite is 0.184 cm?/g, that of micropores 0.028 cm?/g, and that
of mesopores 0.136 cm>/g. In the case of calcinated halloysite, the total volume of pores increased to
0.197 cm’/g. The effect of an increase in the total volume of pores in halloysite originating from the
Dunino mine was described also by Pajdak et al. (2020); the value of Vi for the mineral without thermal
treatment amounted to 0.096 cm?/g, while after calcination it was 0.185 cm?/g. In turn, Deng et al. (2019)
proved that the total volume of pores of raw halloysite was 0.27 cm?/g, and after calcination at a temperature
of 800 °C, it decreased to 0.202 cm?’/g.

According to Sun et al. (2015), the total volume of pores of unmodified halloysite was only 0.08 cm3/g
and it increased to 0.11 cm3/g due to activating treatment using piranha solution.

Based on our results and literature data (Pasbakhsh et al., 2013; Zhang et al., 2012), it may be ascertained
that the features of the halloysite structure, i.e. pore volume and specific surface area, depend not only
on the type and conditions of treatment but most of all, on the origin of halloysite and the related
morphological features. In the case of the HA sample, lamellar structure prevails, and nanotubes rarely,
whereas in the case of KHA, a lamellar-angular structure. The lamellar morphology results in a looser
texture and consequently, a larger specific surface area (Table 2) than in the case of the more compact,
closed lamellar-angular structure.

3.3. Processing properties of PVC/halloysite composites

During the processing of PVC, most often carried out by the extrusion method, a transformation of
grains form into a compact form of the final product occurs. This transformation is called PVC gelation
which follows by the action of heat, pressure and shear and consists of the gradual disintegration of
PVC grains, their plasticization and fusion. The conditions of gelation determine not only the obtaining of
a product with a homogeneous structure and therefore favourable properties, but also the effective operation
of thermal stabilizers. To characterize the progress in PVC gelation in processing conditions, the torque
measurements during kneading in a Brabender or Haake rheometer chamber are used. These measurements
make it possible to record the time-dependent changes of the torque in the form of plastograms.

60 - ——pvC 60 ——y7e
1 ——PVC/HHA —— PVC/1KHA
g —— PVC/5HA 56 —— PVCI/5KHA
50 ——PVC/10H, 501 ——PVC/OKHA|
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Fig. 5. Torque vs. time of kneading for PVC and PVC composites with HA (a) and KHA (b)

The course of the plastograms illustrated in Fig. 5 is similar and typical for non-plasticised PVC blends.
The first smaller torque maximum observed in the plastograms is related to the feeding of the chamber.
The further course of the plastograms, which show a clear maximum of torque, proves that the kneading
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conditions (i.e. temperature, the rotational speed of the rotors and the mass of the batch) are correctly
selected. These conditions determine the proper transformation of the morphological structure of the
initial PVC grains and the formation of a molten mixture in the final kneading stage (Shubbar, 2011;
Tomaszewska et al., 2007).

Compared to unfilled PVC, the maximum values of torque (Mx) related to gelation of PVC matrix are
higher for mixtures containing both unmodified and calcined halloysite (Table 3). The Mx values increase
with the concentration of the filler in mixtures; in the case of 10 wt% of filler content, they are higher by
approx. 27% for PVC/KHA and by approx. 20% for PVC/HA compared to unfilled PVC. Differences in the
My values of PVC/HA and PVC/KHA mixtures were observed, particularly when the filler content equalled
5 wt%. The torque values in the equilibrium state of mixtures of PVC with unmodified and calcinated
halloysite are also higher compared to unfilled PVC, although the changes in the Mg value as a function
of the filler concentration are not as significant as in the case of the maximum torque. Simultaneously, the
time of reaching the maximum value of the torque decreased with the increase in the concentration of the
filler, regardless of its type. The shortest gelation time was found for the mixture containing 10 wt% of
calcined halloysite where ty is almost twice as short compared to pristine PVC. The observed effects are
related to the increased friction of filler particles against one another or against PVC grains, of PVC grains
against one another, or of filler particles or PVC grains against the surface of the chamber wall, generating
additional heat (Tomaszewska et al., 2007). Due to these effects, the gelation of PVC with fillers is faster
than that of PVC, especially in the case of PVC/KHA. A similar effect of shortening the gelation time
with a simultaneous increase in the maximum torque was reported by Liu et al. (2012) for PVC/HNTs
nanocomposites prepared with direct melt mixing. The authors claimed that the introduction of HNTs to
the PVC matrix can result in higher frictional energy and shorten the time to absorb the required energy
for the PVC particles to fuse together.

Table 3. Plastographometric analysis of PVC and PVC composites with HA and KHA

Sample t).( Mx M

[min] [Nm] [Nm]
PVC 3.5(0.4) 40.0 (0.6) 36.0 (0.6)
PVC/1HA 3.3(0.5) 42.8 (0.9) 37.5(1.5)
PVC/SHA 2.7(0.5) 43.9 (0.8) 36.4 (1.3)
PVC/10HA 2.5(04) 479 (1.0) 34.3(1.1)
PVC/1KHA 3.0 (0.6) 43.1 (1.0) 38.1(1.2)
PVC/5KHA 2.0(0.2) 54.1(0.9) 36.1 (1.0)
PVC/10KHA 1.7 (0.1) 50.8 (1.1) 34.6 (0.4)

A different effect was reported in another work by Liu et al. (2014a) for PVC/HNTs nanocomposites
synthesised via in situ polymerisation and then processed in a molten state where the plasticisation time
was found to be longer than that of the neat PVC. Simultaneously, the equilibrium torque and the maximum
torque of PVC/HNTs nanocomposites were found to be increased with increasing HNTs content suggesting
that the processability of the nanocomposites is worse than that of pure PVC. These observations are
consistent with the results of plastographometric tests presented in this paper and described in our earlier
paper for PVC with hybrid silica/lignin filler (Klapiszewski et al., 2015) and PVC with various types of
natural fillers (Mengeloglu and Matuana, 2003; Mirowski et al., 2021; Tomaszewska et al., 2017).
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3.4. Structure of PVC/halloysite composites

To evaluate the effect of thermal treatment of halloysite on the distribution of particles in the polymeric
matrix, SEM observations of the fracture surfaces of the composite samples containing 1 wt% of HA and
KHA were carried out.

The fracture surface of both samples (Figs. 6a—6d) shows evenly dispersed particles smaller than 0.5 pm
and individual spherical filler particles of about 1 um embedded in the polymer matrix. The spherical
particle visible in Fig. 6d with a size of ca. 2 um is probably an iron oxide particle, the numerous presence
of which on the surface of the platy structures in halloysite samples from the Dunino mine was confirmed
in (Filice et al., 2021). Single particles of filler are stably “embedded” in the polymer matrix, but there
are also visible voids on the surface, from which the filler has most likely been torn out during breaking.
Comparing the micrographs of the composites PVC/HA and PVC/KHA it can be seen that there are fewer
voids on the surface of the composite containing KHA (Figs. 6¢, 6d), which may indicate an improvement
in the interaction at polymer—filler interface due to calcination of the filler.

Fig. 6. SEM micrographs of the fracture surfaces of PVC composites: PVC/1HA (a, b); PVC/1KHA (c, d)

3.5. Thermal properties

The results of thermal stability tests using the Congo red method, the Vicat softening temperature (VST)
and the heat deflection temperature (HDT) of PVC and composites on PVC matrix with HA and KHA
are presented in Table 4. A slight improvement (by 1min) in thermal stability compared to the unmodified
polymer was only found for the composite containing 1 wt% of calcined halloysite; the same content of
unmodified halloysite did not affect the thermal stability. Increasing the filler content to 5 wt% resulted in
a slight decrease in stability (by 3 min) for raw HA composites and only by 1 min for those containing
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KHA. Composites containing 10 wt% of fillers are characterised by the lowest thermal stability, whereby
the deterioration of stability is slightly less (by 1min) in the case of composites with unmodified halloysite.

Table 4. Thermal properties of PVC and PVC composites with HA and KHA

- Vicat softening Heat deflection
Thermal stability
Sample (min] temperature temperature
[°C] [°C]

pPVC 18 (1.0) 79.3 (0.2) 64.5 (0.2)
PVC/1HA 18 (0.5) 79.9 (0.3) 65.0 (0.3)
PVC/5SHA 15 (0.5) 80.8 (0.4) 65.5(0.3)
PVC/10HA 11 (0.5) 82.0 (0.4) 66.3 (0.2)
PVC/1KHA 19 (0.5) 80.7 (0.1) 65.1 (0.5)
PVC/5KHA 17 (1.0) 81.2 (0.3) 65.9 (0.1)
PVC/10KHA 12 (0.5) 81.2(0.4) 66.9 (0.4)

A slight improvement in thermal stability was found for PVC composites containing up to 5 wt%
poly(methyl methacrylate)-grafted halloysite nanotubes (HNTs) (Liu et al., 2011). Liu et al. stated that
well-dispersed HNTs restrict the long-range chains mobility of PVC and may act as a barrier, hindering the
permeability of volatile degradation products. In another paper by the same Authors, TGA measurements
indicated that the halloysite nanotubes in concentrations up to 40 wt% enhance the heat resistance of PVC
(Liu et al., 2013a). A different thermal effect than that found in our research (Liu et al., 2011; Liu et al.,
2013a) may be connected with another morphological structure of halloysite particle, as well as chemical
composition and amount of impurities, among others, iron oxides (iron(Il) and iron(IIl)), in comparison to
halloysite applied in our work. At processing temperature, iron oxides react with HCI evolving as a con-
sequence of dehydrochlorination of PVC to form FeCl, and FeCls, which promotes a further degradation
process (Girois, 1999).

The analysis of the results of the Vicat softening temperature (Table 4) shows that its value is higher by
approx. 1-2 °C for composites containing halloysite as compared to unmodified PVC. No significant effect
of halloysite modification on the VST value was found. A similar trend was found for the heat deflection
temperature (HDT), the value of which for the composite containing 10 wt% of calcined halloysite was
2.4°C higher compared to that of pure PVC. A similar increase in the HDT, compared to the unfilled PVC,
was observed for composites containing halloysite nanotubes, where the introduction of 2 and 4 wt% of
the filler caused an increase in heat deflection temperature by 2 °C compared to that of unfilled PVC (Liu
et al., 2014a).

A favourable effect of halloysite on thermal properties was also found in the case of composites based
on other thermoplastic polymers, including polylactide matrix (Liu et al., 2013b), which was connected
with homogeneous distribution and orientation of the filler in the polymer matrix. Meanwhile, Sikora et
al. (2019) found that the addition of halloysite nanotubes reduced the Vicat softening point of composites
on a low-density polyethylene matrix. It should be mentioned that microscopic observations of PE/HNT
composites showed the presence of numerous agglomerates of the filler proving a poor dispersion in the
polymer matrix. According to Sikora et al. (2019), HNT increases the thermal resistance of composites
only when it is evenly dispersed in the polymer matrix.
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3.6. Mechanical properties

The results of studies on the mechanical properties of PVC and composites with unmodified and calcined
fillers are presented in Table 5. The impact strength (a.yy) of composite with 1 wt% of raw halloysite is
similar to that of pure poly(vinyl chloride) and decreases along with increasing concentration of filler in
the PVC matrix up to 8.9 kJ/m? for 10 wt% of HA.

Table 5. Mechanical properties of PVC as well as PVC/HA and PVC/KHA composites

Sample H aCUZ E, Iy om B

[ShD] [kJ/m~] [MPa] [MPa] [MPa] [%o]
PVC 77.6 (0.2) 15.9 (0.7) 1600 (10) 54.1 54.1 (0.2) 23.2 (0.9)
PVC/IHA | 77.903) | 158(1.0) | 1610(15) - 52.8(04) | 8.0(1.7)
PVC/SHA 78.7 (0.1) 11.6 (0.6) 1660 (12) - 49.2 (0.8) 3.9(1.2)
PVC/10HA | 79.6 (0.2) 8.9 (1.0) 1750 (17) - 44.3 (1.0) 3.4(0.8)
PVC/1KHA | 78.5(0.5) 23.3(1.2) 1670 (10) 55.8 55.8 (0.4) 22.0 (1.2)
PVC/SKHA | 79.3(0.2) 13.8 (0.8) 1730 (12) 53.4 53.4 (1.0) 15.4 (0.8)
PVC/IOKHA | 80.1(0.1) | 7.8(0.8) | 1860 (14) 56.0 56.0 (0.5 | 6.6(1.5)

Thermal treatment of halloysite affected the impact strength of composites beneficially. The composite
containing 1 wt% KHA was characterised by the highest impact strength; its value was about 47% higher
compared to that of unmodified PVC and a composite with the same amount of unmodified halloysite.
On the contrary, with increasing content of KHA, the a.y value decreases, reaching the lowest value for
composites with 10% of the filler (7.8 kJ/m?), similarly as in the case of PVC/HA.

Liu et al. (2012) found an improvement in the Izod impact strength of PVC composites containing up
to 10 wt% of halloysite filler, which is related to good dispersion of nanoparticles with the low hydroxyl
density on the surface. The well-dispersed particles changed the stress state of the matrix material and
induced the deformation of PVC, which absorbs the impact energy and prevents the initiation of cracks.
According to Liu et al. (2012), the decrease in the impact strength of the composites with a high content of
filler (up to 30%) is related to a decrease in the distances between the particles which aggregate and act as
stress concentrators leading to a decrease in the toughness of the polymer matrix. The results of the notched
Izod impact strength measurements of PVC/HNTs nanocomposites prepared by two-stage method (by in
situ polymerisation and then, by processing in molten state) indicate that as the nanoparticles loading is
increased to 4.0 wt%, the Izod impact energy reaches a maximum and the improvement is 36% compared
to pure PVC (Liu et al., 2014a). The influence of the homogeneity of the halloysite distribution in the
matrix on the impact strength was confirmed by Mondragén et al. (2009), ascertaining its deterioration in
the case of composites based on PVC containing up to 8 wt% of the filler, due to ineffective stress transfer
to the halloysite.

The use of both raw and calcinated halloysite leads to an increase in the hardness (H) of composites
compared to unmodified PVC; H values of composites with 10 wt% of filler are higher by 2.6% for
PVC/HA and by 3.2% if KHA introduced into the matrix.

The mechanical stress-strain curves of PVC, PVC/HA and PVC/KHA composites with various contents
of fillers are presented in Figure 7. In the case of neat PVC, a ductile-type fracture accompanied by
a significant plastic deformation was noted. Similar stress-strain behaviours are observed for PVC with
calcinated halloysite. A clear yield point appears in the curve where its value represents the tensile strength
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(0y = 0pr). In the case of samples of PVC/HA, a transformation from ductile to brittle-like fracture was
observed, and consequently, the yield point disappeared.
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Fig. 7. Stress-strain curves of PVC composites with various loading of HA and KHA

The values of mechanical properties summarised in Table 5 indicate that the introduction of halloysite,
regardless of the type, leads to an increase in Young’s modulus compared to neat PVC, where the E; value
growths along with an increase in the filler’s concentration in the polymer matrix.

The data presented in Table 5 show that for the same filler concentration, Young’s modulus is higher in the
case of composites containing previously thermally treated halloysite. For composites containing 10% of
the filler, the modulus value is higher compared to unmodified PVC by 9.4% for PVC/HA composites and by
16.3% when calcined halloysite was introduced into the matrix. The values of tensile strength of PVC/KHA
composites are slightly higher compared to those of unfilled PVC and there is practically no dependence
on the filler concentration (Table 5). On the other hand, all PVC/HA samples are characterised by a lower
tensile strength than pristine PVC and its value decreases with increasing concentration of the filler in the
matrix; a 10% share of HA causes a decrease in 0, by approx. 20% compared to PVC. Elongation at break
revealed the highest value for pure PVC (23.2%) and decreased sharply with the increasing raw halloysite
content, reaching 3.4% for the composite containing 10% of the filler. The changes in the elongation of
PVC/KHA composites as a function of the filler content are different, i.e. the 1% share of KHA practically
does not affect £ and an increase in the share to 10% results in a reduction of the value to 6.6%.

The presented results of mechanical tests confirm the effectiveness of calcination, as a halloysite surface
modification leading to an increase in its hydrophobic properties. It may be assumed that this effect alters the
interactions between particles of fillers and the polymer matrix, resulting in an improvement in mechanical
properties, especially an increase in Young’s modulus, and a minor increase in the strength value along
with the increase in the KHA concentration. Moreover, the improvement in mechanical properties is related
to the presence of nanostructures in halloysite, which significantly affect the interfacial interactions. The
slight increase in Young’s modulus is already observed at 1% KHNT content (by approx. 5% compared
to pristine PVC), which, with a simultaneous significant increase in impact strength (by approx. 46%
compared to unmodified PVC) and an almost identical elongation value, may indicate a simultaneous
occurrence of two effects related to the introduction of KHA: toughening and reinforcement. With an
increase in KHA content in the matrix, the reinforcement begins to dominate over the toughening effect,
because the values of impact strength and elongation decrease, while the E; values increase, reaching the
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maximum value for a composite with 10% KHA content. The toughening effect was not observed for the
composites with raw halloysite, whereas an increase in the stiffness of these materials was found with an
increase in the HA concentration in the PVC matrix.

Similarly, the beneficial effect of a filler with a surface with hydrophobic properties on the mechanical
properties of PVC matrix composites was reported by Zhao et al. (2016). Introduction of up to 10 wt%
of calcium carbonate particles modified with surfactant into PVC resulted in a significant increase in
impact strength and tensile strength, whose values were much higher in comparison with composites
containing unmodified CaCOs particles with hydrophilic character. The elongation at break was also
improved indicating high toughness. Liu et al. (2012) reported the increase in strength as well as modulus
of PVC composites related to the satisfactory compatibility of HNTs with polar poly(vinyl chloride). Strong
interactions at the interface ensure that the loads are effectively transferred from the polymer to the filler
phase. A different effect was observed by Mondragén et al. (2009), finding a decrease in the rigidity of the
rigid PVC composites containing up to 8% of halloysite, probably due to the formation of the relatively
compliant layer at the interface. An increase in elongation accompanying the decrease in Young’s modulus
at the content of 3 wt% of the filler probably results from the HNT orientation and simultaneously, from
the interfacial viscoelastic deformation.

Although the two effects (reinforcement- toughening) observed in our research related to the introduction
of 1 wt% of calcined halloysite into the PVC matrix are reflected in the literature, it should be noted that
those described in the papers (Liu et al., 2012; Liu et al., 2014a; Mondragén et al., 2009) concern PVC
composites containing the halloysite filler in a significantly higher concentration. The reasons may include
the fact that the applied halloysite originated from various deposits, and therefore had a different structure
and content of impurities than that used in our research. Additionally, it should be emphasised that the
final mechanical properties of polymer composites, including those based on PVC, are determined mainly
by the properties of the matrix, which in turn depend on the type of PVC used, the composition of the
mixture, and the processing conditions. Apart from the applied filler, these factors significantly affect the
properties of composites based on PVC.

An increase in tensile strength, Young’s modulus and elongation at break associated with the introduction
of halloysite was confirmed among others, during testing of composites based on polyamide, polylactide,
poly(lactic-co-glycolic acid), the carboxylated butadiene-styrene rubber, epoxy resin, polycaprolactone,
ethylene-propylene-diene rubber, fluoroelastomers and poly(vinyl alcohol) nanocomposite films (Liu et
al., 2014b). However, in every case, the improvement of mechanical properties was related to the halloysite
nanotubes loading, dispersion, and interfacial interactions in the systems.

Fig. 8 shows SEM micrographs of tensile-fractured surfaces of samples of composites containing 1 wt%
of calcined halloysite (Figs. 8a, 8b) and raw halloysite (Figs. 8c, 8d) The images confirm the brittle
behaviour found based on the stress-strain curves (Fig. 7) exhibited by the composite samples containing
HA and the ductile behaviour characteristic for the samples with KHA. The surface appearance of PVC/HA
specimens presented in Figs. 8c and 8d shows brittle failure characteristics, without any appreciable plastic
deformation. The surface is relatively smooth, and the rupture has occurred where a cluster of filler particles
of about 50 pm and smaller is visible (Fig. 8d). The image also shows individual filler particles in the form
of plates.

The ductile nature of the deformation is evidenced by the fibril-like layer structure visible in Fig. 8b.
During stretching, as a result of progressive deformation of the matrix, detachment at the particle-polymer
interface occurred and, as a consequence, ellipsoidal voids were formed around the filler particles, clearly
deformed in the stretching direction (Figs. 8a and 8b). The layers of polymer, in which the filler particles are
stably embedded, moving in relation to each other, cause some destruction of the structure of approximal
layers of the polymer. The image also shows single filler particles of about 20 um in size (Fig. 8a), which
were not found in the SEM micrographs shown in Figure 6.

https://jourt@is4aa8y980pe 399


https://journals.pan.pl/cpe

www.czasopisma.pan.pl P N www.journals.pan.pl

T

Martina Wieczorek et al., Chem. Process Eng., 2022, 43 (3), 383—404

(d)

Fig. 8. SEM images of tensile failure surfaces of the PVC composites
containing 1 wt% of KHA (a, b) and HA (c, d)

Similar microscopic observations were described by Zhao et al. (2016) for PVC samples containing
hydrophobic calcium carbonate nanoparticles. The SEM micrographs of the tensile-fractured surfaces of
the composites with 5 wt% of modified filler showed some cavities on the fracture surface. Zhao et al.
(2016) also stated that the CaCOs3 particles and PVC were combined well and the cavitations could absorb
large amounts of energy, leading to the improvement of the composites’ tensile strength. Based on SEM
micrographs of the impact surfaces of PVC/HNTs composites, Liu et al. (2014a) stated that nanocomposites
with 2.0 and 4.0 wt% show ductile characteristics with a rough fracture surface and some cracks. In another
publication, the same team evaluated fracture surfaces of broken specimens after an impact test of PVC
composites containing 10 phr and 30 phr of HNTs and confirmed a large amount of squamous structure
exhibiting plastic shear deformation and ductile behaviours. Observations of SEM of the samples after
tensile tests indicate that the PVC matrix in composites containing 3.0 and 10.0 phr of HNTs was largely
deformed and drawn around the HNTs particles (Liu et al., 2012).

4. CONCLUSIONS

Halloysite from Dunino deposit may be used to produce composites with unplasticized PVC matrix
containing up to 10 wt% of filler using a two steps method of processing in a molten state. The kneading of
PVC and halloysite mixtures in properly determining conditions make it possible to obtain rightly gelated
composites used for further compression moulding. The reduction of plasticization time and simultaneous
increase of maximum torque with filler content were found based on the results of plastographometric
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analysis. These effects, more visible in composites containing KHA, are caused by the generation of
additional heat due to friction between filler particles and PVC grains.

Introduction of halloysite, both in the form of raw material, as well as modified one, using the calcination
method, contributed to a slight increase in the stiffness and hardness of the composites, whereas the
increase was slightly bigger in composites with calcined halloysite. Calcination of the filler increased its
hydrophobic properties, which resulted in an improvement of the interaction at polymer—filler interface and,
as a consequence, in an improvement of the mechanical properties of the composites. The incorporation
of 1% KHA led to a simultaneous increase of impact strength which could be attributed to the toughening
effect.

Some inconsiderable improvement of softening and heat deflection temperature of the composites in
comparison with pristine PVC was also found.

Halloysite from the Dunino mine can be used as a cheap filler of PVC mixtures for the production of new
materials with favourable functional properties, especially mechanical ones. The introduction of halloysite
to PVC will decrease the costs of the final product with, simultaneously, unchanged or higher mechanical
parameters.

The comparison of properties of PVC/HA and PVC/KHA composites shows that the improvement of
properties related to the introduction of halloysite subjected to thermal treatment is not as significant as
expected.

The authors would like to express the gratitude to Jan Seyda for conducting SEM observations.
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Abstract: In this article, halloysite-lignin hybrid materials (HL) were designed and obtained. The
weak hydrogen bonds found between the components were determined based on Fourier transform
infrared spectroscopy (FTIR), proving the achievement of class I hybrid systems. The HL systems
were characterized by very good thermal stability and relatively good homogeneity, which increased
as the proportion of the inorganic part increased. This was confirmed by analyzing scanning elec-
tron microscope (SEM) images and assessing particle size distributions and polydispersity indexes.
Processing rigid poly(vinyl chloride) (PVC) with HL systems with a content of up to 10 wt% in a
Brabender torque rheometer allowed us to obtain composites with a relatively homogeneous struc-
ture confirmed by SEM observations; simultaneously, a reduction in the fusion time was noted. An
improvement in PVC thermal stability of approximately 40 °C for composites with HL with a ratio of
1:5 wt/wt was noted. Regardless of the concentration of the HL system, PVC composites exhibited
inconsiderably higher Young’s modulus, but the incorporation of 2.5 wt% of fillers increased Charpy
impact strength by 5-8 k] /m? and doubled elongation at break. This study demonstrated that favor-
able mechanical properties of PVC composites can be achieved, especially with an HL system with a
ratio of 5:1 wt/wt.

Keywords: poly(vinyl chloride); halloysite-lignin hybrid fillers; structural and physicochemical
characteristics; thermal and mechanical properties

1. Introduction

PVC has become one of the major commodity thermoplastics, with a global world
market of approximately 38 million tonnes in 2020 [1]. Due to favorable properties, such as
good mechanical strength, fire retardant properties, chemical and environmental resistance,
widely developed processing capabilities, relatively low price, as well as susceptibility to
modification of properties, PVC is widely used in various applications such as building
products (including window frames and other profiles), piping (including water and
sewerage pipes), packaging, insulation and sheathing for low voltage power supplies,
automotive applications and medical products [2—4]. To modify the properties of PVC
for specific applications, a wide assortment of additives are used, including heat and
UV stabilizers, plasticizers, processing aids, impact modifiers, lubricants and fillers [4].
The latter include widely employed fillers of natural origin, both organic and inorganic,
the employment of which allows for the production of environmentally friendly natural
composites [5-13], whereby the influence of these fillers on the processing, mechanical and
thermal properties of PVC depends on many factors, including their origin, form, particle
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size, concentration in the polymer matrix, as well as modification of filler surface and used
coupling agents [11-13].

Applications of lignocellulosic materials, including wood fiber and wood flour [14-20],
as well as agricultural residues [21,22] for the manufacture of PVC matrix composites,
have also been described in the literature. Because of its renewable and biodegradable
nature and favorable properties such as high availability, low weight, reinforcing capability,
as well as antimicrobial and antioxidant, lignin is one of the materials with the highest
application potential for the development of novel polymer composite materials [23,24]
including those based on PVC [25-27]. Furthermore, lignin is the second most abundant
natural polymer, preceded only by cellulose [23,24]. In addition to the use of lignin in
the development of composite materials, other industrial applications of this biopolymer
are very important, such as flame retardants, dispersants, surfactant formulations, seed
coatings, wood adhesives, etc. [28-31].

According to Feldman and Banu [25], the intermolecular interactions between the
polymer and lignin in rigid PVC blends can take place only at low lignin concentrations
(up to 10 parts) due to the tendency of lignin to agglomerate at high loadings. Moreover,
based on the results of mechanical tests and SEM observations of plasticized copolymer
(vinyl chloride-vinyl acetate) filled with a hardwood organosol lignin, it was stated that
specific plasticizers could dissociate part of the H-bonds present in lignin, thus creating
possibilities of interaction with other polar polymers by intermolecular bonds. Liu et al.
reported that the addition of lignin up to 30 phr into plastified copolymer by 20 phr of
dioctyl phthalate PVC blend changes the rheological properties during kneading in a
Haake mixer because the rigidity of lignin particles leads to more intensive shearing in
the system. The mechanical properties of the blends were noted as being worse than that
of neat PVC; however, these properties, especially toughness, were improved after lignin
was treated with poly(ethyl acrylate-co-maleic anhydride) [26]. In related work, Yong et al.
noted the possibility of using lignin to improve the hydrophilicity and antifouling prop-
erties of PVC membranes. Based on the results of SEM, XRD (X-ray diffraction) and DSC
(differential scanning calorimetry) analyses, they concluded that PVC is compatible with
lignin and homogeneous PVC/lignin sol can be formed to prepare membranes via the
phase inversion method [27].

Although lignin-based hybrid materials are increasingly being used to modify poly-
mers [32-36], the applications of such functional hybrid materials as fillers for the produc-
tion of PVC composites are not widely reported in the available literature [37-43]. The
influence of modified materials with a surfactant layered double hydroxide (LDH) and
halloysite nanotube (HNT) on the thermal properties of PVC composites with reed flour
was described by Dahmardeh Ghalehno et al. [37]. They found improvement in the thermal
stability and an increase in the crystallization temperature and melting temperature of
the composites through the addition of both types of nanoclays. In terms of improving
combustion properties, i.e., increase in time to ignition and limiting oxygen index values,
HNT was more effective compared to LDH.

The authors of the study [41-43] investigated the influence of lignin (L) combined
with 3.5 pm silica (S), as well as eco-friendly magnesium hydroxide-lignin (Mg(OH),)
hybrid material on the properties of unplasticized PVC. It should be stated that it is
possible to obtain a PVC composite containing up to 10 wt% of both types of hybrid fillers
using a melt processing method with homogeneous dispersion of filler in the matrix. The
presence of fillers contributes to the favorable processing and performance properties
of the composites, in particular, to increase the Vicat softening temperature (VST) and
to facilitate the improvement of the thermal stability. This is an important parameter
due to the possibility of safely producing materials by conventional processing methods.
Moreover, both PVC/S-L and PVC/Mg(OH),-L composites exhibited a higher Young’s
modulus than neat PVC, without a notable reduction in tensile strength. Additionally,
the introduction of the Mg(OH),-L system into the PVC matrix caused an increase in the
oxygen index [43].
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Due to the beneficial effect of lignin-based functional hybrid fillers on the processing,
structural, thermal and mechanical properties of unplasticized PVC matrix composites
that we demonstrated in our earlier works [41-43], and given the growing demand in the
plastics market for eco-friendly materials based on available mineral and plant materials,
further research into the development of a new hybrid filler as a filler for a large-volume
polymer such as PVC is warranted. The use of halloysite as the second component of
this filler in the present study is due to its high availability and unique structure and
properties, which makes it a widely used filler for polymeric plastics, including PVC,
positively affecting their thermal and mechanical properties [44-55].

The literature also describes the use of halloysite for the production of biocomposite
films with cellulose fibers [56] and as a component of hybrid fillers in a system with
cellulose used to improve the properties of epoxy nanocomposite coatings [57,58], vinyl-
ester composites [59] and phenolic foams with beneficial thermal insulation and flame
retardancy [60]. Krishnaiah et al. showed that chemical surface modification of both sisal
fibers and halloysite nanotubes leads to higher values of tensile strength and modulus by
55% and 50%, respectively, as well as higher dynamic moduli compared to that of pure PP.
Additionally, an improvement in thermal stability by 60 °C for the composites containing
surface-treated hybrid fillers was found [61].

Previous research and the conclusions drawn from them, as well as the analysis of the
available literature, prompted the authors of this work to design and obtain innovative
halloysite-lignin hybrid materials and then use them as poly(vinyl chloride) fillers. The
authors believe that there are no such systems in the current literature on the subject. The
obtained products were subjected to a wide range of measuring activities, ranging from
determining the most important physicochemical and dispersion-microstructural properties
of fillers to the evaluation of polymer composites (processing properties, evaluation of
thermal stability, mechanical properties and structural evaluation).

2. Materials and Methods
2.1. Materials

Halloysite nanoclay (Al,Si;Os5(OH)4-2H,0), with a molecular weight equal to
294.19 g/mol and the CAS number: 1332-58-7, was purchased from Merck, Darmstadt, Ger-
many, and kraft lignin purchased from Merck, Darmstadt, Germany (average
M,, ~10,000 g/mol, CAS number: 8068-05-1) were used in these studies as fillers.

The rigid PVC dry blend is composed of a suspension of PVC 5-61 Neralit (Spolana
Anwil Group, Neratovice, Czech Republic) 100 phr and organotin stabilizer Patstab 2310
(Patcham, Goor, The Netherlands) 4 phr, and 1 phr Naftolube FTP paraffin wax (Chemson,
Arnoldstein, Austria) was employed as the matrix for the composites. Stabilizer and
paraffin wax were the only added components in order to minimize the influence of
additives on processing properties.

2.2. Preparation of Halloysite-Lignin Materials

The halloysite-lignin materials were obtained using a mechanical method. This
method is environmentally friendly and does not require harmful and dangerous addi-
tional compounds.

In the first stage, a given amount of the inorganic component, halloysite, was placed in
an RM100 mortar grinder (Retsch GmbH, Haan, Germany) with an appropriate amount of
lignin. The process of grinding the ingredients with simultaneous mixing was carried out
for 1 h. The system was then transferred to a high-energy planetary ball mill (Pulverisette
6 Classic Line, Fritsch GmbH, Amberg, Germany) for intensive milling and mechanical
alloying of the powder materials. The use of both devices served to achieve the best
possible homogeneity of the final product and to obtain a class I hybrid system by creating
appropriate interactions, mainly of a physical nature, between the component. The final
products in the form of halloysite-lignin materials were produced at three different ratios:
(i) 1 part by weight of halloysite per 5 parts by weight of lignin (H1L5); (ii) 1 part by weight
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of halloysite per 1 part by weight of lignin (H1L1) and (iii) 5 parts by weight halloysite per
1 part by weight of lignin (H5L1).

2.3. Characteristics of Halloysite—Lignin Materials

The morphology and microstructure of the powder materials were analyzed using
photomicrographs obtained with a Tescan VEGA3 scanning electron microscope (SEM)
(Tescan Orsay Holding a.s., Brno, Czech Republic).

Particle size distribution analysis was examined by utilizing the Zetasizer Nano ZS
apparatus (Malvern Instruments Ltd., Malvern, UK) according to the non-invasive back
scattering method. This method measures particles from 0.6 to 6000 nm. As part of our
work, the particle size distribution was assessed in isopropanol as a dissolution medium.

To determine the presence of functional groups in the structure of pristine components
(halloysite and lignin) and in the obtained hybrid materials, samples were subjected to
Fourier transform infrared spectroscopy. FTIR spectra were obtained using a Vertex 70 spec-
trometer (Bruker Optics GmbH & Co. KG, Ettlingen, Germany). Materials were analyzed
in the form of KBr tablets, prepared by mixing 250 mg of anhydrous KBr and 1 mg of the
analyzed substance under a pressure of 10 MPa. The FTIR analysis was performed at a
resolution of 0.5 cm~! in a wavenumber range of 4000-450 cm ! (number of scans: 64).

A Jupiter STA449 F3 apparatus (Netzsch, Selb, Germany) was used to perform thermo-
gravimetric analysis (TGA). In the tests, 10 mg samples were placed in an Al,Oj3 crucible,
then heated in a nitrogen atmosphere at a rate of 10 °C/min, from 30 °C to 1000 °C, with a
gas flow rate of 40 cm3/min.

A Zetasizer Nano ZS apparatus (Malvern Instruments Ltd., Malvern, UK) was em-
ployed to measure the zeta potential, which, through measurement of electrophoretic
mobility via laser Doppler velocity (LDV), enables the calculation of the zeta potential
using the Henry equation. The measurement took place in the pH range from 2 to 10, in the
presence of 0.001 M NaCl electrolyte, which allowed the determination of the electrokinetic
curves. The measurement was carried out three times, and the final value was the average
value. The mean standard error of the zeta potential measurement was £2 mV, while the
pH measurement error was +0.1.

2.4. Preparation of PVC/Halloysite-Lignin Polymer Composites

Poly(vinyl chloride) composites with hybrid fillers and raw halloysite and lignin
were obtained by mixing in a molten state. In the first stage, PVC compounds with fillers
previously dried for 3 h at the temperature of 105 °C were prepared by mixing with a high-
shear mixer. Afterwards, the compounds were processed by kneading using the FDO 234H
type Brabender plastographometer (Brabender GmbH & Co. KG, Duisburg, Germany) with
a temperature of chamber wall of 190 °C; a rotational blade speed of 30 rpm and friction
of 1:1.5 were also employed. The charge weight was 60 g in each case. Kneading was
performed for 10 min. The unfilled PVC dry blend was processed under similar conditions
as the reference sample.

The processed materials were ground in a milling grinder of the authors” own design,
and the resulting ground material was pressed at the temperature of 190 °C under a
maximum working pressure of 150 bar. The obtained 2 and 4 mm thick molded pieces were
used to cut out specimens for mechanical testing (tensile test, impact strength and hardness)
and thermal measurements (Vicat softening temperature) using a Seron 6090 numerical
milling plotter (Seron, Stalowa Wola, Poland). The compositions of the PVC mixtures and
their abbreviations are presented in Table 1.
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Table 1. Compositions of the PVC-based composites.

Sample Name Filler Type Filler Content, wt. %
PVC
PVC/2.5H s
PVC/5H . ;
PVC/7.5H halloysite o
PVC/10H i
PVC/2.5L .
WAy lignin 5
PVC/7.5L g s
PVC/10L "
PVC/2.5H1L5 -
PVC/5HI1L5 ) o ' .
PVC/7.5H1L5 halloysite-lignin (1:5 wt/wt) i
PVC/10H1L5 i
PVC/2.5H1L1 23
PVC/5HI1L1 o ;
PVC/7.5H1L1 halloysite-lignin (1:1 wt/wt) o
PVC/10H1L1 0
PVC/2.5H5L1 2
PVC/5H5L1 ) o . ;
PVC/7.5H5L1 halloysite-lignin (5:1 wt/wt) S5
PVC/10H5L1 "

2.5. Characteristics of PVC/Halloysite-Lignin Composites
2.5.1. Processing Properties

During the kneading of the compounds, the changes in the torque of the rotors as a
function of time were recorded. Based on the obtained plastograms, values characterizing
the processing properties were determined, namely: the maximum value of the torque
(Mx), the time of its attainment (tx), as well as torque at the end stage of kneading (Mg).

2.5.2. Thermal Properties

The thermal stability of PVC composites was determined by the Congo red test
and thermogravimetric analysis (TGA). The thermal stability test using the Congo red
method was carried out according to the ISO 182-1:1990 standard [62] at 200 °C. The TGA
measurements were performed using an analyzer TG 209 F3 (Netzsch, Selb, Germany) in
an open ceramic crucible, operating at a scanning rate of 10 °C/min, in the temperature
range from 30 °C to 700 °C under a nitrogen-protective atmosphere. For every composition,
three TGA measurement procedures were repeated. The temperature of 1%, 5%, 10% and
50% weight loss, labeled, respectively, as Ty9,, Tso,, T199% and Tspe,, as well as residual mass
after decomposition at 700 °C (RM), were analyzed. The Vicat softening temperature tests
were carried out on samples with dimensions of 10 mm x 10 mm x 4 mm according to the
ISO 306: 2006 standard [63] by employing an RV-300A HDT&Vicat Tester (Jinan, Shandong,
China). For every sample type, the measurements were carried out in triplicate.

2.5.3. Mechanical Properties

The static tensile test was performed with a Zwick Roell Z010 universal testing machine
(Zwick GmbH & Co. KG, Ulm, Germany) according to ISO 527-1, using type 1BA sam-
ples [64]. The test was carried out at room temperature and at a tensile rate of 1 mm/min
in the range of modulus of elasticity determination and then of 5 mm/min. Modulus
of elasticity (E;), stress at yield (oy), tensile strength (o) and strain at break (eg) were
determined. The measurements were carried out for 10 samples of each material.

112:49278587
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The Charpy impact strength without notch was tested by means of a HIT5P device
from Zwick Roell (Zwick GmbH & Co. KG, Ulm, Germany), according to the PN-ISO
179-1 standard [65].

Dynamic mechanical properties were analyzed through an Artemis DMA 242 D
Netzsch apparatus in torsion mode, operating at a frequency of 1 Hz, at a heating rate of
2 °C/min within the range of temperature between 25 °C and 100 °C. Storage modulus (E')
and loss factor (tand) were determined. The temperature by which the loss factor reveals
the maximum value was taken as the glass transition temperature.

2.5.4. Microscope Observations

To determine the composite structure, observations of PVC composites with 1 wt% of
filler were carried out by means of scanning electron microscopy using a Tescan VEGA3
(Tescan Orsay Holding a.s., Brno, Czech Republic).

3. Results and Discussion
3.1. Characteristics of Halloysite-Lignin Materials
3.1.1. Particle Size Distribution and Microscope Observations

As part of this article, the microstructural, dispersion and physicochemical properties
were assessed. Figure 1 presents SEM images of the produced halloysite-lignin hybrid
systems and pristine components (lignin and halloysite). In addition, Table 2 shows the
particle size distributions for the analyzed products and the corresponding polydispersity
indexes (PdI).

113:43874854

Figure 1. SEM images of halloysite-lignin hybrid materials: 1:5 wt/wt (a), 1:1 wt/wt (b) and
5:1 wt/wt (c) and pristine components lignin (d) and halloysite (e).
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Table 2. Particle size distributions and polydispersity indexes for halloysite-lignin hybrid materials
and pristine components (lignin and halloysite).

Sample Particle Size Distribution (nm) Polydispersity Index
Halloysite-lignin (1:5 wt/wt) 142-459 0.218
Halloysite-lignin (1:1 wt/wt) 106-615 0.377
Halloysite-lignin (5:1 wt/wt) 91-459; 1281-1990 0.452

Lignin 164-342; 4596439 0.988

Halloysite 68-396; 1281-3580 0.654

Based on the SEM images (see Figure 1), it can be concluded that the obtained hybrid
systems are characterized by relatively good homogeneity. In individual hybrids, one can
see the presence of single primary particles of nanometric size (which was additionally
confirmed by examining the particle size distributions, see Table 2), which tend to form
aggregates and, consequently, agglomerates. This tendency is visible as the ratio of the
relevant components increases, which can be clearly seen based on the SEM images and
the results presented in Table 2.

The widest particle size distribution (164-342 nm and 459-6439 nm), and thus the
lowest homogeneity (PdI = 0.988), is characteristic of a pristine lignin sample. Additionally,
lignin, as a result of intensive grinding in a ball mill, created secondary agglomerates that
are clearly visible in the SEM microphotography (see Figure 1d). Halloysite, although much
more homogeneous, also tends to form larger particle clusters (see Figure le and Table 1).

Earlier research conducted by our research group on other hybrid materials has already
confirmed the conclusions and tendencies mentioned above [32-36].

3.1.2. FTIR Spectroscopy

Based on the analysis of FTIR spectra, characteristic functional groups for the compo-
nents (lignin and halloysite) and the obtained hybrid materials were identified. Figure 2a
presents FTIR spectra for lignin, halloysite and halloysite-lignin systems with different
ratios of individual components.

The spectrum of halloysite is characterized by vibration ranges from its octahedral and
tetrahedral layers. Based on the analysis of the obtained spectrum, it can be concluded that
at the maximum wavenumbers of 3695 cm ™! and 3622 cm !, vibrations of the hydroxyl
groups present on the surface of the octahedral layer occur. Vibrations in the range of
~1300-1100 cm ! are vibrations of the tetrahedral aluminosilicate layer. In turn, the band
originating from the bending vibrations of Si-O-5i bonds in the plane occurs in the range of
1080-1000 cm~!. Moreover, the maximums at 910 cm~! and 560 cm ! correspond to the
tensile vibrations of Si-O-Al bonds, and the maximums of 750 cm ! and 680 cm ! do so to
the vibrations of Si-O bonds [51,66,67].

Figure 2a also shows the spectrum of pristine lignin. The spectrum shows the presence
of the following bands: O-H stretching vibrations bands (phenolic -OH + aliphatic -OH) in
the range of 3600-3200 cm ! and C-H stretching vibrations in the range of 2960-2920 cm ™!
(CHj3 + CH,) and 2850-2840 cm ™! (OCH3). The wider band in the range of 1710-1550 cm !
results from the overlapping of consecutively unbound and bound bonds of stretching vi-
brations of the carbonyl group C=0 at wavenumber 1610 cm ! and successively 1508 cm !
and 1458 cm ™!, and of stretching vibrations of C-C bonds of the aromatic skeleton. In
the case of the lignin FTIR spectrum analysis, the bands with the maximum intensity for
the wavenumbers, respectively, 1370 ecm~1, 1255 cm~1 and 1225 cm ™1, corresponding to
the stretching vibrations of the C-O, C-O(H) + C-O(Ar) bonds, are also important. The
presence of C—O-C ether bonds is indicated by the band of stretching vibrations at the
wavenumber of 1045 cm 1. The last group of significantly characteristic lignin bands are
bands in the plane of deformation Ar C-H (1140 cm~') and outside the plane Ar C-H
(bands with a wavenumber below 1000 cm ™!, including 852 cm !, 814 cm ! and 790 cm1).
All data relating to the FTIR analysis of pristine lignin is consistent with the available
literature [32-36,42,43].
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In the case of the spectra of hybrid fillers (see Figure 2a), maxima characteristics for
pristine components, i.e., lignin and halloysite, can be observed. Additionally, slight shifts
of the maxima of individual bands of characteristic groups can be noticed, related to the
weak physical interactions between the components. This allows us to conclude the creation
of class I hybrid material. We came to similar conclusions when analyzing other hybrid
materials described in previous articles [32-36,42,43].
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Figure 2. FTIR spectra (a), TGA curves (b) and zeta potential versus pH (c) of halloysite-lignin hybrid
materials and pristine components.

3.1.3. TGA Analysis

As part of the characteristics of the manufactured products, thermogravimetric curves
of hybrid fillers and pristine components were determined (see Figure 2b).

The TGA curve for halloysite shows a gradual decrease observed at 30-400 °C. This is
related to the dehydration process and the gradual loss of water between the layers of the
halloysite. Another strong decrease visible in the temperature range 400-600 °C indicates
dehydroxylation of AIOH, which is consistent with the dehydroxylation temperature of
halloysite, occurring at approximately 450-600 °C.

Figure 2b also shows the thermogravimetric curve determined for lignin. The first
stage, associated with a slight 10% weight loss (in the temperature range of 25-210 °C), is
mainly related to the local elimination of water bound on the lignin surface. The second step
of high weight loss of approximately 35% in the temperature range of 200-600 °C is related
to the complicated thermal decomposition of the compound, including the formation of
new bonds as a result of the cross-linking reactions taking place. Thermal treatment above
600 °C (up to 1000 °C) in the third stage is associated with molecule fragmentation as a
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result of unclear and uncontrolled reactions. These data are in line with those of previously
published articles [32-36,42].

When assessing the thermal stability of halloysite-lignin hybrid fillers, it can be
concluded that the thermal stability of the final product decreases with increasing biopoly-
mer content. In the initial temperature range (processing range), the changes are not
that visible, but above approximately 200 °C, these changes are very significant. For the
halloysite-lignin hybrid material (1:5 wt/wt), the weight loss is 41%, for a product with a
component ratio of 1:1 wt/wt, this loss is 30%, while for the hybrid system with 5:1 wt/wt,
this loss is 19%.

The favorable results obtained at this stage of the research demonstrate that
halloysite-lignin hybrid materials can be successfully used as a new generation of en-
vironmentally friendly and relatively cheap polymer fillers.

3.1.4. Zeta Potential Analysis

In order to determine the electrokinetic stability of the products used, the zeta potential
of the tested fillers was assessed. Figure 2c shows the dependence of the zeta potential on
the pH value in the range of 2-10. We found that halloysite and halloysite-lignin hybrid
materials show good electrokinetic stability for pH > 3, while lignin reveals this for pH > 4.
Additionally, as can be seen based on the obtained test results presented in Figure 2c, a
decrease in the electrokinetic potential for all materials was observed with the increase in
the alkaline character.

Based on the conducted research, it can therefore be unequivocally concluded that
the share of halloysite in the hybrid material improves the electrokinetic stability of the
designed and manufactured hybrid fillers. We obtained analogous results in our previ-
ous work by testing hybrid fillers combining silica with lignin [35,36,68] or zinc oxide
with lignin [33,34].

3.2. Characteristics of PVC/Halloysite-Lignin Composites
3.2.1. Processing Properties

During the processing of PVC in a molten state, PVC grains transform into the compact
form of the final product through heat, pressure and shearing. This transformation is called
‘PVC gelation” and consists of the gradual disintegration of PVC grains, their plasticization
and fusion. To characterize the progress in PVC gelation, torque measurements during
kneading in a Brabender rheometer chamber were undertaken and recorded in the form
of plastograms [22,69].

The study analyzed the characteristic values of torque read out from plastograms.
We measured maximum torque at the gelation point (M), also called ‘fusion” or ‘gelation
torque’, torque at the end stage of kneading (Mg), as well as time to reach maximum
torque (tx) so-called “gelation’ or ‘fusion time’ [38] (see Figure 3a—c). The course of torque
dependence on kneading time of PVC and PVC composites with 10 wt% content of all types
of fillers, shown in Figure 4, is characteristic of the processing of unplasticized PVC. The
occurrence of the maximum value of torque is related to the gelation effect and is indicative
of correctly selected processing conditions [22,69].

The value of the maximum torque of kneaded mixtures of PVC with hybrid fillers,
regardless of the proportions of the two components of the hybrid filler, i.e., lignin and
halloysite, and with lignin alone, is similar to, or lower by a maximum of approximately
5 Nm, compared to the My value of unfilled PVC of 40 Nm (see Figure 3a). The effect of
lowering the My value compared to PVC is particularly evident when the content of the L
and HL fillers is 2.5 wt%; a further increase in their concentration up to 10 wt% results in a
slight increase in Mx, with practically all cases not exceeding the My value of unfilled PVC.
A similar trend was observed for PVC blends containing halloysite, but the introduction
of 7.5 wt% and 10 wt% of this filler resulted in approximately 3 and 6 Nm higher torque,
respectively, compared to unmodified PVC.



Materials 2022, 15, 8102

10 of 25

(a) &

M, (Nm)

—ea— PVC/HILS
—e— PVC/H1L1
—— PVC/H5L1
—s— PVCI/L

(b) 60

—— PVC/H1LS
—e— PVC/H1L1
—— PVC/HSL1

—+—PVCIL
—e—PVC/H

—e— PVC/H

-[ I

H
M_ (Nm)

n
o

0 2 4 6 8 10 0 2 4 6 8 10

Filler content (wt%) Filler content (wt%)

(c) °3

—e&— PVCIHIL5
—ea— PVC/H1LA
—eo— PVC/H5L1
4 —s— PVCIL
—e—PVC/H

Filler content (wt%)

Figure 3. The fusion properties of the PVC composites: (a) maximum value of torque (Mx), (b) values
of torque at the end point of plastograms (Mg) and (c) time required to reach the M (tx), as a function
of filler content.
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Figure 4. Torque vs. time of kneading for PVC and PVC composites with 10 wt% of fillers: lignin,
halloysite and halloysite-lignin hybrids.
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Analysis of the data in Figure 3b shows that the introduction of 2.5 wt% fillers into the
PVC matrix, regardless of the type, results in a reduction in Mg values of approximately
3.5-5.5 Nm compared to unfilled PVC, for which the value is 32 Nm. An increase in
the concentration of fillers up to 10 wt% does not change the torque at the end stage of
kneading. It can be concluded that the fillers used, introduced in amounts up to 10 wt%,
do not strongly affect the viscosity of the mixtures in the viscous state.

The introduction of fillers into the polymer matrix, regardless of the type, results
in a reduction in the time required to reach the maximum torque value (see Figure 3c).
Mixtures with hybrid fillers with the lowest concentration used in the study, i.e., 2.5 wt%,
show a shorter fusion time by approximately 3 min compared to unfilled PVC; the same
content of halloysite reduces tx by 2.2 min and lignin by 1.5 min. With an increase in the
concentration of halloysite to 10 wt%, the gelation time decreases sharply to 1 min and is
the shortest compared to all other blends; it is also almost five times shorter compared to
neat PVC. In the case of lignin, there is a slight tendency to shorten the time with increasing
concentration and the tx value for PVC/10L is two times lower than that of unfilled PVC.

In investigating the effect of SiO, particle size on the fusion behavior of PVC compos-
ites, Ari and Aydin [70] found that the increase in fusion torque and reduction in fusion
time is associated with a significantly higher number of SiO; nanoparticles in the same
mixture volume compared to PVC microparticles, resulting in an increase in frictional
forces. Based on the explanations for the fusion behavior of PVC mixtures with 5iO, with
different particle sizes, as proposed by Ari and Aydin [70], it can be assumed that the
significantly different torque and time gelation values found in our experiment for PVC/H
and PVC/L mixtures are related to the different particle sizes of halloysite and lignin. At
the same filler content, the number of nano-sized halloysite particles in contact with the hot
surface of the chamber walls was much higher than that of large particles of lignin. Because
of the large number and surface area of the heated nanoparticles, heat transfer to PVC
filled with halloysite was faster than that to PVC filled with lignin. Consequently, quicker
gelation occurred in the PVC/H composites, and gelation time was shorter. The increase in
the friction in the system and the increase in the transfer of heat and shear throughout the
PVC grains was also described by Chen et al. for PVC composites with carbon black [71].
These effects were responsible for the increase in the fusion torque of the PVC/carbon black
composite and the consequent reduction in time with the increase in carbon black filler
concentration in the system.

We observed similar effects during processing studies of PVC blends with silica and
lignin, while the addition of silica or silica-lignin hybrid filler caused a substantial increase
in torque compared to halloysite and halloysite-lignin [41]. The favorable shortening of the
gelation time was also found in our processing studies of PVC composites with the addition
of the Mg(OH),-lignin hybrid filler; however, no significant increase in the mechanical and
thermal loads of the processed compounds was observed [43].

3.2.2. Thermal Properties

The thermal stability of PVC and PVC matrix composites was evaluated based on the
results of thermogravimetric analysis and the Congo red test. Its determination is very
important for the safe processing of PVC in the molten state due to the possible instability
of the polymer under temperature and shear conditions leading to dehydrochlorination
reactions and progressive degradation [72].

The TGA thermograms of PVC and composites with all types of fillers are essentially
similar and show two major degradation stages in the temperature ranges 270-350 °C and
420-550 °C, which are related to the decomposition of the polymer matrix (see Figure 5).
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Figure 5. Exemplary TGA thermograms of PVC and PVC composites with 7.5wt% of fillers: lignin,
halloysite and halloysite-lignin hybrids.

In the first degradation stage, the dehydrochlorination of PVC macromolecules takes
place [73], and the evolved hydrogen chloride gas accelerates the progress of decomposition,
leading to the formation of conjugated polyene sequences. The second decomposition stage
lies within the temperature range 420-550 °C, where the chain scission of the carbonaceous
backbone and cross-linking between chains occur, leading to the formation of a carbonized
residual char [74].

In predicting the applicability of the developed materials, it is necessary to consider
the influence of the proposed fillers on the thermal stability of composites under processing
conditions, i.e., up to a temperature of approximately 200 °C [75]. Based on thermogram
analysis, it was found that all the investigated materials were thermally stable in the
processing range, and the first weight losses of the sample (T19,) were observed in the range
of approximately 242-261 °C (see Table 3). In the case of PVC materials, it is important
to evaluate the first destructive changes associated with the release of hydrogen chloride,
which acts as a catalyst and generates a series of chain reactions leading to the matrix
decomposition process [76]. Therefore, it is important to identify the first destructive
changes in PVC as a matrix for composites (see Table 3).

Analysis of the 1%, 5%, 10% and 50% weight loss temperature values for PVC/L
composites allowed us to conclude that lignin improves the thermal stability of PVC (see
Table 3). The highest weight loss temperature values were obtained using the highest
concentration of lignin in the polymer matrix. The difference between Ty9,, T59, and Tyge,
values for PVC/L composites and unmodified PVC was approximately 10 °C, and in the
case of Tsge,, approximately 14 °C.

The weight loss temperatures of PVC/H1L1 and PVC/HI1L5 composites had similar
values when comparing samples of the same concentration; the composites containing
10 wt% filler had the highest stability in both cases. The use of H1L1 and H1L5 hybrid
fillers also had a favorable effect on the thermal stability of PVC; however, the increase
in Tye,, T59, T10% and Tspe, compared to pristine PVC was not as large as in the case of
PVC/L, as it ranged from 1.4 °C to 14.1 °C, depending on the filler concentration.

The composites modified with halloysite and hybrid filler with the highest proportion
of this component showed lower stability compared to the other systems. The weight loss
temperatures of PVC/H and PVC/H5L1 samples had similar values comparing samples
with identical concentrations. The temperature of onset of decomposition taken as the T,
of both types of composites was lower than that of unmodified PVC, regardless of the filler
concentration. The Tse, and Tyg, values were slightly higher (by approximately 3—4 °C)
compared to PVC only at 2.5 wt% filler content.
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Table 3. TGA analysis results for PVC and PVC composites.

Sample Temperature of Weight Loss (°C) RM at
Name T19% Tso, T10% Ts0% 700 °C (%)
PVC 250.5 266.3 276.1 316.0 18.1
PVC/2.5H 250.1 269.3 280.5 324.5 21.3
PVC/5H 243.7 267.7 278.9 3253 21.5
PVC/7.5H 240.3 266.7 278.2 325.9 24.0
PVC/10H 238.1 266.1 278.9 325.1 26.2
PVC/2.5L 256.1 273.6 283.1 3255 18.3
PVC/5L 261.1 276.6 285.5 330.3 19.9
PVC/7.5L 259.7 281.3 291.6 336.3 22.1
PVC/10L 260.1 277.3 287.1 330.3 22.9
PVC/25HI1L5 253.9 271.1 2822 326.4 18.7
PVC/5HIL5 256.3 2739 285.0 328.6 20.5
PVC/7.5H1L5 257.9 273.7 283.5 327.3 221
PVC/10H1L5 252.3 274.7 284.2 330.1 22.5
PVC/2.5HIL1 2519 269.5 280.5 324.7 20.0
PVC/5H1L1 253.5 272.3 283.0 327.2 21.1
PVC/7.5HI1L1 253.1 270.7 281.3 328.8 21.7
PVC/10H1L1 255.5 272.7 283.9 330.0 239
PVC/2.5H5L1 249.5 269.3 279.7 324.6 19.8
PVC/5H5L1 243.1 263.3 276.6 321.3 20.6
PVC/7.5H5L1 2423 264.0 2759 322.0 22.3
PVC/10H5L1 242.3 264.7 276 323.6 24.3

Moreover, the thermal stability of these composites decreased as the amount of the
filler in the polymer matrix increased. The reason for this behavior may be the different
thermal conductivity of the mineral filler, which accelerated heat transfer to the PVC
macromolecules and consequently resulted in lower thermal stability. Another explanation
for this phenomenon may be the influence of the mineral filler on the processing effects
of PVC blends which may also result in a deterioration of the thermal stability of the
composites. Of note, a slight decrease in Tse, and Tsge, values caused by the loading of the
mineral filler in the form of nanoclays in the concentration of 6 phr in rigid PVC foams was
determined by Moghri et al. [77].

Summarizing the presented results of the TGA analysis, it can be concluded that
the use of halloysite-lignin hybrid fillers guarantees safe melt processing of composites
without the risk of PVC degradation. Lignin, as a component of the hybrid system, com-
pensates for the negative effect of halloysite on the thermal stability of PVC by showing
a protective effect on the polymer when its content in the system is greater or the same
as for the mineral filler. Thus, the negative impact of the mineral component on thermal
stability visible in the initial step of decomposition, which is important from the point
of view of safe PVC processing, can be reduced by its combination/hybridization with
lignin. A similar protective effect against accelerated decomposition in the presence of
inorganic fillers, i.e., 5iO, and Mg(OH),, was described in our earlier works [41-43]. The
reduction in HCl release during the pyrolysis of PVC with the biomass materials due to the
presence of lignin as a component of biomass was reported by Zhou et al. It was concluded
that biomass component materials and /or bio-char could act as catalysts that inhibit the
dehydrochlorination process or promote the chain scission of PVC [78].

Figure 6 shows the thermal stability time determined by the Congo red method of
PVC and PVC-based composites as a function of the filler content. Composites of PVC with
lignin and with hybrid filler HIL5 and H1L1 had a much longer time of thermal stability
compared to unmodified PVC, and the higher the lignin content in the hybrid filler, the
longer this time. The increase in the thermal stability time was the highest when lignin
alone was used; introducing only 2.5 wt% of lignin into the PVC matrix resulted in more
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than a two-fold extension of this time. Increasing the concentration of lignin and HI1L5 and
H1L1 hybrid fillers to 10 wt% resulted in a systematic extension of the thermal stability
time to approximately 62 min in the case of PVC/L composite and, respectively, up to
58 min and 40 min in the case of PVC/HI1L5 and PVC/H1L1 composites. A similar effect
was found in our earlier works [41-43], where the presence of the lignin component in
hybrid materials, both with silica and with Mg(OH),, had a significantly beneficial effect
on the results determined by the Congo red test thermal stability of composites based
on unplasticized PVC matrix. The introduction of the Mg(OH), /lignin filler to the PVC
matrix in the amounts of 7.5 wt% and 10 wt% led to higher temperature stability compared
to unfilled PVC by 29 min and 41 min, respectively [43]. With the same filler content,
PVC/SiO,-lignin composites were also characterized by more than twice as high thermal
stability compared to unfilled PVC [41]. In both cases, the improvement in thermal stability
was greatest when the filler was native lignin; the time of thermal stability was then three
times longer compared to neat PVC.
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Figure 6. Thermal stability of PVC and PVC-based composites vs. filler content: lignin, halloysite
and halloysite-lignin hybrid materials.

This effect was explained by the reaction between methoxy groups in phenolic rings
in lignin and the hydrogen chloride released from PVC, which leads to chloromethane
formation, as proposed by Czegeny et al. [79]. The increase in PVC thermal stability related
to the introduction of lignin into the matrix as a component of the hybrid filler was also
reported by Zhang et al. [39]. Here, the static thermal stability of PVC with mechanically
activated lignin was 85.7% higher than that of pure PVC, probably due to the improvement
in dispersion and the compatibility of lignin rigid particles with PVC that is related to
their mechanical activation. Additionally, the complex consisting of mechanically activated
lignin and magnesium borate hydrate showed a synergistic effect of improvement in
thermal stability, as the PVC composite exhibited a thermal stability time 466% higher than
that of pure PVC, indicating that this novel additive effectively inhibited the generation of
HCI from the thermal decomposition of PVC. Zhao et al. [80] confirmed that the addition
of lignin improved the thermal stability of PVC but noted that, simultaneously, this led to
substantial deterioration of the mechanical properties. The solution to this problem was
the modification of lignin by the esterification method, which made it possible to obtain
PVC composites with satisfactory mechanical and thermal properties.

The incorporation of a hybrid filler to the PVC matrix with a halloysite to lignin
ratio of 5:1 makes the time of thermal stability of composites and pure PVC practically
comparable, regardless of the H5L1 filler concentration used. When raw halloysite with
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a concentration of 2.5 wt% was used, a slight deterioration in the time of PVC thermal
stability was observed. However, we found that an increase in the halloysite content
results in further deterioration of the thermal stability to 10 min (by 44%) for 10 wt% filler
content in the matrix. The effect of reducing the thermal stability of composites due to
the introduction of halloysite from the Dunino mine was seen in our earlier work [81] and
explained by the presence of impurities, among others, iron oxides (iron (II) and iron (III)).

The introduction of lignin as a component of the hybrid filler is an effective approach
to eliminating the problem of the negative influence of the mineral filler on the thermal sta-
bility of PVC and allows us to increase the application potential of PVC/halloysite-lignin
composites. The time of thermal stability found in our research, which in the case of
composites containing 10 wt% of each type of hybrid filler, exceeds 20 min and is suffi-
cient for the safe processing of PVC composites in the molten state without the risk of
polymer degradation.

It should be added that the thermal stability of the produced composites depends
significantly on the composition of the basic PVC blend. In PVC processing, a broad
assortment of thermal stabilizers are applied to avoid the degradation of the polymer, and
the selection of an appropriate one to meet the user-specified criteria is quite a complex
task and very important in the case of PVC composite production.

Figure 7 shows the VST of PVC composites as a function of filler content. The incorpo-
ration of fillers into the PVC matrix, regardless of the type, causes a slight increase in the
Vicat softening temperature of the composites compared to pure PVC. The higher the value
of this temperature, the higher the filler concentration.

88
—e—PVC/HILS

g —e—PVC/H1LA
—e—PVC/HS5L1
—s—PVCIL

—e—PVC/H

78

0 2 E 6 8 10

Filler content (wt%)

Figure 7. The Vicat softening temperature of PVC and PVC-based composites vs. filler content.

Comparing the influence of individual hybrid filler components on softening temper-
ature, halloysite is more effective in this regard than lignin; a 10 wt% concentration of this
mineral in the matrix results in a 3.5 °C increase in VST values, while the same content of lignin
results in a 2.7 °C increase. The highest softening temperature values are seen in composites
containing filler with a halloysite-lignin ratio such as 5:1. Here, the increase in the VST value
of the PVC/10 H5L1 composite compared to the unmodified matrix is 4.5 °C.

A similarly favorable softening temperature value was recorded for PVC/H1L1 com-
posites, especially when the filler concentration was more than 5 wt%. Based on the analysis
of the results shown in Figure 7, it can be concluded that the introduction of a hybrid filler
into the PVC matrix with both equal proportions of halloysite and lignin and a dominant
proportion of halloysite relative to lignin leads to a synergistic effect of improving the
softening temperature.

122:32976693



Materials 2022, 15, 8102 16 of 25

The obtained effect of increasing the softening point, allowing for a potential extension
of the scope of application of composites at increased temperature, especially in construction
products, was also found in our earlier work [41]. The observed effect of the visible increase
in the VST value was related to the incorporation of 7.5 wt% of silica and silica-lignin filler
into the PVC matrix; VST values were higher in comparison with the origin PVC sample by
as much as 10 °C in the case of PVC/silica-lignin and 14 °C for the PVC/silica composites.

3.2.3. Mechanical Properties

Figure 8a,b show the DMA thermograms obtained for PVC and composites containing
10 wt% of the fillers of all kinds. The values of the storage modulus (E’) determined at
temperatures of 30 °C, 50 °C and 70 °C, as well as the glass transition temperature (Ty)
values, are summarized for all tested materials in Table 4.

The introduction of fillers in the form of halloysite, lignin and a halloysite-lignin
hybrid filler caused an increase in the values of the storage modulus compared to PVC.
Herein, the E’ values increasd as the filler concentration increased to 10 wt% in the matrix.
The highest E’ values were recorded for composites with halloysite, indicating that the
introduction of this filler into the matrix caused the greatest stiffness effect. The modulus
values determined for PVC/10H are 4027 MPa, 3828 MPa and 3234 MPa, respectively,
and are as much as 27-32% higher compared to the E’ values for PVC in the range up to
70 °C. The composites with lignin and hybrid fillers, regardless of the proportions of the
two components, showed storage modulus values lower than PVC/H, with a different
relationship of E” as a function of concentration. In the case of PVC/L composites, the
storage modulus initially increased to 3514 MPa as the lignin concentration increased to
5 wt% and practically did not change with further filler increased to 7.5 wt% and 10 wt%.
The E’ moduli of PVC/H1L1 and PVC/H1L5 composites containing 2.5 wt% and 5 wt%
filler were in the range of approximately 3190 MPa to 3250 MPa, after which their value
increased by approximately 500 MPa for composites with 7.5 wt% and 10 wt% loading of
filler, falling in the range of 3702-3749 MPa. An increase in the concentration of halloysite
and filler with the dominant portion of halloysite (H5L1) caused a systematic increase in
the value of the E" modulus.

0.6
4000 —— PVC/MOHA1L5 —— PVCIMOHIL5
1 = —— PVCMOHAL1 —— PVC/MOH1L1
—— PVCMOHS5L1 ——PVC/MOH5L1
—— PVC/M0L —— PVCHMOL
3000 ——PVC/MOH l ——PVC/M0H
——PVC s —— PVC
T
s 2
= 2000 8
L
1000 -
0 T T T T T T 5 T T T T o T
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature (°C) Temperature (°C)
(@) (b)

Figure 8. DMA thermograms of PVC and PVC composites with 10 wt% of fillers: storage modulus
(a) and loss factor (b).
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Table 4. The storage modulus (E’) and glass transition temperature (Tg) of PVC and PVC composites.

E’ (MPa)
Sample Name Tg (°C)
30°C 50 °C 70 °C

PVC 3136 2979 2548 947
PVC/2.5H 3263 3120 2712 92.6
PVC/5H 3698 3525 3066 92.9
PVC/7.5H 3764 3616 3189 93.7
PVC/10H 4027 3828 3234 92.7
PVC/2.5L 3265 3063 2733 93.9
PVC/5L 3514 3341 2823 94.3
PVC/7.5L 3582 3389 2888 94.7
PVC/10L 3565 3379 2938 94.5
PVC/2.5H1L5 3191 3043 2613 93.9
PVC/5H1L5 3229 3056 2638 94.5
PVC/7.5H1L5 3709 3523 3086 96.7
PVC/10H1L5 3747 3548 3056 94.4
PVC/2.5HIL1 3213 3063 2676 94.0
PVC/5H1L1 3249 3085 2674 944
PVC/7.5H1L1 3702 3525 3044 95.9
PVC/10H1L1 3749 3546 3049 95.7
PVC/2.5H5L1 3209 3054 2729 94.1
PVC/5H5L1 3360 3202 2763 93.7
PVC/7.5H5L1 3463 3281 2749 95.7
PVC/10H5L1 3795 3605 3128 94.7

The decrease in storage modulus in the temperature range from 30 °C to 70 °C was the
smallest compared to PVC and the other composites with a halloysite and halloysite-lignin
5:1 wt/wt system, regardless of the filler concentration in the matrix; at 2.5 wt% concen-
tration, the E’ value of PVC/H5L1 composites decreased by 17%, while that of PVC/H
decreased by 19.4%. At the same filler content, the decrease in the modulus values of
PVC/L and PVC/HI1L5 samples was slightly greater than for PVC, for which a 20.3% de-
crease in E’ was recorded. It should be added that the decrease in the stiffness of composites
with increasing temperature was greater the higher the filler content in the matrix, but in
each case, the decrease in the E’ values of composites with 10 wt% filler content was smaller
than that for PVC. This behavior allows us to claim that PVC/HL composites are better
materials for the production of elements that should maintain stiffness.

Based on the analysis of the glass transition temperature values taken as values
of the temperature in which the loss factor reveals the maximum value (Figure 8b) of
the different composite materials, the fillers had no significant effect on changing the
temperature range of the glass transition. The introduction of halloysite into the PVC matrix
resulted in lower Tg values by approximately 1-2.1 °C, while in the case of PVC/L, these
values were similar to those of PVC. The lower or unchanged glass transition temperature
values compared to neat PVC were recorded for composites with hybrid fillers. Only
in the case of composite samples containing 7.5 wt% halloysite-lignin fillers alone, and,
additionally, in the PVC/10H1L1 sample, the Ty value was higher by approximately
1-2 °C compared to PVC. It should be added, however, that the differences in Tg values
of all composites and unfilled PVC were no greater than 2.2%. Based on this, it can be
concluded that halloysite-lignin hybrid filler does not significantly alter the mobility of
PVC macromolecules.

Figure 9 shows exemplary stress—strain curves for PVC and PVC composites with
different loading of halloysite-lignin hybrid filler of equal content of both components. The
mechanical properties determined based on the static tensile tests, i.e., Young’s modulus
(Ey), stress at yield point (oy), tensile strength (o)) and strain at break (eg) for all samples
PVC and PVC composites, are summarized in Table 5.

124:88336472



Materials 2022, 15, 8102

18 of 25

80

60
©
o
Z ——PVC/2.5H1L1
S 40 il -
b ——PVC/5H1L1
E —— PVC/7.5H1L1
7 ——— PVC/10H1L1

——PVC
20 4
0 T T T
0 10 20 30
Elongation (%)

Figure 9. Representative stress—strain curves from the tensile test for the PVC and PVC composites

with various concentrations of halloysite-lignin hybrid filler (1:1 wt/wt).
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Table 5.
halloysite-lignin hybrid fillers.

Mechanical properties of PVC and PVC composites with halloysite, lignin and

Sample acy (kJ/m?) E; (MPa) oy (MPa) om (MPa) eg (%)
PVC 15.6 £ 1.6 1630 + 15.2 65.6 £ 10.8 65.6 +£10.5 223+ 12
PVC/2.5H 30.0 £ 5.7 1690 + 19.5 58.6 + 0.7 58.6 + 0.7 174.7 4+ 40.1
PVC/5H 15.6 £ 3.0 1740 £ 12.7 58.8 +£ 0.3 58.8 £0.3 533 £5.2
PVC/7.5H 82+1.1 1800 + 12.2 58.9 £ 0.6 589 + 0.5 69+14
PVC/10H 6.1+1.1 1840 + 13.4 57.7 £ 0.5 57.7 +£ 0.5 6.8+ 1.6
PVC/2.5L 18.7 £ 0.9 1620 + 10.7 56.1 £ 0.4 56.1 +£ 0.4 47.8 £ 31.0
PVC/5L 17.6 £ 1.0 1620 4+ 23.3 512+ 1.1 51.3 +£1.1 88+1.0
PVC/7.5L 16.1 +2.3 1690 + 8.9 52.8 + 0.4 52.8 + 0.4 164 +7.1
PVC/10L 116+ 18 1730 £ 11.2 53.6 £ 0.5 53.6 £ 0.5 8.1+24
PVC/2.5H1L5 212435 1800 £ 26.1 60.7 £ 0.8 60.7 £ 0.8 446 +31.4
PVC/5H1L5 16.8 £2.2 1830 + 8.4 57.3+0.2 573+ 0.2 11.0+ 4.6
PVC/7.5H1L5 11.7 + 1.6 1880 + 23.6 56.3 + 0.7 56.3 + 0.7 104+ 1.0
PVC/10H1L5 11.0+ 18 1860 + 40.5 - 520+ 1.6 47 +09
PVC/2.5H1L1 234 +3.1 1800 + 16.1 61.1+ 0.6 61.1+ 0.6 45+79
PVC/5H1L1 141+24 1680 + 22.3 56.4 +4.1 56.4 +4.1 103 +4.3
PVC/7.5H1L1 95+1.6 1700 £+ 35.1 - 51.5+0.9 59+19
PVC/10H1L1 594+ 07 1760 + 10.6 - 50.5+ 1.6 47+0.8
PVC/2.5H5L1 19.5+29 1640 + 14.3 573+ 07 573+ 0.7 49.8 £+ 34.1
PVC/5H5L1 151+13 1710 + 14.2 56.8 £ 0.7 56.8 £ 0.7 19.6 £ 6.3
PVC/7.5H5L1 143+ 24 1770 + 17.5 56.8 + 0.5 56.8 + 0.5 119+35
PVC/10H5L1 9.3+ 09 1800 + 10.3 - 554+ 0.9 52+0.8

In the case of neat PVC and PVC composites containing 2.5 wt% and 5 wt% of H1L1
filler, plastic deformation with a ductile-type fracture is present. There is a clear yield point
on the curves, and the stress value at this point is the same as the tensile strength (dy = dy).

For PVC composites containing halloysite and lignin, over the entire range of concen-
trations used, as well as for hybrid fillers with component ratios of 1:5 and 5:1 introduced
into the matrix at concentrations up to 7.5 wt%, similar stress—strain behavior is observed.
An increase in the concentration of H1L5 and H5L1 fillers up to 10 wt% changes the fracture
behavior to brittle-like; no yield point is observed on the curves. This fracture character
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appears in PVC/HI1L1 composites with as low as 7.5 wt% filler content. It should be added
that the tensile strength of PVC composites is lower than the 8y value of unmodified PVC.
PVC/H1L1 composites with 7.5 wt% and 10 wt% filler exhibit the lowest tensile strength,
their values being 15 MPa lower than those of PVC.

A similar effect of a transformation from ductile to brittle-like fracture was found in
our previous work [41] and was related to the introduction of a silica-lignin hybrid filler
into the PVC matrix at concentrations equal to 5 wt% and higher.

The values of E; show that the incorporation of halloysite and hybrid fillers, regardless
of their composition and concentration in the matrix, leads to improvement in Young’s
modulus compared to pristine PVC. The addition of 2.5 wt% and 5 wt% lignin causes in-
significant deterioration in E;, but with a further increase in filler concentration, an increase
in modulus is observed, the value of which for PVC/7.5L and PVC/10L composites is
higher than that of pure PVC. The PVC/HIL5 composite samples have the highest modu-
lus, with values in the range of 1800-1880 MPa and, therefore, 10-15% higher compared to
PVC (1630 MPa). Thus, the fillers proposed in our study (in addition to lignin used in low
concentrations) cause a slight stiffening of the PVC composites.

The effect of stiffness enhancement, already observed at a filler concentration of
2.5 wt%, especially in the case of PVC/H1L1 and PVC/HI1LS5, is accompanied by an almost
two-fold increase in the value of elongation at break. Similar values of ¢p are exhibited
by samples with the same filler content of H5L1, although the value of Young’s modulus,
in this case, is practically the same as that of the PVC samples. A particularly high value
of elongation at break can be found when stretching composites containing 2.5 wt% and
5 wt% halloysites; the value of ep in these cases is almost 8 times and 2.5 times higher than
the elongation of pure PVC.

For all composite samples, elongation at break decreases with increasing filler concen-
tration to 10 wt%, as reported in many works on polymer composites with natural and
mineral fillers, including lignin-based hybrid fillers [41,43,82-84].

The high values of elongation at break found for composites with all types of fillers at
the lowest concentration used are accompanied by high values of Charpy impact strength
(see Table 5).

For composites with 2.5 wt% halloysite content, the impact strength is almost double
compared to the a.y value for neat PVC, which is 15.6 k] / m2. Composites with the same
content of hybrid fillers have impact strengths ranging from 19.5 k] /m? for samples with
H5L1 filler to 23.4 k] /m? for samples with H1L1 filler; these values are approximately 4%
to 25% higher compared to the impact strength of PVC/2.5L composites.

The increase in impact strength of the composite samples with a concomitant increase
in elasticity found on the basis of a tensile test may indicate a toughness effect related
to the introduction of a small amount of both halloysite-lignin hybrid fillers and single
components into the matrix. At the same time, in the case of PVC/H1L1 and PVC/HI1L5
composites, an increase of 10% in Young’s modulus values was found, recorded already at
2.5 wt% filler content, testifying to a slight increase in stiffness compared to unmodified
PVC. The two effects (reinforcement-toughening) related to the introduction of 1 wt% of
calcined halloysite into the PVC matrix were observed in our earlier work [81].

Similarly, as in the case of elongation at break, with the increasing content of all types
of fillers, the impact strength decreased, reaching the lowest value for composites with
10 wt% of the filler, which was 6.1 k] /m? for PVC/10H and 5.9 kJ/m? for PVC/10H1L1,
respectively. For composites with lignin, the reduction in impact strength with increasing
lignin content in the matrix was more gentle; the ay value for PVC/10L samples was
11.6 kJ/m?2. It can be assumed that the increase in impact strength observed at low filler
content was related to their uniform dispersion in the polymer matrix and good adhesion
at the polymerfiller interface. Higher filler content can cause entanglement of lignin fibers
and their partial agglomeration and, in the case of halloysite, agglomeration of particles,
resulting in stress accumulation [45,47,85].
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3.2.4. Microscope Observations

The SEM images of PVC composites with halloysite-lignin hybrid fillers with different
ratios of the two components and with lignin and halloysite separately (see Figures 10
and 11) show a layer structure of fracture surface, characteristic of gelated PVC. No inclu-
sion of PVC-grain elements is observed, indicating a complete fusion of the polymer matrix
in correctly selected conditions of processing.

127:27850937

Figure 10. SEM images for PVC with 5 wt% of halloysite-lignin hybrid materials with the following
component proportions: 1:5 wt/wt (a—c), 1:1 wt/wt (d-f) and 5:1 wt/wt (g—i).
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Figure 11. SEM images for PVC with 5 wt% of lignin (a—c) and halloysite (d—f) at different magnifications.

The individual particles of the halloysite-lignin hybrid filler are visible in the SEM
micrographs, and their number and size depend on the proportion of the two components
of the hybrid filler. On the fracture surface of the PVC sample containing filler with the
proportion of halloysite-lignin 1:5 wt/wt (Figure 10a—c), more dark-colored particles of
varying sizes of approximately 10 um to 50 um are visible. These are, probably, agglomer-
ates of individual smaller particles and are characterized by uneven shapes and surfaces.
It should be added that particles of smaller sizes are evenly distributed on the surface of
the fracture. Additionally, light-colored particles are visible with a size of approximately
1-2 um associated with the presence of halloysite, which occurs individually, or on the
surface of lignin particles, which is clearly visible in Figure 10c. The lower the proportion
of lignin in the hybrid filler, the lesser the number of dark-colored particles, but individual
agglomerates with a size and shape similar to the case of the PVC/HIL5 sample are visible
(see Figure 10d-i). It may be seen that these particles are stably “embedded” in the polymer
matrix, and there is no clear polymerfiller interfacial boundary, as seen in the image of
the PVC/L sample shown in Figure 11a—c. The spherical lignin particles with a size of
10-20 um and a smooth surface are evenly distributed on the surface of the fracture. The
images of the PVC/H sample (see Figure 11d—f) show individual halloysite agglomerates
with a length of approximately 20 um, around which voids are visible. Their presence may
indicate insufficient adhesion at the polymer—halloysite phase boundary.

4. Conclusions

Functional halloysite-lignin hybrid materials were designed and produced. Pristine
components were used for their production, i.e., halloysite and lignin, between which, as a
result of the use of a mortar grinder and a planetary ball mill, weak physical interactions
in the form of hydrogen bonds were generated. This is evidenced by slight shifts in the
absorption maxima of individual bands, visible in the analysis of FTIR spectra. In this way,



Materials 2022, 15, 8102

22 of 25

References

class I hybrid materials were created. Moreover, the obtained materials are characterized
by reasonably good homogeneity, as evidenced by the analysis of SEM images and the
results of particle size distributions. Additionally, the hybrids have relatively good thermal
stability, especially in the initial temperature range. All used hybrid fillers also show good
electrokinetic stability over a wide pH range.

Processing rigid PVC with halloysite-lignin hybrid systems with a content of up
to 10 wt% by the kneading method allowed us to obtain composites with a relatively
homogeneous structure confirmed by SEM observations. The evident influence of HL
systems in the concentration of 2.5 wt% on the PVC gelation properties was found.

For all PVC/HL composites, a slight enhancement of Young’s modulus compared
to neat PVC was found. Moreover, samples containing 2.5 wt% of HL filler were noted
to be characterized by twice the elongation at break, which, in combination with the
high impact strength value, may provide information regarding the toughness effect and
signifies uniform dispersion of HL systems in the PVC matrix as well as good adhesion at
the polymerfiller interface. Thus, these materials can be used as impact modifiers that do
not cause a decrease in stiffness, unlike plasticizers or lubricants.

The hybrid systems with a halloysite to lignin ratio such as 5:1 appear to be optimal
for use as PVC filler. The favorable processing, as well as thermal properties (especially
VST) and also mechanical properties of the produced composites, are guaranteed already
by 2.5 wt% content of this material while ensuring the possibility of safe processing without
the risk of degradation.

The beneficial effect of lignin as a component of the hybrid filler in the system with
halloysite on the properties of rigid PVC is the rationale for further research on the use
of biomass for the production of hybrid fillers with a mineral component. The use of
lignocellulosic waste biomass as a low-value byproduct from various industrial sectors
combined with a mineral component derived from natural deposits might be an eco-
efficient solution for the sector of new composite materials with favorable processing and
performance properties.
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Abstract: Chemical modification of the surface of halloysite nanotubes (HNT) by alkalization (with
sodium hydroxide (NaOH)) and grafting with silanes (bis(trimethylsilyl)amine (HMDS)) was carried
out. The efficiency of the alkalization and grafting process was evaluated by X-ray diffraction
(XRD), Fourier—transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
the nitrogen adsorption method were used. XRD and FTIR analysis confirmed the formation of
bonds of trimethylsilyl groups to the HNT surface which changed the nature of the surface from
hydrophilic to hydrophobic. In addition, it was noted that grafting with silanes decreases by 7.2% the
specific surface area of the halloysite compared to the alkalized material. High—density polyethylene
(HDPE) composites with halloysite (HNT), alkalized halloysite (alk-HNT), and HMDS-modified
halloysite (m—HNT) were processed in the molten state in a Brabender mixer chamber. On SEM/EDS
micrographs of HDPE composites with silanized HNT, a change in surface characteristics from smooth
to ductile was observed. Higher melting point values based on differential scanning calorimetry
(DSC) analysis of HDPE composites with 5%wt silanized halloysite in comparison with HNT and
alk-HNT of, respectively, 2.2% and 1.4% were found, which indicates a slight beneficial influence of
the filler on the quality of ordering of the crystalline phase of the matrix.

Keywords: halloysite; high—density polyethylene; silanization; structure properties

1. Introduction

The polymer plastics industry is continuously growing; in 2022, global production of
these materials amounted to 400.3 million tons, of which polyolefins accounted for more
than 45%. In terms of the volume of consumption, this group of plastics is dominated by
different varieties of polyethylenes, which are widely used in the packaging, automotive,
construction, and everyday objects industries [1]. Such ubiquity of applications implies
that despite efforts to segregate post—consumer waste, environmental pollution with these
plastics continues to grow. There is a growing need for effective waste management,
especially of polyethylene, so intensive research on recycling and recovery of this material is
being conducted [2-4]. Research on the production of new composite plastics using recycled
polyethylene in combination with natural fillers is important in terms of environmental
performance [5-7]. Particular research attention is focused on the production of bio—based
packaging, which contains natural fillers in addition to polymers [8,9]. Materials research
is relevant to the potential use of high—density polyethylene (HDPE) with natural fillers as
materials in the seafood packaging industry with beneficial properties [10,11].

The most important factors affecting the properties of both recycled and virgin pellet
matrix composites include origin, aspect ratio, size, and filler content [12]. The interfacial
interactions between the filler and the polymer and the degree of dispersion of the filler in
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the polymer matrix are also relevant. The main problem of manufacturing polyolefin matrix
composites with natural fillers is the compatibility between the hydrophobic polymer
matrix and the highly hydrophilic surface of natural fillers [13-15]. In this connection,
research is continuing to develop easily dispersible inorganic compounds or to modify the
surface of commonly used fillers [16].

In order to improve interactions at the polyethylene—filler interface, compatibilizers
that lead to favorable dispersion of particles in the matrix are used [17,18]. Singh et al. [19]
found that the introduction of a compatibilizer such as maleic anhydride grafted with
polyethylene into HDPE composites with halloysite nanotubes (HNTs) contributes to an
increase in interfacial adhesion, which favorably increases thermal stability. The strength-
ening effect was negligible in that case, which was explained by the deformation of HNTs
due to shear forces during processing.

Halloysite is a double-layered mineral belonging to the kaolin group; it has gained
recognition due to its large specific surface area, free spaces inside the structure, and the
differentiated structure of the individual layers. Its distinctive property is the presence
of water between adjacent tetrahedral and octahedral layers. Halloysite may be found as
plates, tubes, and/or mixed structures. The outer surface of halloysite consists of Si-O-5i
siloxane groups and Si—OH silanol groups, while the inner surface is made up of AI-OH
groups [20-23]. The material generally shows good dispersion in the polymer matrix,
even in an unmodified form, but when at higher concentrations (>10% by weight), it can
form agglomerates [24,25]. Another major limitation of halloysite applications involves
insufficient adhesion between the outer, negatively charged surface of the nanotubes and
non-polar polymers, especially polyolefins, which can, however, be improved by modifying
the mineral surface or using compatibilizers [26,27].

One effective method for chemical modification of the external surface of HNTs
involves the application of silane coupling agents [28,29]. A two-step method is also used,
involving initial activation of the surface with acids/alkalis to eliminate impurities and
increase the specific surface area of the material [30-32], followed in the second step, i.e.,
grafting with silanes [12,33]. Sun et al. [34,35] found that the activation of the surface of
halloysite nanotubes with acids and alkalis prior to grafting with silanes contributed to
increased reactivity of their surface, resulting in increased strength and thermal resistance
of epoxy resins containing modified HNTs. In contrast, physical modification of halloysite
leads to van der Waals interactions, hydrogen bonds, or electrostatic forces with the polymer
matrix. Wang et al. [36,37] carried out a physical modification method for bamboo fibers
through impregnation with inorganic CaCO3 nanoparticles. They found that impregnating
the fibers was an effective way to improve the interfacial interactions between them and
the HDPE matrix, which resulted in improved tensile properties. Carrera et al. [38], for
their part, used polyvinyl alcohol-modified montmorillonite as a filler for HDPE films.
They reported improved thermal properties and reduced CO, permeability compared to
pure HDPE.

The use of halloysite nanotubes as HDPE fillers has been reported in the litera-
ture [19,39-41], with unmodified filler being the most commonly used. Despite the presence
of numerous HNT agglomerates in the matrix, an increase in the elastic modulus [41] and
heat resistance of the polymer was found [40]. In addition, a recent literature report
indicates the potential application of HNTs for packaging production [42].

There are many reports regarding surface modification of halloysite nanotubes by alka-
lization [43-45] and silanization using vinyltrimethoxysilane [46], (N,N-dimethylaminopropyl)
trimethoxysilane [47], 3-aminopropyltriethoxysilane [48], (3-glycidyloxypropyl)
trimethoxysilane [49], 3—methacryloxypropyltrimethoxy [50], and (3—Mercaptopropyl)
trimethoxy silane [51]. Studies where alkalization and silanization are used simultane-
ously using sodium hydroxide and 2—(3,4—epoxycyclohexyl) ethyltriethoxysilane [52] are
also available. On the other hand, hexamethyldisilazane (HMDS) was used for surface
modification of anodic aluminum oxide [53], nanoclay [54], and organoclays [55].
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In contrast, the two-step halloysite surface modification by alkalization and grafting
with hexamethyldisilazane and the use of functionalized material as a filler for waste—
derived high—density polyethylene have not yet been described. The expected result of
the modification of HNTs is to obtain a favorable structure and, consequently, functional
properties of HDPE composites associated with a homogeneous dispersion and increase
in the interactions between polymer and filler. The effectiveness of modified HNTs as
high-density polyethylene nanofillers was evaluated based on structure studies of HDPE
composites. Comparative studies of polyethylene composites modified with alkalized
halloysite were also carried out.

2. Materials and Methods
2.1. Materials

High-density polyethylene (HDPE) Tipelin BA 55013 by Tiszai Vegyi Kombinat Nyrt
(Tiszaujvaros, Hungary) from the waste of thin—-walled pipes generated in the milling
(MFR190 °c/21 kg/8/2 = 392 g/10 min, density 0.946 g/ cm?®) was used to prepare the com-
posites. As the filler, halloysite nanoclays (HNT) (linear pattern: AlySi;O5(OH)4-2H,0)
purchased from Merck (Darmstadt, Germany), (CAS number 1332-58-7) with a molecular
weight of 294.19 g/mol were used. Hexamethyldisilazane (HMDS), ([(CH3)3Si],NH) with
99% purity and Mw = 161.39 g/mol (CAS Number 999-97-3), purchased from Merck
(Germany), sodium hydroxide (NaOH) and toluene (C¢HsCHj3) purchased from Sfere Sim
(Lviv, Ukraine) were used for HNT modification. All of the chemical reagents were used
without further purification.

2.2. HNTs Modification
2.2.1. Alkali Treatment

Sodium hydroxide is a commonly used alkali for surface hydroxylation and thinning
the walls of HNTs. The HNTs (50 g) were dispersed in distilled water (410 mL) and NaOH
(0.24 g) was added to the suspension. The mixture was stirred with a magnetic stirrer
for 5 h at room temperature. The resulting solid phase of alkali-treated HNTs was then
filtered and washed several times with water to pH 7 and separated by centrifugation. The
prepared alk-HNT was dried at 110 °C for 2 h.

2.2.2. Modification of HNTs by Hexamethyldisilazane (HMDS)

The grafting of hexamethyldisilazane to alk-HNTs’ surface was conducted following
the procedure. First, 5 mL of HMDS was dispersed in 100 mL of toluene for 1 h. The 17 g
alk-HNT sample was added to the HMDS/toluene solution and suspension was refluxed at
60 °C for 4 h under constant stirring and 4 h without heating. Toluene was chosen because
it is the best solvent according to [51]. The modified powder was filtered and washed
with toluene a few times to remove the HMDS excess. Then the hexamethyldisilazane—
modified HNTs were dried for 2 h at 110 °C to remove surface-adsorbed moisture. The
HMDS amount, necessary for uniform distribution onto the HNTs” surface, was calculated
according to Equation (1):

m(HMDS) [g] = m(HNTs) x S(HNTs)/SSW(HMDS) (1)

where m(HMDS) is mass of HMDS, g; m(HNTs) is mass of HNTs, g; S(HNTs) is surface area
of HNTs, S = 64 m? g_l (according to Sigma-Aldrich, St. Louis, MO, USA); SSW(HMDS) is
specific wetting surface of HMDS, SSW = 485 m?g~!. The scheme of hydrophobic surface
modification of the HNTs through hexamethyldisilazane (HMDS) grifting is depicted in
Figure 1.
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Figure 1. Scheme of possible hydrophobic surface modification of the HNTs through hexamethyl-
disilazane (HMDS) grafting.

2.3. Characterization Methods of HNTs and Modified HN'Ts

X-ray patterns were recorded on a STOE STADI P diffractometer (Darmstadt, Ger-
many) with a Cu ko anode (A = 0.154 nm) in the range of angles 20 = 4-100°. Determination
of the peak positions on the diffraction patterns was performed using Rietveld analysis.
The X-ray diffraction allows us to determine the phase composition of crystalline samples.

The specific surface area was determined by the multipoint Brunauer-Emmett-Teller
method (BET) using Micromeritics” Gemini VI instrument. Samples were desorbed at
110 °C for 8 h in helium flow before measurement.

Infrared spectra (IR) were recorded with a Specord M80 spectrophotometer (Carl Zeiss,
Oberkochen, Germany). The samples were ground with KBr in a 1:100 ratio and pressed
into pellets. The IR spectra were recorded in the frequency range 400-4000 cm ! (number
of scans: 64).

Air—dried, uncoated samples were examined by scanning electron microscopy (SEM)
using a variable pressure field emission scanning electron microscope (FEI Quanta 200).

2.4. Preparation of HDPE/HNT, HDPE/alk—-HNT, HDPE/m—HNT Composites

Halloysite powders were kept in a vacuum oven at 80 °C for 24 h to remove ab-
sorbed moisture before mixing. Mixtures of polyethylene successively with the halloysite
(HDPE/HNT), the alkalized halloysite (HDPE/alk—-HNT), and the HMDS-modified hal-
loysite (HDPE/m-HNT) were prepared by mixing with the use of a high shear mixer. The
weight percentage of fillers in HDPE mixtures was 1 wt%, 3 wt%, and 5 wt%. The mixtures
were processed in the plasticized state by kneading in the chamber of a Brabender FDO
234H type plastographometer with a wall temperature of 185 °C, using a rotation speed
of the main rotor of 30 min~!, with a friction of 1:1.5. The kneading duration was 15 min.
Unfilled HDPE was processed under identical conditions.

The plasticized materials were pressed at 185 °C at a pressure of 20 MPa using a
hydraulic press to obtain moldings of 100 mm x 100 mm in size with a thickness of 2 and
4 mm, which were subjected to colorimetric tests after visual evaluation. The composition
of the mixtures and their determinations are shown in Table 1.

137:77911468
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Table 1. Composition and determination of high—density polyethylene (HDPE) composites.

Sample Filler Type Filler Content, wt%
HDPE 0
HDPE/1HNT 1
HDPE/3HNT raw halloysite (HNT) 3
HDPE/5HNT 5
HDPE/1alk-HNT 1
HDPE /3alk-HNT alkalized halloysite 3
HDPE/5alk-HNT 5
HDPE/1m-HNT 1
o/ lemetybiyame ;
HDPE/5m-HNT 5

2.5. Testing Methods of HDPE/HNTs Composites

The structure of prepared composites was determined using Fourier-transform in-
frared spectroscopy (FTIR). The study was carried out using an Alpha apparatus from
Bruker, by the ATR (reflective) technique, in the range of 4000-500 cm !, 40 scans at a
resolution of 4 cm~! were applied.

The morphology of prepared composites was characterized by a scanning electron
microscope Quanta FEG 250 (FEI) in low vacuum conditions at a pressure of 70 Pa with a
beam energy of 10 keV. EDS analysis was realized with an electron beam energy of 20 keV
using an EDS Octane SDD detector (EDAX).

Determination of the color of the composites was carried out with a Chroma Meter
CR—410 Konica Minolta (Japan) colorimeter using a D65 light source, a 10° observer on
the CIE L*a*b* scale. On this scale, L* denotes the brightness (0-100), a* the proportion of
red/green color (—150-150), and b* the proportion of yellow /blue color (—150-150). The
color measurement of each sample was repeated 3 times.

From the color parameters L*a*b*, the color differences of the obtained HDPE/HNTs
composites were determined using the following formula:

AE =/ (AL")? + (Aa")2 + (Ab")? @)

where AE is the color difference; L*, a* and b* are color parameters.

The color interpretation was based on the following ranges of AE values [56]:

AE < 1—unrecognizable difference;

1 < AE < 2—difference recognizable only by an experienced observer;

2 < AE < 3.5—difference recognizable by the observer;

3.5 < AE < 5—<clear color difference;

AE > 5—the observer gets the impression of two different colors.

Determined color parameters in the CIELAB system were converted to the RGB color
model [57]. In the RGB color model, red, green, and blue primary colors of light are added
together in various ways to reproduce a broad array of colors. The RGB color parameters
were used to present the effect of filler presence.

The thermal investigations were performed by the differential scanning calorimetry
method (DSC) using the Phoenix DSC 204 F1 Netzsch apparatus in standard conditions.
Samples of 5-8 mg were heated from 20 to 220 °C at a temperature rate of 5 °C/min.

3. Results
3.1. Effects of Halloysite Modification

The effect of alkali treatment and surface modification on the structure of HNTs
was analyzed by XRD. The XRD patterns for raw HNTs, alkali-activated HNTs, and
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HNTs/HMDS are depicted in Figure 2. According to X-ray diffraction analysis, the main
phase in raw HNTs is halloysite—(7 A) AlySipO5(0OH), (JCPDS-29-1487) with a hexagonal
crystal system. It can be seen from Figure 2 that all the samples exhibit a (001) diffraction
peak at 20 = 12.114°, characteristic of the halloysite—(7 A) phase. The other main reflections
are observed at degrees 20 = 12.114; 20.073; 24.572; 35.023; 37.934; 54.547; 62.587, which
are in good agreement with other studies [58,59]. The parameters of the crystal lattice
of raw HNTs are a = 5.133 A and ¢ = 7.160 A. The quartz phase (JCPDS-46-1045) was
in a trace. After alkali treatment and HMDS modification, the pattern of HNTs does not
change significantly. The observed nonsignificant increase in the peak area and intensity
on (001), (100), and (002) plain (inset in Figure 2) is the evidence of the bindings of the
trimethylsilyl groups to the HNTs’ surface [60]. The average apparent crystalline size (D)
has been calculated from the full width at half-maximum (FWHM) of the (001) peak using
the Scherrer equation: D = k-A/[31/,-c0os0], where k is constant (K = 0.9), A is 1.5406 A (Cu
radiation wavelength), 31, is the full width at half-maximum (in radians), and 0 is the
angle at maximum intensity. The calculated average apparent crystalline size of raw HNTs
is 5.9 A, D(alk-HNTs) = 6.5 A, D(m-HNTs) = 6.6 A.

(100)

Intensity (a.u.)

6 9 12 15 18 21 24 27 30
20 (degrees)

' m-HNTs
alk-HNTs

Intensity (a.u.)

HNTs

) I 1 ] i I I i 1 1

10 20 30 40 50 60 70 80 9 100
20 (degrees)

Figure 2. XRD patterns of HNTs before and after alkali treatment and HMDS modification.

The IR spectra of all types of HNTs (Figure 3) show the Al,O-H stretching absorption
bands at 3694 and 3626 cm ™!, each OH-group being bonded to two aluminum atoms [59].
The peaks observed at 906 and 1001 cm~! were also characteristic of all HNTs and are
attributed to the AI-OH and Si—O-Si bonds, respectively [60]. The bands at 792, 749,
and 524 cm~! represent the Si—O-Al bonds. The peaks at 674 cm~! and 412 cm ™! can
be assigned to the AI-OH bonds and Si-O bonds, respectively [61]. The IR spectrum of
HNTs modified with HMDS in the presence of toluene as solvent was changed by the
appearance of new peaks. The spectrum shows new strong bands for HMDS-modified
HNTs at 2920 cm ! and 2850 cm 1. They represent the C-H stretching vibrations that occur
at 2800-3000 cm™!. In the area at 1470-790 cm ! one weak peak appears at 1261 cm™!, which
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corresponds to the Si-CHj3 symmetric deformation [51,53]. These peaks are evidence of
chemical modification of the HNTs’ surface as a result of condensation reaction between the
surface of OH-groups onto HNTs and the trimethylsilyl groups of organosilicon modifier.
The grafting of the (CHj3)3Si—groups to the HNTs’ surface causes their hydrophobic nature.

2920 2850 1}‘51

e

Intensity (a.u.)

412

— HNT
——alk-HNT
—— m-HNT | 906

1001 524

T T T T T

1 . 1 b 1 I I
4000 3500 3000 2500 2000 1500
Wavenumber (cm-T)

T
1000

Figure 3. IR-spectra of HNTs surfaces before and after modification.

The specific surface area of HNTs ranges from 22 to 82 m?g~! [21,44,62], and hal-

loysite with specific surface areas of 32 ng’l [63], 65 ng’l [64] and 64 ng’l [65] was
introduced into the HDPE matrix. Determined by the low—temperature nitrogen sorption
method, the specific surface area of the raw halloysite used in our study was 50.46 m?g 1.
The alkalization carried out before the grafting reaction contributed to increasing the spe-
cific surface area of the halloysite to 72.72 m®g~!. An increase in the specific surface area of
halloysite as a result of alkalization with NaOH was observed by White et al. [45]. They
found that alkalization for 24 and 84 days contributed to an increase in the initial specific
surface area of 24.3 m%g~! by 46%, which was explained by a reduction in the thickness of
the nanotube walls leading to their disruption and disintegration. Treatment with acid or
alkali increases the specific surface area and changes the morphological form of halloysite
due to the removal of impurities, and dissolution of HNT structures leading to the increase
in the internal diameter of the HNTs” lumen and surfaces and pores by the roughness
treatment, as reported in [66,67].

The introduction of HMDS functional groups results in a reduction in the specific
surface area of the halloysite to 67.49 m?g~!, which confirms an efficient silanization
process [31,68]. Similar results were described by Sun et al. [34], who activated the surface
of the halloysite with a mixture of HSO4 and H,O, and then grafted with aminosilanes.
The first washing step increased the specific surface area, while the second step associated
with silanization led to a more than twofold reduction in specific surface area relative to the
alkalized material. Despite the reduction in the specific surface area of HMDS-modified
HNTs samples compared to alkali-treated HNTs, BET values are still higher compared to
unmodified halloysite, which is beneficial to obtain better interaction between HNTs and
HDPE.

The morphology of fillers was characterized by SEM, as shown in Figure 4A-I. The
images of raw halloysite (Figure 4A—-C) show dispersed halloysite nanotubes, which tend

140:67383436
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to form small aggregates with a maximum area of 2 um. The surface of the nanotubes,
with outer diameters ranging from 40 to 80 nm and lengths ranging from 200 to 1000 nm,
is smooth and homogeneous. Based on SEM microphotographs, similar dimensions and
structure have been described in previous articles [15,69,70].

Figure 4. SEM microphotographs of (A—C) raw halloysite, (D-F) alkalized halloysite, (G-I) HMDS-
modified halloysite.

As shown in the image of alkalized halloysite (Figure 4D-F), agglomerates of nan-
otubes ranging from 3 to 4 um were observed. The length of the nanotubes did not change
while their outer diameter increased and ranged from 60 to 100 nm. A similar effect of
changing dimensions of halloysite nanotubes after alkalization reaction was described
in previous articles [45,71,72]. Alkaline treatment of the surface of halloysite nanotubes
leads to an increase in the inner diameter by reducing the wall thickness, which is not
accompanied by a change in its length.

Halloysite nanotubes grafted with silanes are shown on the SEM microphotographs
(Figure 4G-I). The dimensions of halloysite nanotubes have decreased, with their length
ranging from 200 to 800 nm and outer diameter from 30 to 60 nm. Halloysite nanotubes with
a smaller diameter and shorter length were also obtained by Albdiry and Yousif [46], who
modified the surface of the nanotubes with vinyltrimethoxysilane without prior surface
treatment with acids or alkalis.

As a result of silanization, HNTs have a much more pronounced tendency to form
agglomerates (Figure 4G), with the largest agglomerates being about 10 um in size and

141:89321798
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occupying the entire surface of the analyzed SEM image. The packing density of HNT
aggregates is also higher compared to that of alkali-treated HNTs. A similar tendency to
form agglomerates after the silanization reaction was reported by Abu El-Soad et al. [73].
Chen et al. [50] described the beneficial effect of silanization of the surface of halloysite
nanotubes while obtaining a material with better homogeneity. Both alkalization and silane
modification did not affect the morphological shape of halloysite, while their size and
degree of agglomeration changed.

3.2. Properties of HDPE/Halloysite Composites
3.2.1. Structure of HDPE/HNTs Composites

The results of the analysis of FTIR spectra of HDPE and HDPE composites with 5 wt%
raw halloysite, alkalized halloysite, and modified HMDS are shown in Figure 5. In all
spectra, two characteristic bands of high intensity are visible: the first at 2915 cm ™!, which
corresponds to CHj, asymmetric stretching and the second at 2850 cm ! originating from
CH, symmetric stretching of the methylene group. The next bands at 1460 cm ™!, which
are attributable to CH, deformation vibrations, and at 720 cm !, corresponding to CH,
rocking deformation, are also characteristic of high—density polyethylene [74-76].

Intensity (a.u.)

—— HDPE

—— HDPE/SHNT
—— HDPE/5alk-HNT
—— HDPE/5Sm-HNT |

' T 3 T ' T ¥ T ¥ T v T - 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)

Figure 5. FTIR spectrum of HDPE/5HNT, HDPE/5alk-HNT, HDPE/5m-HNT composites.

On the FTIR spectra, all the characteristic bands in the range 3600-3700 ecm~1,900-1000 cm 1,
and 524-800 cm !, originating from the fillers introduced into the HDPE matrix, described
in the spectra shown in Figure 3, may be found. The intensity of the band in the range
3600-3700 cm ™! in the case of the HDPE/5m-HNT sample, however, is lower compared to
the intensity of this band on the spectrum of the HDPE/5alk—-HNT sample, which may be
due to the reaction of silane functional groups originating from unreacted HMDS residue on
the nanotube surface under processing conditions, despite repeated washing with toluene.
A similar effect was also observed for bands at 1001 cm~! and 906 cm ™.

On the spectrum of the HDPE/5m-HNT composite, the presence of bands confirming
the modification of the HNT surface by grafting with (CHsz)3 Si—groups is not detectable; the
bands at 2920 cm ! and 2850 cm ! that are characteristic of HMDS-modified HNTs, found
in Figure 3, are covered by bands in that range originating from polyethylene. However,

142:52970994
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when Fourier transform infrared spectroscopic method with attenuated total reflectance
(FTIR-ATR) is used to evaluate the structure of samples of polymer composites obtained in
the plasticized state, a lower intensity or even absence of bands from the filler is often found.
The probable reason for this is the composite structure formed under processing conditions,
where the filler particles are “embedded” in the melted polymer, and in addition, due to its
rheological characteristics in the surface layer of the samples, a skin is formed, in which the
polymer is the dominant phase [77,78]. The reflection technique was used to evaluate the
structure, so the described effects may be the reason for the absence of the presence of the
band recorded for HNTs modified by HMDS at 1261 cm ™!, evidencing Si-CH; symmetric
deformation.

The influence of filler’s presence on the composites’ appearance was observed by
measuring color parameters L* (lightness: 0 for black and 100 for white), a* (a* > 0 for
red and a* < 0 for green), b* (b* > 0 for yellow and b* < 0 for blue) and AE (total color
difference).

The colorimetric analysis of the materials is shown in Table 2. The highest value of the
L* parameter, and therefore the brightest color, was recorded for HDPE. A gradual increase
in the amount of filler in the HDPE matrix, regardless of its type, contributed to a decrease
in the L* value, so that the composite was perceived as darker. The highest L* value was
observed for HDPE composites with HMDS-modified HNT, while the lowest value was
observed for HDPE composites with raw halloysite.

Table 2. Color parameters of plates obtained upon processing.

Sample L* a* b* R (Red) G (Green) B (Blue) AE Color

HDPE (150363) 130 (£0.13) 241(£031) 219 214 210 0.0(+0.63)
HDPE/THNT &362@) 205(+0.11) 643 (+024) 211 201 191 59 (+047)
HDPE/3HNT (fo'ﬁ) 3.28 (0.21) (i%'zz) 165 151 134 240 (+0.55)
HDPE/5HNT (fo'gi) 4.66 (+0.19) (i%'%;) 170 152 130 25.0 (£0.62)
HDI;EN/ %a”“ ( i%.?z) 173 (£018) 7.62(£019) 217 208 195 5.6 (+0.42)
HpE/Salke (i%i;) 463 (+£0.11) (ﬁ)'.5261) 205 186 167 14.0(£0.29)
HpP/oalke (13'234’7) 7.89 (+0.14) (ﬁi%) 185 158 138 232(x041)
HDII;EN/Tlm‘ (15()"8271) 141 (+0.16) 4.82(+£028) 220 214 206 2.4 (£0.46)
HDII;EN?m_ (i%'7596) 3.19 (+0.18) (E)ﬁ) 210 195 177 10.7 (£0.52)
HDIIEEN/I?m‘ (13'272) 5.67 (£0.20) (ﬁi?s) 199 177 155 17.6 (£0.68)

143:72325897

Positive a* and b* values were recorded for both pure HDPE and composites, which
translates into red and yellow color of the composites, respectively. With an increase in the
proportion of filler in the HDPE polymer matrix regardless of its type, an increase in the
values of color coordinates a* and b* is observed, indicating a higher proportion of red and
yellow color. The highest values of a* and b* were recorded for the HDPE composite with
5 wt% alkalized halloysite.

Higher values of the L* parameter and, simultaneously, lower values of the a* and
b* parameters of pure HDPE were recorded by Mohammadi et al. [79], who conducted
colorimetric analysis of HDPE and LDPE films. The prepared films are transparent and
achromatic materials accounting for the higher value of the L* parameter and lower values
of the a* and b* parameters compared to the HDPE plates analyzed.
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The AE value of the HDPE plate with the addition of 1 wt% HMDS-modified halloysite
was in the range of 2 < AE < 3.5, which implies that the color difference is discernible by
the observer. The other prepared HDPE composites exhibited a value of AE > 5, which
implies that the observer gets the impression of two different colors. The HDPE/m-HNT
composite plates had the lowest AE values, which implies that of the composites tested,
they were the ones with the least separation/difference from the unfilled material. The
HDPE/HNT composites showed an approximate 44% increase in AE values compared to
the HDPE/m-HNT composites.

The morphology of the composites obtained was evaluated by analyzing images from
scanning electron microscopy (Figure 6A-F) where red arrows mark the locations of hal-
loysite agglomerates. The fracture surface (Figure 6A,B) of the HDPE/5HNT composite
demonstrates the brittle nature of the fracture. Numerous evenly distributed filler agglom-
erates with a diameter of about 5 um are observed. Larger filler agglomerates of approx.
25 um may be seen, which exhibits an uneven surface and shape. Similar observations were
reported by Singh et al. [19], who noted the presence of HNT agglomerates in the HDPE
matrix at contents greater than 5 wt% by weight. The issue of material aggregation was
solved using a compatibilizer that favorably affects the dispersion of the filler in the matrix.
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Figure 6. SEM microphotographs of the prepared composites: (A,B) HDPE/5HNT, (C,D) HDPE /5alk-
HNT, (E,F) HDPE/5m-HNT.

When analyzing the fractures (Figure 6C,D) of the HDPE/5alk-HNT composite, we
observe a similar trend of filler agglomeration in the polymer matrix. Numerous agglomer-
ates of approx. 10 pm are not uniformly distributed in the polymer matrix and form larger
clusters of up to 40 pm. In the area where the clusters of filler agglomerates occur, a change
in the surface to a ductile, irregular one with visible deformation of the polymer matrix
was observed. The presence of agglomerates of alkalized halloysite in the polymer matrix
is due to the different surface characteristics of the two materials, while the bonding to
the polymer matrix is so strong that the filler particles are permanently embedded in the
matrix.

A distinct change in the characteristics of the fracture surface was observed for the
HDPE/5m-HNT composite (Figure 6E,F). The microphotograph (Figure 6E) shows adjacent
areas differing in appearance, i.e., with a flat, smooth surface and a plastic, ductile surface.
Modification with silanes contributed to a relatively homogeneous dispersion of the filler
in the polymer matrix with single agglomerates with a maximum diameter of approx.
5 um, which indicates that the processing in the molten state contributed to the reduction
in agglomerates of silane—grafted halloysite. Similar observations of surface morphology
were described by Chaudhry et al. [80] for HDPE composite with graphite and expanded
graphite, with the described effects observed for samples with 20 wt% of filler. In our
study, a change in the surface characteristics of HDPE was found with 5 wt% by weight.
Different results were presented by Du et al. [81], who noted the presence of numerous
clusters of silanized halloysite on the surface of maleic anhydride-grafted polypropylene
with stronger adhesion at the polymerfiller interface.

Figure 7 shows SEM/EDS maps of HDPE matrix composites with 5 wt% of fillers. The
presence of elements such as carbon, oxygen, silicon, and aluminum was reported and color—
coded for identification. The presence of carbon (purple color) is due to the chemical com-
position of the HDPE polymer matrix. The presence of halloysite (Al,Si;Os5(OH)4-2H,0)
agglomerates in the HDPE matrix is indicated by agglomerates of oxygen (green), alu-
minum (blue), and silicon (pink). The locations of filler agglomerates marked on the
SEM/EDS maps are consistent with the SEM microphotographs (Figure 6). The agglomer-
ates with the largest diameter were observed in HDPE/alk-HNT composites. In contrast,
single agglomerates of approx. 5 pm were observed on the HDPE/m-HNT composite
surface. In addition to the identification of filler agglomerates, regularly occurring, single
filler particles are visible across the surface.
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Figure 7. EDS maps: (A) HDPE/5HNT, (B) HDPE/5alk-HNT, (C) HDPE/5m-HNT.

The EDS data of the SEM/EDS are shown in Figure 8. The highest intensity of the
bands was observed for the composite with raw halloysite, which is consistent with the
FTIR analysis (Figure 5), where high—intensity bands associated with the presence of silicon,
aluminum, and oxygen were observed at 1001 cm ! and 906 cm L. Both alkalization and
HMDS grafting of the halloysite surface resulted in lower band intensities. The lowest
intensity of silicon and aluminum bands was noted for HMDS-modified halloysite. The
HMDS functional group attached to the halloysite surface contained additional silicon, so
the band intensity here should increase. This means that the EDS method is not effective
for quantifying the silane content [82,83].
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Figure 8. Elemental EDS mapping of composites with 5 wt% raw halloysite, alkalized halloysite, and
HMDS-modified halloysite.

3.2.2. Thermal Properties of HDPE/HNTs Composites

The thermal history appears in the DSC thermograms when recording the thermal
effects occurring during the first heating. Therefore, to evaluate the effect of the filler
used, excluding the influence of the temperature conditions of wafer formation, the DSC
thermograms obtained during the second heating cycle and second cooling cycle of HDPE
samples and selected composite systems containing 5 wt% filler, shown in Figure 9, were
used for the analysis.

—— HDPE
—— HDPE/SHNT

—— HDPE/5alk-HNT
—— HDPE/5m-HNT |

EXQ —

S

Heat flow (W/g)

Y

' T L
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Figure 9. DSC curves of HDPE and HDPE/5HNT, HDPE/5alk-HNT, HDPE/5m-HNT composites.
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Table 3 summarizes the values of melting temperature (Tr,), melting enthalpy (AHp,),
crystallization temperature (T.), and degree of crystallinity (X.) determined from ther-
mograms of unmodified HDPE and HDPE/HNT, HDPE/alk-HNT and HDPE/m-HNT
composites. The degree of crystallinity was calculated from the following formula:

Xc = AHm /((1 — w)AH,) x 100% (3)

where AHm is the melting enthalpy of the investigated materials (Jg=!), AH’, is the
enthalpy of melting of fully crystalline HDPE of 293 Jg~!, and w is the filler content [84].

Table 3. Overview of values Ty, AHp, T¢, and Xe.

Sample Tm, °C AHp, Jg1 T, °C Xe, %
HDPE 133.4 4+ 0.2 2274 + 0.6 116.9 + 0.3 77.6 £0.3
HDPE/1HNT 132.8 £ 0.3 2262 +0.2 117.7 £ 0.6 78.0 £0.2
HDPE/3HNT 1343 £ 0.6 217.8 £ 0.5 115.7 £ 0.5 76.6 £0.3
HDPE/5HNT 134.0 + 0.5 2099 + 0.5 114.8 0.3 76.4 +0.2
HDPE/1alk-HNT 1347 £ 0.2 2243 +0.3 113.0 £ 0.5 77.3 £ 0.6
HDPE/3alk-HNT 134.0 £ 0.3 2184 +0.2 116.6 = 0.4 76.8 £0.5
HDPE/5alk-HNT 135.0 £ 04 2125+ 0.5 114.8 £ 0.2 76.3 £ 04
HDPE/1m-HNT 1359 £ 04 2275+ 0.6 114.6 = 0.5 784 +0.2
HDPE/3m-HNT 134.0 £ 0.3 2215+ 04 1155+ 0.3 779 £0.5
HDPE/5m-HNT 136.9 + 0.6 2135+ 0.6 113.0 £ 0.2 76.7 £ 0.3

The degree of crystallinity of unmodified HDPE is 77.6%, while its melting point is
133 °C and its crystallization temperature is approx. 117 °C; all data are consistent with the
available literature [84,85].

The introduction of fillers up to 3 wt% does not significantly change the melting
point of the composites compared to the Tr, value of the HDPE sample. The slightly lower
melting point of the HDPE/1HNT composite indicates the presence of crystalline structures
with poorer ordering compared to those of unfilled HDPE [63].

The increase in melting point found for composites containing 5 wt% filler, regardless
of the type, indicates better ordering of the polymer matrix crystallites. The higher Ty,
values of composites containing 5 wt% m-HNT compared to samples containing HNT and
alk-HNT may confirm the slight beneficial effect of silane-modified halloysite on the quality
of arrangement of the crystalline phase of the matrix and the better rearrangement and
more perfect formation of crystals [65] and /or its more favorable dispersion in the matrix.
This effect may result in an increase in the packing density of polyethylene macromolecules
in the HDPE/5m-HNT composite compared to composites containing the same amount of
HNT and alk-HNT fillers.

For all composites except HDPE/1HNT, the crystallization temperature was found
to decrease by 0.3 to 3.9 °C compared to the T value of unfilled HDPE. In addition, the
crystallization temperature decreases slightly with increasing filler concentration in the
matrix. These results do not confirm the pronounced nucleating effect of HNT described in
the literature [70,86]. The decrease in T, with an increase in the proportion of HNTs indicates
that the filler may disrupt the formation of crystalline structures of the matrix during its
cooling, which indirectly indicates that the dispersion of HNTs is less homogeneous at
higher concentrations in the matrix, which was also observed in paper [63].

The degree of crystallinity of unmodified HDPE is 77.6%, and the halloysite fillers
used, regardless of type, only slightly affect the degree of crystallinity of the composites, the
value of which ranges from 76.3 to 78.3%. The slight increase in the degree of crystallinity
of the composites compared to HDPE may suggest that the filler in the smallest amount
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used in the study is promoting the formation of crystallization nuclei. Gaaz et al. [87]
noted that introducing raw halloysite or halloysite modified with urea and imides into the
polypropylene matrix (PP) decreases crystallinity, while grafting the surface of halloysite
with silanes prior to incorporation into the PP matrix resulted in an increase in the degree of
crystallinity. In our case, we found no clear effect of the chemical treatment of halloysite on
the degree of crystallinity of the composites; nevertheless, the HDPE/1m-HNT composite
had the highest degree of crystallinity.

The literature data indicate that the values of melting and crystallization temperatures,
as well as enthalpy and the degree of crystallinity, differ even for HDPE samples from a
single source, which is due, in part, to the use of different test parameters, i.e., heating and
cooling rates and/or the molecular weight of the polymer and the excipients used [64,88].

The findings of the analysis of thermal properties of low density polyethylene (LDPE)
composites with halloysite nanotubes and compatibilizers were presented by Sikora [65],
who found a higher crystallization temperature of the composites compared to the pure
polymer and, at the same time, lower values of the melting point and enthalpy. In addition,
the dependence of the reduction in melting point of the LDPE composite with increasing
halloysite content in the polymer matrix can be established. The nucleating effect of
halloysite leads to a reduction in the size of polycrystalline aggregates and an increase in
the content of the crystalline phase.

4. Conclusions

Two-step chemical treatment of halloysite, successively by alkalization leading to an
increase in the number of hydroxyl groups on the outer surface of the nanotubes, followed
by silanization using hexamethyldisilazane, proved to be an effective modification method
in terms of using the material as a filler for high-density polyethylene. The effectiveness of
the chemical modification is evidenced by the presence of new strong bands for HMDS—
modified HNTs at 2920 cm~! and 2850 cm~! on the FTIR spectra, as well as slight changes
in the XRD pattern (increase in surface area and peak intensity on the (001), (100) and (002)
surfaces), evidence of binding of trimethylsilyl groups to the HNT surface. The change in
the specific surface area of halloysite nanotubes determined by the BET method, which
occurred as a result of alkalization and subsequent silanization, is related to the modification
of the nanotube surface due to the attachment of hydroxyl and silane functional groups.

HDMS-modified halloysite nanotubes, and for comparison raw and alkalized ones,
were introduced into the HDPE matrix by melt blending. Regardless of the type of hal-
loysite used, the presence of filler agglomerates was detected on the fracture surface of the
composites based on SEM/EDS observations. In the case of HDPE/5m-HNT composites,
a change in character from smooth to ductile was observed; this confirmed the favorable
dispersion of halloysite in the HDPE matrix. The brightness and color of HDPE matrix
composites differ significantly from the parameters of the unmodified polymer and depend
on the type and concentration of the halloysite. The least differences compared to the
matrix were found for the HDPE/m-HNT samples, as evidenced by the lowest values of
total color difference. Based on composite DSC analysis, it was found that the introduction
of 5 wt% halloysite positively affects the quality of ordering of the crystalline phase of the
matrix, especially HMDS-modified HNTs.

The research carried out within the scope of this study is an important contribution
to the development of knowledge in the field of modification of halloysite nanotubes by
silanization and the application of the mineral as a filler for HDPE. The positive effect
of halloysite modification by silanization on the structural properties of HDPE matrix
composites justifies further research. The potential application of HDPE composites as
materials for packaging systems determines the direction of research related to the analysis
of mechanical, thermal, barrier and biological properties.
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ABSTRACT

Hybrid poly(vinyl chloride) composites were prepared by adding calcinated halloysite and wood flour to
the PVC matrix by mixing in a molten state. The mechanical (DMTA analysis, tensile strength, strain at
break, Young’s modulus, hardness and impact strength) and thermal (thermal stability, Vicat softening
temperature and heat deflection temperature) properties of the composites were tested. The
plastographometric analysis suggests that simultaneous addition of two fillers of different origins to
the PVC matrix results in a longer gelation time and higher torque values than those observed for
neat PVC. Moreover, the presence of calcinated halloysite in PVC/wood flour composites leads to the
rise of weight loss temperature compared to PVC composites with only wood flour. When added to
PVC/halloysite composites, wood flour improves their homogeneity by breaking halloysite
agglomerates, which ensures approx. 116% better thermal stability (confirmed in the Congo red test)
compared to unfilled PVC. The synergistic effect of the fillers used on the mechanical properties is
demonstrated by the 14.4% higher stiffness and 22.5% higher tensile strength of the PVC composites
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containing wood flour and 5 wt% halloysite compared to the material loaded with wood flour only.

1. Introduction

Poly(vinyl chloride) (PVC) is a commonly produced thermoplas-
tic material whose production volume accounted for 12.7% of
global plastics production in 2022 (Yarahmadi et al. 2003,
Gilbert 2012, Plastic Europe 2023). Due to its advantages such
as resistance to atmospheric and chemicals agents, an excellent
flammability rating, a low value of the heat transfer coefficient
and a relatively low price, this polymer is utilized in many indus-
tries, particularly in the construction, automotive, furniture and
packaging industries as well as the pharmaceutical industry
and medicine. Another important issue is the ecological
aspect related to a low carbon footprint generated during
PVC production and the finished product lifecycle (Alsabri
and Al-Ghamdi 2020, Lewandowski and Skoérczewska 2022).
Incorporation of processing additives (including stabilizers,
fillers and plasticizers) into the PVC matrix enables modification
of the processing and functional properties of this polymer,
which results in an increasingly wider range of products
where it is applied (Yu et al. 2016, Klapiszewski et al. 2017,
Patil et al. 2017). Moreover, PVC is used as a matrix for compo-
site materials where plant-derived fillers are utilized, including
fruit seed (lulianelli GC et al. 2011), raspberry pomace (Mirowski
et al. 2021), wood flour (Mengeloglu and Matuana 2001, 2003,
Djidjelli et al. 2002), natural fibres (Wirawan et al. 2009), wood
sawdust (Sombatsompop et al. 2003), olive husk (Mousa et al.
2010), pulp fibre/wood flour (Kiani et al. 2011) or bamboo
fibre (Kabir et al. 2014).

In recent years, popular composite materials have been
wood-polymer composites (WPCs) composed of large
tonnage thermoplastic polymers and wood fibres or wood
flour (WF). Their application in the poly(vinyl chloride)

manufacturing process ensures production of composites
with beneficial properties resulting from a combination of
the best features of both kinds of materials. Finished products
made of the WPC look attractive due to the presence of
wood and maintain convenient properties of a polymer
such as poor water absorption, UV resistance and antimicro-
bial effects, which places them among competitive materials
to products manufactured by the wood and plastics indus-
tries (Zajchowski and Tomaszewska 2008, Joshi and Marathe
2010, Bai et al. 2011, Tomaszewska et al. 2011, Feng et al.
2017). Wood composites with a PVC matrix are characterized
by a high stiffness/weight ratio and, compared to neat PVC,
lower values of linear shrinkage and the coefficient of heat
release during combustion as well as a lower level of
smoke generation (Lewandowski et al. 2011, Fang et al.
2012, Arthur et al. 2021). Wood-polymer composites based
on PVC are characterized by the increased Young's modulus
and better thermal properties (especially a higher softening
point) compared to PVC. However, incorporation of a wood
filler reduces the impact strength and, in many cases,
thermal stability of composites.

It should be mentioned that despite many advantages of
natural filler application in the polymer composite production
(including those based on PVC), there are still certain issues
such as the variability of filler properties depending on their
origins and the methods of their sourcing (Bledzki et al. 1998,
Huuhilo et al. 2010, Kumar et al. 2011). In addition, the hydro-
philic nature of these materials causes poor polymer-filler inter-
facial adhesion and problems with obtaining a homogenous
material (Sanadi et al. 1994, Jiang and Kamdem 2004, Shah
et al. 2005, Saba et al. 2014, Xu et al. 2014).
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In order to obtain PVC-based composite materials with the
advantageous structure and properties, hybrid fillers or two
fillers of various origins are incorporated into the polymer
matrix (Lee et al. 2006, Zhao et al. 2006, Klapiszewski et al.
2015, 2017, Tomaszewska et al. 2017, Abdellah Ali et al. 2020,
Sadjadi 2020, Bendjaouahdou and Aidaoui 2021).

Simultaneous application of organic and inorganic fillers
with different particle morphologies ensures formation of com-
posites with beneficial mechanical and thermal properties,
which was demonstrated for PS (Lu et al. 2010), HDPE (Lee
et al. 2006) and thermoset resin epoxy (Agrawal and Satapathy
2015).

The beneficial effect of the use of two fillers, one organic and
the other inorganic, on the thermal and mechanical properties
of the composites was found when zinc borate (Fang et al.
2013), calcium carbonate (Abdellah Ali et al. 2020) and organo-
modified montmorillonite (Zhao et al. 2006) were introduced
into blends of PVC with wood flour.

Halloysite is a mineral which, in recent years, has been used
in the chemical industry for the processes of heterogeneous
catalysis (Mahajan and Gupta 2020, Sadjadi 2020) and in the
pharmaceutical industry as a carrier of controlled-release
drug substances (Vikulina et al. 2020, Rezaie et al. 2021), but pri-
marily as biomaterial in tissue engineering (Naumenko and
Fakhrullin 2019, Danyliuk et al. 2020). In addition, it has been
used in the art conservation (Bertolino et al. 2020, Cavallaro
et al. 2020). Such a wide range of applications results from a
relatively low price, easy availability, a large specific surface
area and biocompatibility of halloysite. This mineral occurs in
several morphological forms (tubular, spheroidal, platy or
mixed), and the presence of hydroxyl groups in the outer
layer determines its hydrophilicity (Joussein et al. 2005, Yu
et al. 2014).

Moreover, halloysite is an increasingly common material
used for polymer modification (including PVC) to improve its
thermal and mechanical properties (Liu et al. 2012, 2013,
2014, Wieczorek et al. 2022).

Due to the alkaline nature of its surface, using raw halloysite
as a filler for PVC-based composites does not always improve
their mechanical properties (Mondragén et al. 2009). A solution
to this problem appears to be the modification of the halloysite
surface to expand its specific surface area and a change from its
hydrophilic nature to the hydrophobic property, which is ben-
eficial for filler dispersion in the matrix and improvement of
polymer-filler interfacial interactions (Liu et al. 2011). One
effective method of modifying this mineral’s surface is calcina-
tion (Tan et al. 2016, Danyliuk et al. 2020, Zhang et al. 2020). In
our previous research (Wieczorek et al. 2022), we stated that the
application of calcinated halloysite as filler is beneficial for the
stiffness, tensile strength, and impact strength of the PVC-
based composite. The research findings confirmed the
effective modification of the mineral surface which improved
filler-polymer interactions due to the change of hydrophilicity
into hydrophobic property.

Although the effects of wood flour and mineral fillers on
PVC-based composite properties have been described in
several papers (Zhao et al. 2006, Fang et al. 2013, Abdellah Ali
et al. 2020, Bendjaouahdou and Aidaoui 2021, Ghalehno et al.
2021), the availablg litaratyse does not contain any reports on

the simultaneous influence of wood flour and thermally
treated halloysite nanotubes used as fillers on the processing,
thermal and physicomechanical properties of rigid PVC as pro-
posed in our paper. Thermal treatment of halloysite applied as
filler for PVC will allow elimination of chemical modifications of
the filler surface or the use of chemical coupling agents, which
is beneficial from the ecological and financial points of view.
The research findings presented in this paper significantly con-
tribute to expanding knowledge about the development of
innovative composite engineering materials based on renew-
able raw materials.

2. Materials and methods
2.1. Materials

For preparation of the composites, PVC dry blend composed of
PVC S-61 Neralit (Spolana Anwil Group, Neratovice, Czech
Republic) 100 phr, organotin stabilizer Patstab 2310
(Patcham, Goor, the Netherlands) 4 and 1 phr Naftolube FTP
paraffin wax (Chemson, Arnoldstein, Austria) were used. The
stabilizer and the paraffin wax were the only added com-
ponents to minimize the influence of additives on the proces-
sing properties.

Halloysite nanoclay (linear pattern: Al;Si;Os(OH)4-2H,0) with
a molecular weight of 294.19 g/mol purchased from Sigma-
Aldrich (CAS number 1332-58-7) was used as the inorganic
filler. This material had a form of nanotubes with diameter
from 30 to 70 nm and length from 1 to 3 pm. Typical specific
surface area of this halloysite was 64 m?/g.

The initial stage involved thermal treatment of the material
and calcinated halloysite (HNT) was applied. Wood flour (WF)
Lignocel C120 (J. Rettenmaier and Séhne GmbH + Co. KG,
Germany) with particle sizes ranging from 70 to 150 pm was
used as the organic filler.

2.2. Processing of PVC with wood flour and calcinated
halloysite

The first stage involved two-hour halloysite calcination at 800°C
in a Binder dryer. Calcination of the mineral aims at dehydrox-
ylation leading to a change of the hydrophilic nature of its
surface to the hydrophobic property, thus ensuring its higher
compatibility with the polymer matrix. Wood flour was dried
for 6 h at 105°C. The materials yielded were applied to
prepare mixtures of PVC composites with calcinated halloysite
and wood flour as well as with each filler separately using the
mechanical blending method with a high-shear mixer.
Plasticized mixtures were processed by kneading in a Bra-
bender FDO 234H rheometer (walls temperature of 185°C) at
the rotation speed of 30 rpm, with 1:1.5 friction. The kneading
duration was 10 min with the charge weight of 64 g. The refer-
ence material, PVC dry blend, was processed in the same con-
ditions. After cooling, the PVC and composite materials were
crushed in a grinder followed by pressing in a hydraulic press
at 190°C and 15MPa. The resulting mouldings sized
100 mm x 100 mm (2 and 4 mm thick) were cut into samples
using a Seron 6090 milling plotter (Seron, Poland) for mechan-
ical (static tensile test, impact strength and hardness, DMTA



analysis) and thermal (Vicat softening temperature and heat
deflection temperature) testing. The compositions of the mix-
tures are presented in Table 1.

2.3. Testing methods for PVC composites with HNT and
WF

To determine the processing properties of PVC dry blend and
composites with halloysite and wood flour, an analysis of the
changes in the torque of the rotors during kneading as a func-
tion of time was performed. Based on the recorded plasto-
grams, the values of maximum torque at the gelation point
(My), time to reach the maximum torque (ty) as well as the
value of torque at the final stage of kneading (Mg) were ana-
lysed according to the methodology described in our previous
papers (Tomaszewska et al. 2004, 2022, Wieczorek et al. 2022).

The static tensile test was performed using a Zwick Roell
Z010 universal testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) according to the PN-EN ISO 527-1 standard. The
measurements were carried out at the room temperature and
at the tensile rate of 1 mm/min in the range of elastic
modulus determination followed by the rate of 30 mm/min
using the type 1BA samples. The modulus of elasticity (E,),
stress at yield (oy), tensile strength (oy) and strain at break
(eg) were determined for ten samples of each material. The D-
type Shore hardness tests were carried out using a Zwick
Roell apparatus (Zwick GmbH & Co. KG, Ulm, Germany) accord-
ing to the PN-ISO 868 standard. The Charpy impact strength
without notch was tested using an HIT5P device from Zwick
Roell (Zwick GmbH & Co. KG, Ulm, Germany) according to the
PN-ISO 179-2 standard.

The dynamic mechanical properties were tested using an
Artemis DMTA 242 D (Netzsch) apparatus in the torsion
mode, operating at a frequency of 1 Hz and at a heating rate
of 2°C/min within 25°C to 140°C. The storage modulus (E")
and the loss tangent (tand) values were determined. The temp-
erature at which the loss tangent reveals the maximum value
was assumed the glass transition temperature.

Thermal stability was determined by means of the Congo
red method; the test was carried out at 200°C according to
the 1SO 182-1:1990 standard. In addition, thermal stability of
the composites was assessed in the thermogravimetric analysis
(TGA) using a TG 209 F3 Tarsus apparatus (Netzsch). The
samples were heated at 10°C/min in an open ceramic crucible
in the nitrogen atmosphere and the temperature range of 20—
700°C. Three TGA measurement procedures were repeated for
each composition.

Table 1. Compositions of the PVC-based composites.

Filler content, wt%

Sample name
Calcinated halloysite (HNT) Wood flour (WF)

PVC - -
PVC/TH 1 -
PVC/3H 3 -
PVC/5H 5 _
PVC/30W - 30
PVC/30W-1H 1 30
PVC/30W-3H 3 30
PVC/30W-5H 5 30

1577756060696
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The Vicat softening temperature were carried out on the
samples sized 10 mm x 10 mm x4 mm according to the PN-
EN ISO 306:2006 standard. The measurements were done in tri-
plicate for each sample type. The heat deflection temperature
(HDT) was determined according to the ISO 75 standard. The
heating rate was 2°C/min and the applied load was 1.8 MPa.
The samples were measured flatwise with a 64 mm span dis-
tance. The Vicat softening temperature and heat deflection
temperature were determined using a Ceast HDT Vicat Tester
HV3.

Morphologies of the PVC-based composites were studied
using a Zeiss Crossbeam 350 scanning electron microscope
(SEM). The samples for the SEM observations were fractured
in liquid nitrogen and sputtered with a layer of gold. The
same microscope was used for the assessment of the fillers’
structures.

3. Results and discussion
3.1. Characteristics of halloysite and wood flour

Morphologies of the fillers used for preparation of the PVC-
based composites were assessed based on the SEM images.
In Figure 1, the images of wood flour (A, B), halloysite nano-
tubes (C, D) and calcinated halloysite nanotubes (E, F) are
presented.

As shown in the image of wood flour (Figure 1(A)), the
lengths of the majority of fibre particles correspond to the
values declared by the manufacturer (70-150 pm); however,
fibre bundles of 300-400 um in length, typical of this kind of
material, are also observed (Marathe and Joshi 2009, Liang
et al. 2018). The image of an individual fibre (Figure 1(B))
reveals high porosity and a well developed surface of Lignocel
wood flour, which is beneficial for the filler-polymer matrix
adhesion (Kuciel and Liber 2005).

The images of halloysite particles (Figures 1(C-F)) reveal
structural elements of the nanometric size; the prevailing mor-
phologic forms are nanotubes which demonstrate a tendency
to aggregate. In Figure 1(C and D), numerous halloysite nano-
tube agglomerates sized approx. 15-20 um are observed. Basi-
cally, halloysite calcination at 800°C did not affect the tubular
morphology of the material which remained intact (Tironi
etal. 2017, Deng et al. 2019). The heating process only resulted
in reduction of the agglomerates’ sizes, which is clearly seen in
Figure 1(E and F). The largest agglomerates are sized 10 um but
their number is relatively small. The most common agglomer-
ates of nanotubes in the material are sized 2-5 pm.

3.2. Characteristics of PVC composites with WF and
HNT

3.2.1. Processing properties

PVC gelation is a process related to transformation of post-
polymerization polymer grains into a homogenous final
product during the plasticizing process as a result of applied
heat, pressure and shearing forces. During the kneading
process in the Brabender rheometer chamber, PVC gelation
can be observed in dynamic conditions by recording the
changes of rotors’ real-time torque values. While loading the
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Figure 1. The SEM images of wood flour (A, B), halloysite nanotubes (C, D) and calcinated halloysite nanotubes (E, F).

mixture of PVC and the fillers into the Brabender chamber, the
torque value temporarily increases followed by its drop to the
minimum value. At this stage of kneading, heat-induced initial
transformation of the grains’ structure is observed due to their
contact with hot chamber’s walls and, additionally, grain-grain,
grain-wall and grain-filler friction as well as the shear stress.
Gradual disintegration and deformation of the PVC grains are
seen while further heating and shearing lead to plasticization
and fusion of smaller components of the structure, which
results in rapidly increased torque values up to their
maximum. The end of gelation process is associated with
smaller torque values which further stabilize and the kneaded
mixture remains in its plasticized form. Properly selected gela-
tion conditions are important for the mixture homogeneity i.e.
the beneficial properties of the final product (Tomaszewska
et al. 2007a, 2011, Mirowski et al. 2021). The kneading
process yields a processed material which, following pressing,

is the source of test. samples;

Figure 2 illustrates torque values versus kneading time for
the processing of neat PVC and PVC-based composites with cal-
cinated halloysite and wood flour. The shapes of the plasto-
grams are characteristic of unplasticized PVC mixtures: rapidly
increased torque values associated with the rheometer
chamber loading, followed by a drop to the minimum values,
and a further increase up to the maximum values are observed.
When the maximum value is exceeded, the torque decreases
and gradually stabilizes, and its value is related to viscosity of
the plasticized mixture (Hawkins 1982, Tomaszewska et al.
2004, 2007b). The analysis involved the values of maximum
torque at the gelation point (My), torque at equilibrium (Mg)
and time to reach the maximum torque (tyx) (Tomaszewska
et al. 2007a) (Table 2).

The data summarized in Table 2 shows that the gelation
time associated with intense plasticization of the PVC/wood
flour mixture was longer by 22% than that for neat PVC,
while halloysite in the PVC/WF mixture only slightly affected
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Figure 2. Torque vs. time of kneading for PVC and PVC/H composites (A) and PVC/30W-H composites (B).

Table 2. Fusion properties of the PVC composites.

Sample tx (min) My (Nm) Mg (Nm)
PVC 3.7 (0.5) 424 (0.6) 22.0 (1.1)
PVC/TH 2.2 (0.7) 449 (0.8) 27.4 (0.7)
PVC/3H 1.6 (0.4) 49.7 (0.7) 27.5 (0.9)
PVC/5H 1.1 (0.5) 53.2 (1.5) 27.9 (0.9)
PVC/30W 4.5 (0.6) 41.8 (0.5) 22.1 (0.6)
PVC/30W-TH 4.2 (0.1) 42.2 (0.8) 22.6 (0.7)
PVC/30W-3H 44(0.7) 43.7 (1.1) 27.2 (0.9)
PVC/30W-5H 4.2(0.2) 45.5 (0.9) 27.7 (0.5)

159716971205

the process duration. A similar tendency was observed by
Matuana and Kim (Matuana and Kim 2007) who studied the
processing characteristics of PVC composites with wood
flour using 35-65 wt% wood flour in the PVC matrix. They
observed longer gelation times with the increasing filler con-
centrations in the mixture. The shortening of the time of
gelation of PVC/WF composites can be explained by a
poorer thermal conductivity of wood flour resulting in a
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weaker heat transfer in the mixture, and because the gelation
process begins following a delivery of appropriate amounts of
heat to PVC grains, its duration is longer, which is demon-
strated by higher tx values.

For PVC composites with halloysite as the only filler, a ten-
dency towards approx. 56% shorter duration of the gelation
process with the increasing filler concentrations compared to
neat PVC was observed. This is consistent with research
findings of Ari and Aydin (Ari and Aydin 2010) who studied
the effects of calcium carbonate filler (nano- and microparti-
cles) on the characteristics of PVC composites and discovered
that the addition of 5 wt% CaCO; to the PVC matrix resulted
in a shorter gelation time by approx. 69% (depending on the
particle sizes) compared to neat PVC.

Summing up, the application of up to 10 wt% halloysite as
the filler for PVC composites accelerates the gelation process
probably due to generation of additional heat as a result of fric-
tion between hard mineral particles. This effect is not observed
for wood flour as the gelation time is longer in this case due to
the application of wood-derived filler.

The plastographometric analysis showed the lowest value of
torque at equilibrium for neat PVC and practically the same
value for the PVC/WF mixture. The presence of mineral filler
in the PVC matrix results in a higher torque value by approxi-
mately 26% and this growth does not depend on the HNT con-
centration. A similar effect of viscosity increase was found when
3 wt% or 5 wt% halloysite was added to the mixture of PVC and
wood flour; in this case, the Mg values were comparable to
those for the PVC/HNT composites.

The presence of fillers (regardless of their types) in the PVC
matrix is associated with higher torque values. A 25% higher
maximum torque value was recorded for the PVC/5H compo-
site compared to neat PVC while for the PVC/30W-5H compo-
site, it was only higher by 7%. A similar trend towards higher
maximum torque values with the increasing amounts of the
mineral, plant and hybrid fillers in the PVC matrix was also
reported in other papers (Klapiszewski et al. 2017, Tomas-
zewska et al. 2017, Wieczorek et al. 2022).

The maximum torque values during kneading for the PVC/H
composites are higher than those for the PVC/30W or PVC/
30W-H compounds, which results from different processability
characteristics of these fillers. Hard halloysite particles do not
become elastic due to heat application, which is associated
with increased rotor resistances recorded during the process
of material kneading in the Brabender rheometer chamber.
The My values for the mixtures containing both types of
fillers are lower than those for the PVC/HNT composites and
the related lower mechanical loads are beneficial for the oper-
ation of processing devices.

We discovered the advantages of the use of inorganic-
organic fillers related to their effects on the processing proper-
ties of PVC-based composites compared to those typical of
materials containing only one filler in our previous research
on the application of silica-lignin hybrid materials (Klapiszewski
et al. 2015, Tomaszewska et al. 2017).

3.2.2. Structure observations
Morphologies of the PVC/5H, PVC/30W and PVC/30W-5H com-
posites were assggsed based on SEM images (Figure 3(A-G)).

The fracture surface (Figure 3(A-C)) of the composite sample
containing 5 wt% halloysite demonstrates a layer structure
characteristic of gelated PVC and comparable to that described
in our previous papers (Tomaszewska et al. 2007a, 2007b). The
fracture surface does not show any residual PVC grain com-
ponents, which confirms complete plasticization of the
polymer matrix indicative of properly selected processing par-
ameters. The presence of halloysite nanotube agglomerates
sized up to 10 um and regularly distributed on the entire frac-
ture surface is observed (Figure 3(A)). They are characterized by
uneven surfaces and shapes. The halloysite nanotubes are
embedded in the polymer matrix suggesting a strong
polymer-filler interfacial adhesion (Figure 3(B, C)). Rare agglom-
erates on the fracture surfaces of PVC composites with the 6%
halloysite content were also observed by Liu et al (Liu et al.
2014).

The SEM images (Figure 3(D, E)) of the PVC composites with
wood flour reveal polymer-embedded fibre bundles unevenly
distributed on the entire fracture surface. The images present
fibre fragments divided in two parts which remained in the
polymer matrix following the fracture. This suggests the pres-
ence of strong interfacial adhesion. There are only few places
where the filler was completely removed from the polymer
matrix, which proves the existence of beneficial polymer-filler
interactions. The fracture surfaces of PVC/wood flour compo-
sites differ from those presented in the papers (Zhao et al.
2006, Yim and Kim 2012) where, due to poor adhesion
between the fibres and the polymer matrix confirmed by the
presence of many empty places resulting from their removal
or partial detachment from the matrix, the authors suggested
modification of the wood flour surface with silanes to ensure
better filler-polymer interfacial interactions.

In the PVC composite containing both fillers (Figure 3(F, G)),
wood flour supported uniform dispersion of the halloysite
nanotubes in the polymer matrix. Compared to the SEM
images of PVC/5H composites, no halloysite nanotube agglom-
erates were observed in the PVC matrix, which may prove that
wood flour promotes intense fragmentation of the HNT particle
agglomerates by inducing additional friction and thus it
ensures excellent dispersion of the mineral filler.

3.2.3. Thermal properties

The results of the thermogravimetric analysis of neat PVC and
the PVC-based composites are presented in Figure 4 and sum-
marized in Table 3.

The process of PVC/halloysite composite degradation is
similar to that for unfilled PVC and consists of two stages.
Reports in the available literature indicate that the first stage
of PVC degradation, usually observed within 230°C to 350°C,
is associated with polymer dehydrochlorination and formation
of the polyene structure, leading to 65% weight loss. The
second stage, occurring in a higher temperature range, corre-
sponds to thermal cracking of the carbonaceous conjugated
polyene sequences and the formation of residual chars (Djidjelli
et al. 2002, Yu et al. 2016, Tomaszewska, Sterzynski et al. 2021).
In the TGA thermograms concerning neat PVC and PVC/filler
composites (Figure 4), two degradation stages occurring at,
respectively, 220°C to 360°C and 440°C to 540°C are clearly
seen.
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Figure 3. SEM images of PVC/5H (A, B, C), PVC/30W (D, E) and PVC/30W-5H (F, G).

The process of PVC/wood flour composite degradation also  value is lower by approx. 80% than that for unfilled PVC,
involves two stages with processes and chemical reactions per-  which is related to thermal processes in wood flour initiated
taining to both composite components. Compared to neat PVC by water loss at 50°C to 120°C. When the composite sample
and PVC composites with HNT, the initial stage of PVC/30W is heated up to the temperature above 250°C, further wood
decomposition q@iw@ﬁr lower temperature and the T, flour decomposition is observed and its products can include
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Figure 4. TGA thermograms of PVC and PVC composites.

e.g. formic acid, acetic acid and glyoxal. At temperatures
ranging from 315°C to 325°C and 340°C to 365°C, hemicellulose
and cellulose degradation is observed, respectively (Saini et al.
2008, Miiller et al. 2012, Fang et al. 2013).

The temperatures of 5% weight loss (Tse,) and 50% weight
loss (Tsog) for the PVC/30W composite were higher than the
temperature of neat PVC decomposition. In addition, the
residual mass at 700°C were higher by approx. 21% compared
to those observed for unfilled PVC. Similar conclusions were
presented by Bai et al. (2011) and Fang et al. (2012) who discov-
ered that wood promoted crosslinking and char formation of
PVC despite the HCl elimination reaction; moreover, HCI orig-
inating from PVC can promote dehydration and charring of
wood.

Addition of 1 wt% halloysite to the PVC matrix results in
higher weight loss temperatures Tqo, Tse, and Tsoo, by 15°C,
26°C and 41°C, respectively. However, these temperatures
and the residual mass at 700°C only slightly increase with the
increasing HNT content. Well dispersed halloysite nanotubes
in the PVC matrix can form a thermal barrier, which is beneficial
for the thermal stability of composites (Liu et al. 2011, 2013,

Table 3. The TGA analysis of PVC and PVC composites.
Temperature of weight loss (°C)

Sample RM at 700°C (%)
T1% T5% T50%
PVC 2154 238.1 286.1 18.3
PVC/TH 230.8 263.6 3274 189
PVC/3H 2359 265.0 330.5 19.7
PVC/5H 238.8 266.6 329.8 20.7
PVC/30W 136.5 247.5 332.7 22.1
PVC/30W-1H 140.3 248.2 3338 22.5
PVC/30W-3H 146.7 250.8 340.2 23.0
PVC/30W-5H 157.0 257.7 357.1 234

162771345512

Thomas 2023). In our study, we observed thermal stability
improvement despite the presence of halloysite nanotube
agglomerates recorded in the SEM images (Figure 3(A-C)).

Incorporation of halloysite into the PVC/wood flour mixture
resulted in higher Tqo, Tse, and Tsqg, values which increased
with the increasing halloysite amounts. The PVC/30W-5H
weight loss temperatures during the consecutive decompo-
sition stages were higher than those for the PVC/30W compo-
site by 21°C, 10°C and 24°C, respectively. The analysis of the
initial degradation temperature for the PVC composites with
both mineral and plant fillers was also conducted by Fang
et al. (2013). The zinc borate addition to the PVC/wood flour
composites did not influence the initial decomposition temp-
erature but its presence promoted formation of bigger char
amounts.

Rigid PVC and PVC-based composites are routinely pro-
cessed at the temperature range from 170°C to 210°C. For
this reason, the dependence of weight loss of the PVC/30W
composite and PVC/30W composite with various content of
HNTs on temperature corresponding to processing conditions
are presented in Figure 5. The sample weight loss at those
temperatures ranges from 1.27% to 2.02% but it should be
mentioned that at the particular processing temperatures, its
values decrease with the increasing halloysite contents in the
mixture of PVC and wood flour. Thus, reduction of the PVC/
WF mixture weight loss in the processing conditions has a ben-
eficial effect as it delays the degradation processes. We discov-
ered a similar effect of the weight loss reduction within the
processing temperatures when the mixture of poly(vinyl chlor-
ide) and high-density polyethylene was modified by means of
keratin fibres (Tomaszewska et al. 2016).

The thermal stability findings (Congo red test) for neat PVC
and the PVC composites with halloysite and wood flour are
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Figure 5. Weight loss of the PVC/30W and PVC/30W composites with halloysite as a function of the processing temperature.

presented in Figure 6(A). The addition of 1 wt% halloysite leads
to improvement of thermal stability of both neat PVC and the
PVC/wood flour composite which was the highest among all
tested samples. It should be mentioned here that the PVC/
30W composite demonstrates two-fold higher stability com-
pared to unfilled PVC and the 1 wt% halloysite addition
resulted in its longer duration by further 7 min. For the PVC/
30W-3H and PVC/30W-5H samples, an increase by only 1-
2min was observed. The higher thermal stability of the
samples containing 1 wt% halloysite may indicate the presence
of a thermal barrier resulting from even dispersion of the
material in the matrix.

The improved thermal stability revealed in the Congo red
test was also reported for the PVC composites containing
small amounts of nanosilica (Tomaszewska, Sterzynski et al.
2021), raspberry pomace (Mirowski et al. 2021) and silica-
lignin hybrids (Klapiszewski et al. 2015, Tomaszewska et al.
2017). Lignin improves thermal stability of the PVC composites
as the first releasing hydrogen chloride molecules bind to
methoxy groups in the phenolic rings, leading to the formation
of chloromethane (Klapiszewski et al. 2015). Contradictory con-
clusions were presented by Saini et al. (2008) who used the
Congo red test to assess thermal stability of the PVC compo-
sites containing 40% of wood flour and bark flour. Both flour
types shortened the initial time of thermal degradation.

The improvement in the PVC thermal stability confirmed in
our study is extremely beneficial for the processing technol-
ogies involving these materials. Application of the mineral
filler in the PVC composites with wood flour improves their
thermal stability, which ensures their safe processing in the
plasticized state with no risk of polymer degradation.

Filler additions (regardless of their types) in the PVC matrix
increase the Vicaﬁégfﬁ%%@mperature and the heat deflection

temperature (HDT) (Figure 6(B, C)). Halloysite-containing compo-
sites are characterized by slightly higher Vicat softening temp-
eratures compared to the unmodified matrix (increase by
approx. 4.5°C for 5 wt% HNT) while wood flour leads to an
increase by 22.2°C. The presence of halloysite in the PVC/30W
mixture promotes its further increase by 3-5°C, which suggests
a synergistic effect of the interactions between both com-
ponents. Moreover, the Vicat softening temperatures slightly
grow with the increasing amounts of halloysite in the PVC
matrix or PVC/30W mixtures. Beneficial effects of plant-derived
fillers (including wood flour) on the Vicat softening temperature
values in the PVC-based composites have been reported in many
papers (Rimdusit et al. 2011, Kuknyd and Szabo 2013, Chuayjuljit
et al. 2018). The presence of rigid wood flour particles in the
polymer matrix leads to the restriction in the polymer chains
mobility. The effect of Vicat softening temperature increase
was also observed for the PVC matrix where wood flour and
30 wt% chitosan were used as coupling agents and improved
the adhesion between wood flour and PVC (Xu et al. 2014). In
this case, the improvement in the thermal properties was associ-
ated with the formation of chitosan ‘bridges’ between the PVC
matrix and wood flour.

Moreover, the presence of wood flour in PVC promotes the
increase of heat deflection temperature (HDT) values by
approx. 10°C, while halloysite in the PVC matrix and PVC mix-
tures does not significantly affect these values. In our previous
study (Wieczorek et al. 2022), we observed slightly higher Vicat
softening temperature and heat deflection temperatures fol-
lowing the addition of 1 wt% calcinated halloysite to the
matrix. Improving the thermal stability of composites contain-
ing low fractions of halloysite nanotubes always requires that
their dispersion in the polymer matrix is high (Jiang and
Kamdem 2004, Yue et al. 2011).
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deflection temperature (C).



3.2.4. Mechanical properties

In Figure 7, stress-strain curves for neat PVC and PVC-based
composites are presented. The curves for neat PVC and PVC/
HNT samples demonstrate clear yield points, and the stress
values represent the tensile strength. For the PVC/wood flour
composites, brittle fracture without a clear yield point is
observed. The same effect was seen in the PVC matrix with
both halloysite and wood flour. A change of ductile into
brittle fracture during elongation was also observed in our pre-
vious research on hybrid fillers: Mg(OH),/lignin (Klapiszewski
et al. 2017), silica/lignin (Klapiszewski et al. 2015) and halloy-
site/lignin (Tomaszewska et al. 2022).

Mechanical properties determined in the static tensile test
as well as the impact strength and hardness values for neat
PVC and the PVC composites with WF and HNT are presented
in Table 4. The data summarized in the table suggest that the
halloysite addition to the PVC matrix results in higher
Young’'s modulus values by 3% to 10% observed with the
increasing filler content. Higher stiffness by approx. 8-10%
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for the composites with calcination-modified halloysite orig-
inating from Dunino mine compared to neat PVC was found
in our earlier studies (Wieczorek et al. 2022). This effect was
related to an alteration filler surface in more compatible with
the polymer matrix.

In the case of the PVC/30W mixture, higher Young's
modulus values by approx. 32% compared to neat PVC were
recorded. The increase in stiffness was probably related to
the immobilisation of the polymer chains by the wood flour,
as also found by Joshi and Marathe (Joshi and Marathe 2010)
for the PVC composite with 66 wt% wood flour.

Loading of halloysite into the PVC/wood flour mixture leads
to an increase in material stiffness, which may be associated
with homogeneous halloysite dispersion in the PVC/30W com-
posites observed in the SEM images (Figure 3(F, G)). An increase
in stiffness associated with the introduction of a mineral filler
into the PVC/plant-based filler mixture was also found for the
lignin/silica (Tomaszewska et al. 2017), Eurycoma longifolia
fibres/montmorillonite (Hamid et al. 2013) and wood flour/
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Figure 7. Stress—strain curves for the PVC and PVC composites.
Table 4. Mechanical properties of PVC and PVC composites.
Sample Hardness (°ShD) Impact strength (kJ/m?) E; (MPa) &m (MPa) oy (MPa) ep (%)
PVC 76.3 15.8 1570 (28) 61.3 (1.6) 61.3 (1.6) 27.0 (12.5)
PVC/TH 76.7 39.6 1620 (15) 62.4 (0.8) 62.4 (0.8) 29.9 (11.6)
PVC/3H 783 30.6 1690 (8) 64.0 (1.5) 64.0 (1.6) 17.0 (4.7)
PVC/5H 79.5 29.5 1720 (106) 66.3 (3.2) 66.3 (3.2) 18.7 (1.5)
PVC/30W 81.0 47 2080 (63) 342 (1.2) - 1.9 (0.1)
PVC/30W-TH 82.0 53 2160 (76) 34.9 (1.5) - 2.0 (0.1)
PVC/30W-3H 828 5.2 2220 (137) 40.0 (3.5) - 2.1(0.2)
PVC/30W-5H 83.5 4.7 2380 (55) 419 (2.7) - 2.2 (0.2)
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Figure 8. DMTA thermograms of the PVC and PVC composites: storage modulus (A) and loss tangent (B).

mica (Maldas and Kokta 1993) systems. In our study, we found
an approximately 14% increase in stiffness associated with the
5 wt% HNT content of the PVC/30W mixture.

Tensile strength of the PVC/HNT composites grows with the
increasing content of halloysite in the polymer matrix (Figure
7). Despite the presence of filler agglomerates in the polymer
matrix (Figure 3(AzQ)thehighest Sm value was recorded for

the PVC/5H composite and it was greater by 8% compared to
unfilled PVC. Thomas reported that the addition of 4 wt% hal-
loysite increases the tensile strength by over 35% compared
to neat PVC; however, the nanocomposites were prepared
with the addition of maleic anhydride-modified very low-
density polyethylene as a compatibilizer to enable the inter-
action between the matrix and the nanofiller (Thomas 2023).



Elongation at break of the composites with 1 wt% halloysite
increases by approx. 11% compared to neat PVC followed by
its reduction with the increasing fractions of the filler in the
polymer matrix. Similar findings were presented by other
authors for PVC/halloysite composites (Mondragén et al. 2009).

Wood flour results in a reduction in the tensile strength
and elongations at break values of the PVC-based materials
by approx. 44% and approx. 93% respectively. The presence
of wood flour in the PVC matrix leads to restriction of
polymer macromolecules mobility and thus to a limited
deformation ability (Saini et al. 2008, Joshi and Marathe
2010). The halloysite addition significantly improves the
tensile strength; a 5 wt% content of this filler in the PVC/
wood flour mixture results in higher &, values by approx.
23% compared to the PVC/30W samples. The improved
tensile strength is related to the homogeneous dispersion
of halloysite nanotubes in the PVC/30W composite (Figure
3(F-QG)). The beneficial influence of the application of a com-
bination of plant and mineral fillers in the PVC matrix com-
pared to only used plant-derived filler has been reported in
several papers (Yim and Kim 2012, Klapiszewski et al. 2015,
Tomaszewska et al. 2022).

The filler contents (regardless of their types) promoted the
increase of the material hardness. Its values grow with the
increasing amounts of the mineral filler both in the PVC
matrix and in the PVC/WF mixtures, reaching its highest value
in the PVC/30W-5H composite.

The impact strength of the PVC/H composites is the highest
for the sample with 1 wt% mineral filler and its value is over
151% greater compared to that for neat PVC. Although the
increasing halloysite content in the PVC led to a slightly
decreased impact strength, its values were significantly
higher than that for the matrix. The lower impact strength
values for the composites containing 3 and 5 wt% halloysite
may be associated with agglomerates observed in the SEM
images of the PVC/5H fracture surfaces (Figure 3(A-C)) the pres-
ence of which leads to the formation of local stresses.

Incorporation of wood flour into the PVC matrix results in a
decrease in impact strength by over 70% compared to neat
PVC. A similar reduction of the impact strength was reported
by Saini et al. (2008), who found the highest (67%) decrease
in the impact strength for the PVC composites containing
between 10 and 40 wt% of wood flour.

The presence of 1 and 3 wt% halloysite in the PVC compo-
sites with wood flour only resulted in a slightly improved
impact strength compared to the PVC/30W sample; however,
its values are still lower than for unmodified PVC.

In Figure 8, DMTA thermograms for neat PVC and PVC com-
posites are presented, while the values of the storage modulus
(E') at 30°C, 50°C, 70°C and the glass transition temperature (T
tan &) for all tested materials are summarized in Table 5.

The addition of fillers (regardless of their types) to the PVC
matrix resulted in increased stiffness of the composites, which
is confirmed by higher values of the storage modulus (E') at
30°C, 50°C and 70°C. The 5wt% loading of halloysite
enhances stiffness of composite by approx. 16% compared
to pristine PVC regardless of the temperature. Analogical
findings were presented by Liu et al. (2012, 2014) who
reported higher, valiyes -ghqothe storage modulus following
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the addition of 2wt% to 40 wt% halloysite nanotubes to
the PVC matrix.

The presence of wood flour in PVC resulted in the tempera-
ture-independent increase of storage modulus values by
approx. 48%. A similar trend was reported for the PVC-based
composites containing wood flour obtained from the bark of
Eugenia jambolana (Saini et al. 2008) and from bamboo
(Bahari et al. 2017) however the storage modulus tended to
decrease with the temperature. These composites were found
suitable both for interior and exterior applications.

When halloysite was added as the second component in
PVC/30W mixture further increase of stiffness is observed. The
storage modulus values grow with the increasing amounts of
HNT in the mixture and the highest E’ value was recorded for
the PVC/30W-5H composite regardless of the temperature. It
was higher by approx. 58% than the E’' value for neat PVC
and by approx. 7% compared to the PVC/30W.

The lowest decrease of the storage modulus value (13%)
within 30°C to 70°C was noted for the PVC/30W-1H composite;
increase in HNT content to 3 and 5 wt% led to 17% and 18%
decrease of E’ values at this temperature range. It can be con-
cluded that the PVC composites with wood flour and 1 wt%
halloysite will be suitable for the production of materials uti-
lized in the higher-temperature conditions (particularly the
elements in exterior load-bearing items) as the construction
features of these materials will alter within 30°C to 70°C at
the acceptable level. Considering the interior load-bearing
applications at stables temperatures up to 30°C, the PVC/
30W-5H composite should be selected.

Loading fillers into the PVC matrix results in gradually
increasing glass transition temperatures; this growth is clearly
seen when halloysite is applied: 6.5°C with 5wt% of this
mineral. The glass transition temperature for the PVC/30W
composites is only higher by 0.9°C compared to that for neat
PVC and it rises with the increasing HNT amounts, reaching
the highest value for the PVC/30W-5H sample. In this case,
the Ty tans values are higher by 3.2°C and 4.1°C compared to
the PVC/30W composite and unfilled PVC, respectively. The
observed increasing of the glass transition temperatures con-
cerning the tested composites may result from a poorer
ability to move of the polymer chain segments due to the pres-
ence of the fillers (Tomaszewska et al. 2021). An analogical ten-
dency towards increased glass transition temperatures was
reported by other authors who modified the PVC matrix
using halloysite (Liu et al. 2011, 2012) and wood flour (Jiang
and Kamdem 2008, Marathe and Joshi 2009).

Table 5. Storage modulus and glass transition temperature values for PVC and
PVC composites with halloysite and wood flour.

Sample E' (MPa) Tg tan & 0
30°C 50°C 70°C
PVC 3177 3029 2594 90.4
PVC/TH 3188 3033 2743 90.8
PVC/3H 3211 3036 2658 93.2
PVC/5H 3637 3478 3046 96.9
PVC/30W 4684 4425 3905 91.3
PVC/30W-1H 4758 4524 4132 91.8
PVC/30W-3H 4915 4623 4079 914
PVC/30W-5H 5046 4721 4152 94.5
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4. Conclusions

Wood flour and calcinated halloysite can be utilized in the pro-
duction of poly(vinyl chloride)-based composites with a rela-
tively homogenous structure confirmed by SEM observations.
The courses of plastograms recorded during kneading in the
molten state indicate properly selected processing conditions.
The simultaneous introduction of both fillers into the PVC
matrix results in slightly increased torque values, so it is poss-
ible to process such materials by classical methods, mainly
extrusion, without excessive mechanical stress on the proces-
sing machine.

The presence of wood flour in the mixture promotes hom-
ogenous distribution of halloysite in the PVC matrix resulting
in the barrier effect and improvement of thermal properties,
particularly a higher thermal stability assessed in the Congo
red test. The application of halloysite in the PVC/30W mixture
leads to a significant reduction of the material’'s weight loss
in the temperature conditions at which rigid PVC is routinely
processed. Additionally, a beneficial effect on the Vicat soften-
ing temperature rise by 3-5°C compared to that for the compo-
site with only a wood filler was noted, which is important for
the users of products manufactured using these materials.

The restriction of polymer chains mobility induced by the
wood flour and halloysite resulted in higher values of the
Young’s modulus for the PVC composites. Moreover, following
the addition of 5 wt% halloysite to the PVC/wood flour mixture,
the increase in tensile strength was noted. Higher stiffness of
the composites with WF and HNT are confirmed by the
DMTA analysis.

No significant effect of halloysite on the impact strength of
the PVC/30W composites was observed; its values are still sig-
nificantly lower than those for unfilled PVC. On the other
hand, the hardness values for the PVC/30W composites con-
taining HNTs are slightly higher compared to those without
mineral filler.

The research findings suggest it is reasonable to utilize sim-
ultaneously both wood flour and halloysite as fillers which
improve the PVC processing and performance properties, par-
ticularly the thermal and mechanical parameters. The results
of the DMTA study indicate that, depending on the amount
of halloysite in the PVC/wood flour blend, composites can be
used to produce structural components for both indoor and
outdoor use. Testing of the composites is continuing with
regard to their water absorption, resistance to micro-organisms
and resistance to ageing.

Acknowledgements

The authors would like to express the gratitude to Stawomir Wilczewski for
providing SEM observations.

Author contributions

Conceptualization, J.T., M\W.; methodology, M.W., J.T.; software, J.T., M.W.;
formal analysis, J.T., M\W,; investigation, J.T., M.W.; resources, J.T., M.W.,;
data curation, J.T, M\W.; writing - original draft preparation, J.T., MW,
writing - review and editing, J.T., M\W.; visualization, M.W.; supervision,
J.T.; project administration, J.T.; funding acquisition, J.T. All authors have
read and agreed toltégﬁygg%@};bversion of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Bydgoszcz University of Science and Tech-
nology, as part of the “Dziatania Naukowe Mtodych” program, under Grant:
RNCB.503.12.2024.

ORCID

Martina Wieczorek
Jolanta Tomaszewska

http://orcid.org/0000-0001-6294-5542
http://orcid.org/0000-0003-1361-7942

References

Abdellah Ali, S.F., et al., 2020. Formulation and characterization of new
ternary stable composites: polyvinyl chloride-wood flour- calcium car-
bonate of promising physicochemical properties. Journal of Materials
Research and Technology, 9, 12840-12854. doi:10.1016/j.jmrt.2020.08.
113.

Agrawal, A., and Satapathy, A, 2015. Mathematical model for evaluating
effective thermal conductivity of polymer composites with hybrid
fillers. International Journal of Thermal Sciences, 89, 203-209. doi:10.
1016/j.ijthermalsci.2014.11.006.

Alsabri, A., and Al-Ghamdi, S.G., 2020. Carbon footprint and embodied
energy of PVC, PE, and PP piping: perspective on environmental per-
formance. Energy Reports, 6, 364-370. doi:10.1016/j.egyr.2020.11.173.

Ari, G.A,, and Aydin, |, 2010. Rheological and fusion behaviors of PVC micro-
and nano-composites evaluated from torque rheometer data. Journal of
Vinyl & Additive Technology, 16, 223-228. doi:10.1002/vnl.20241.

Arthur, D.E., et al., 2021. Studies on some mechanical properties of PVC-
wood fibre composite. Chemical Review and Letters, 4, 85-91. doi:10.
22034/crl.2021.242652.1076.

Bahari, S.A., Grigsby, W.J,, and Krause, A., 2017. Flexural properties of PVC/
bamboo composites under static and dynamic-thermal conditions:
effects of composition and water absorption. International Journal of
Polymer Science, 2017, 1-8. doi:10.1155/2017/2717848.

Bai, X.Y., et al., 2011. The effects of wood-flour on combustion and thermal
degradation behaviors of PVC in wood-flour/poly(vinyl chloride) compo-
sites. Journal of Analytical and Applied Pyrolysis, 91, 34-39. doi:10.1016/j.
jaap.2011.02.009.

Bendjaouahdou, C,, and Aidaoui, K., 2021. Synthesis and characterization of
polyvinyl chloride/wood flour/organoclay ternary composites. Polymers
& Polymer Composites, 29, 1-10. doi:10.1177/09673911211031139.

Bertolino, V., et al., 2020. Polysaccharides/halloysite nanotubes for smart
bionanocomposite materials. Carbohydrate Polymers, 245, 116502.
doi:10.1016/j.carbpol.2020.116502.

Bledzki, A.K., Reihmane, S., and Gassan, J., 1998. Thermoplastics reinforced
with wood fillers: a literature review. Polymer - Plastics Technology and
Engineering, 37, 451-468. doi:10.1080/03602559808001373.

Cavallaro, G., Milioto, S., and Lazzara, G., 2020. Halloysite nanotubes: inter-
facial properties and applications in cultural heritage. Langmuir, 36,
3677-3689. doi:10.1021/acs.langmuir.0c00573.

Chuayjuljit, S., et al., 2018. Poly(vinyl chloride)/poly(butylene succinate)/
wood flour composites: physical properties and biodegradability.
Polymer Composites, 39, 1543-1552. doi:10.1002/pc.24098.

Danyliuk, N., Tomaszewska, J., and Tatarchuk, T., 2020. Halloysite nanotubes
and halloysite-based composites for environmental and biomedical
applications. Journal of Molecular Liquids, 309, 113077. doi:10.1016/j.
molliq.2020.113077.

Deng, L, et al., 2019. Effects of calcination and acid treatment on improving
benzene adsorption performance of halloysite. Applied Clay Science, 181,
1-8. doi:10.1016/j.clay.2019.105240.

Djidjelli, H., et al., 2002. Effect of wood flour content on the thermal, mech-
anical and dielectric properties of poly(vinyl chloride). Macromolecular
Materials and Engineering, 287, 611-618. doi:10.1002/1439-2054
(20020901)287:9<611::AID-MAME611>3.0.CO;2-L.


http://orcid.org/0000-0001-6294-5542
http://orcid.org/0000-0003-1361-7942
https://doi.org/10.1016/j.jmrt.2020.08.113
https://doi.org/10.1016/j.jmrt.2020.08.113
https://doi.org/10.1016/j.ijthermalsci.2014.11.006
https://doi.org/10.1016/j.ijthermalsci.2014.11.006
https://doi.org/10.1016/j.egyr.2020.11.173
https://doi.org/10.1002/vnl.20241
https://doi.org/10.22034/crl.2021.242652.1076
https://doi.org/10.22034/crl.2021.242652.1076
https://doi.org/10.1155/2017/2717848
https://doi.org/10.1016/j.jaap.2011.02.009
https://doi.org/10.1016/j.jaap.2011.02.009
https://doi.org/10.1177/09673911211031139
https://doi.org/10.1016/j.carbpol.2020.116502
https://doi.org/10.1080/03602559808001373
https://doi.org/10.1021/acs.langmuir.0c00573
https://doi.org/10.1002/pc.24098
https://doi.org/10.1016/j.molliq.2020.113077
https://doi.org/10.1016/j.molliq.2020.113077
https://doi.org/
https://doi.org/10.1016/j.clay.2019.105240
https://doi.org/10.1002/1439-2054(20020901)287:9%3C611::AID-MAME611%3E3.0.CO;2-L
https://doi.org/10.1002/1439-2054(20020901)287:9%3C611::AID-MAME611%3E3.0.CO;2-L

Fang, Y., et al., 2012. Thermal and burning properties of wood flour-poly
(vinyl chloride) composite. Journal of Thermal Analysis and Calorimetry,
109, 1577-1585. doi:10.1007/s10973-011-2071-y.

Fang, Y., et al., 2013. Effect of zinc borate and wood flour on thermal degra-
dation and fire retardancy of polyvinyl chloride (PVC) composites.
Journal of Analytical and Applied Pyrolysis, 100, 230-236. doi:10.1016/j.
jaap.2012.12.028.

Feng, A, et al, 2017. Synthesis, preparation and mechanical property of
wood fiber-reinforced poly(vinyl chloride) composites. Journal of
Nanoscience and Nanotechnology, 17, 3859-3863. doi:10.1166/jnn.
2017.13987.

Ghalehno, M.D., Kord, B., and Adlnasab, L., 2021. Effects of various types of
modifed nanoclay on the physical, mechanical, and viscoelastic charac-
teristics of lignocellulosic filler-reinforced PVC composites. Research
Square, 1-22. doi:10.21203/rs.3.rs-510353/v1.

Gilbert M (2012) Poly(vinyl chloride)(PVC)-based
In Fengge Gao, eds. Advances in polymer
Loughborough: Woodhead Publishing, 216-237.

Hamid, Y., Bakar, A.A., and Deirram, N., 2013. Mechanical and morphological
properties of waste Eurycoma longifolia fiber/montmorillonite
reinforced poly(vinyl chloride) hybrid composites. Journal of Applied
Polymer Science, 128, 1170-1175. doi:10.1002/app.38401.

Hawkins, T., 1982. Evaluation of PVC compound on the brabender torque
rheometer. Journal of Vinyl and Additive Technology, 4, 110-114.
doi:10.1002/VNL.730040306.

Huuhilo, T., et al., 2010. Mineral fillers for wood-plastic composites. Wood
Material ~ Science &  Engineering, 5, 34-40. doi:10.1080/
17480270903582189.

lulianelli GC, V., Maciel, P.D.M.C,, and Tavares, M.I.B., 2011. Preparation and
characterization of PVC/natural filler composites. Macromolecular
Symposia, 299, 227-233. doi:10.1002/masy.200900104.

Jiang, H., and Kamdem, D.P., 2004. Development of poly(vinyl chloride)/
wood composites. A literature review. Journal of Vinyl & Additive
Technology, 10, 59-69. doi:10.1002/vnl.20009.

Jiang, H., and Kamdem, D.P., 2008. Thermal and dynamic mechanical
behavior of poly(vinyl chloride)/wood flour composites. Journal of
Applied Polymer Science, 107, 951-957. doi:10.1002/app.26370.

Joshi, P.S., and Marathe, D.S., 2010. Mechanical properties of highly filled
PVC/wood-flour composites. Journal of Reinforced Plastics and
Composites, 29, 2522-2533. doi:10.1177/0731684409353815.

Joussein, E., et al., 2005. Halloysite clay minerals — a review. Clay Minerals,
40, 383-426. doi:10.1180/0009855054040180.

Kabir, H., et al., 2014. Investigation of physical and mechanical properties of
bamboo fiber and PVC foam sheet composites. Universal Journal of
Materials Science, 2, 119-124. doi:10.13189/ujms.2014.020603.

Kiani, H., Ashori, A., and Mozaffari, S.A., 2011. Water resistance and thermal
stability of hybrid lignocellulosic filler-PVC composites. Polymer Bulletin,
66, 797-802. doi:10.1007/500289-010-0381-z.

Klapiszewski, t, et al., 2015. Preparation and characterization of novel pvc/
silica-lignin composites. Polymers (Basel), 7, 1767-1788. doi:10.3390/
polym7091482.

Klapiszewski, £, et al., 2017. Preparation and characterization of eco-friendly
Mg(OH)2/lignin hybrid material and its use as a functional filler for poly
(vinyl chloride). Polymers (Basel), 9, 258. doi:10.3390/polym9070258.

Kuciel, S., and Liber, A., 2005. Ocena skutecznosci wzmacniania
polietylenéw maczka drzewna. Polimery, 50, 436-440.

Kuknyd, T., and Szabo, T., 2013. Preparation and evaluation of novel wood-
PVC systems. Materials Science Forum, 752, 225-232. doi:10.4028/www.
scientific.net/MSF.752.225.

Kumar, V., Tyagi, L., and Sinha, S., 2011. Wood flour-reinforced plastic com-
posites: a review. Reviews in Chemical Engineering, 27, 253-264. doi:10.
1515/REVCE.2011.006.

Lee, G.W., et al., 2006. Enhanced thermal conductivity of polymer compo-
sites filled with hybrid filler. Composites Part A: Applied Science and
Manufacturing, 37, 727-734. doi:10.1016/j.compositesa.2005.07.006.

Lewandowski, K., et al., 2011. Studies of processing properties of PVC/wood
composites. Chemik, 65, 329-336.

Lewandowski, K., and Skérczewska, K., 2022. A brief review of poly(vinyl
chloride) (PVC) recycling. Polymers (Basel), 14, 3035. doi:10.3390/
polym14153035.

169:36907114

nanocomposites.
nanocomposites.

WOOD MATERIAL SCIENCE & ENGINEERING . 15

Liang, J.,, et al., 2018. Fabrication and characterization of fatty acid / wood-
flour composites as novel form-stable phase change materials for
thermal energy storage. Energy and Buildings, 171, 88-99. doi:10.1016/
j.enbuild.2018.04.044.

Liu, C, et al., 2011. Enhancement of mechanical properties of poly(vinyl chlor-
ide) with polymethyl methacrylate-grafted halloysite nanotube. Express
Polymer Letters, 5, 591-603. doi:10.3144/expresspolymlett.2011.58.

Liu, C, et al.,, 2012. Structure and properties of poly(vinyl chloride)/halloy-
site nanotubes nanocomposites. Journal of Macromolecular Science, Part
B Physics, 51, 968-981. doi:10.1080/00222348.2011.564106.

Liu, C,, et al., 2013. Thermal degradation behaviors of poly(vinyl chloride)/
halloysite nanotubes nanocomposites. International Journal of
Polymeric Materials, 62, 128-132. doi:10.1080/00914037.2011.617328.

Liu, C, et al, 2014. Particle configuration and properties of poly(vinyl
chloride)/halloysite nanotubes nanocomposites via IN situ suspension
polymerization. Polymer Composites, 35, 856-863. doi:10.1002/pc.
227209.

Lu, H., et al, 2010. Mechanical and shape-memory behavior of shape-
memory polymer composites with hybrid fillers. Polymer International,
59, 766-771. doi:10.1002/pi.2785.

Mahajan, A, and Gupta, P, 2020. Halloysite nanotubes based hetero-
geneous solid acid catalysts. New Journal of Chemistry, 44, 12897-
12908. doi:10.1039/d0nj02846k.

Maldas, D., and Kokta B, V., 1993. Performance of hybrid reinforcements in
PVC composites. Il: use of surface-modified mica and different cellulosic
materials as reinforcements. J Vinyl Technol, 15, 38-44. doi:10.1002/vnl.
730150111.

Marathe, D.S., and Joshi, P.S., 2009. Characterization of highly filled wood
flour-PVC composites: morphological and thermal studies. Journal of
Applied Polymer Science, 114, 90-96. doi:10.1002/app.30452.

Matuana, L.M., and Kim, J.-W., 2007. Fusion characteristics of rigid PVC/
wood-flour composites by torque rheometry. Journal of Vinyl &
Additive Technology, 13, 7-13. d0i:10.1002/vnl.20092.

Mengelogly, F., and Matuana, L.M., 2001. Foaming of rigid PVC/wood-flour
composites through a continuous extrusion process. Journal of Vinyl &
Additive Technology, 7, 142-148. doi:10.1002/vnl.10282.

Mengeloglu, F., and Matuana, L.M., 2003. Mechanical properties of extru-
sion-foamed rigid PVC/wood- flour composites. Journal of Vinyl &
Additive Technology, 9, 26-31. doi:10.1002/vnl.10058.

Mirowski, J., et al., 2021. Poly(vinyl chloride) composites with raspberry
pomace filler. Polymers (Basel), 13, 1-19. doi:10.3390/polym13071079.
Mondragén, M., et al., 2009. Rigid poly (vinyl chloride)/ halloysite nanocom-

posites. Houston: NSTI-Nanotech.

Mousa, A., Heinrich, G., and Wagenknecht, U., 2010. Thermoplastic compo-
sites based on renewable natural resources: unplasticized PVC/olive
husk. International Journal of Polymeric Materials, 59, 843-853. doi:10.
1080/00914037.2010.504143.

Mdller, M., Militz, H., and Krause, A., 2012. Thermal degradation of ethanola-
mine treated poly(vinyl chloride)/wood flour composites. Polymer
Degradation and Stability, 97, 166-169. doi:10.1016/j.polymdegradstab.
2011.10.021.

Naumenko, E., and Fakhrullin, R, 2019. Halloysite nanoclay/biopolymers
composite materials in tissue engineering. Biotechnology Journal, 14,
1-11. doi:10.1002/biot.201900055.

Patil, A., Patel, A., and Purohit, R,, 2017. An overview of polymeric materials
for automotive applications. Materials Today: Proceedings, 4, 3807-3815.
doi:10.1016/j.matpr.2017.02.278.

Plastics - the fast facts, 2023. Available online: https://plasticseurope.org/
resources/publications/.

Rezaie, J., et al., 2021. Halloysite nanotubes/carbohydrate-based hydrogels
for biomedical applications: from drug delivery to tissue engineering.
Polymer Bulletin, 79, 1-17. d0i:10.1007/500289-021-03784-w.

Rimdusit, S., et al., 2011. Characterization of coconut fiber-filled polyvinyl
chloride/acrylonitrile styrene acrylate blends. Journal of Reinforced
Plastics and Composites, 30, 1691-1702. doi:10.1177/0731684411427484.

Saba, N., Tahir, P.M., and Jawaid, M., 2014. A review on potentiality of nano
filler/natural fiber filled polymer hybrid composites. Polymers (Basel), 6,
2247-2273. doi:10.3390/polym6082247.

Sadjadi, S., 2020. Halloysite-based hybrids/composites in catalysis. Applied
Clay Science, 189, 105537. doi:10.1016/j.clay.2020.105537.


https://doi.org/10.1007/s10973-011-2071-y
https://doi.org/10.1016/j.jaap.2012.12.028
https://doi.org/10.1016/j.jaap.2012.12.028
https://doi.org/10.1166/jnn.2017.13987
https://doi.org/10.1166/jnn.2017.13987
https://doi.org/10.21203/rs.3.rs-510353/v1
https://doi.org/10.1002/app.38401
https://doi.org/10.1002/VNL.730040306
https://doi.org/10.1080/17480270903582189
https://doi.org/10.1080/17480270903582189
https://doi.org/10.1002/masy.200900104
https://doi.org/10.1002/vnl.20009
https://doi.org/10.1002/app.26370
https://doi.org/10.1177/0731684409353815
https://doi.org/10.1180/0009855054040180
https://doi.org/10.13189/ujms.2014.020603
https://doi.org/10.1007/s00289-010-0381-z
https://doi.org/10.3390/polym7091482
https://doi.org/10.3390/polym7091482
https://doi.org/10.3390/polym9070258
https://doi.org/10.4028/www.scientific.net/MSF.752.225
https://doi.org/10.4028/www.scientific.net/MSF.752.225
https://doi.org/10.1515/REVCE.2011.006
https://doi.org/10.1515/REVCE.2011.006
https://doi.org/10.1016/j.compositesa.2005.07.006
https://doi.org/10.3390/polym14153035
https://doi.org/10.3390/polym14153035
https://doi.org/10.1016/j.enbuild.2018.04.044
https://doi.org/10.1016/j.enbuild.2018.04.044
https://doi.org/10.3144/expresspolymlett.2011.58
https://doi.org/10.1080/00222348.2011.564106
https://doi.org/10.1080/00914037.2011.617328
https://doi.org/10.1002/pc.22729
https://doi.org/10.1002/pc.22729
https://doi.org/10.1002/pi.2785
https://doi.org/10.1039/d0nj02846k
https://doi.org/10.1002/vnl.730150111
https://doi.org/10.1002/vnl.730150111
https://doi.org/10.1002/app.30452
https://doi.org/10.1002/vnl.20092
https://doi.org/10.1002/vnl.10282
https://doi.org/10.1002/vnl.10058
https://doi.org/10.3390/polym13071079
https://doi.org/10.1080/00914037.2010.504143
https://doi.org/10.1080/00914037.2010.504143
https://doi.org/10.1016/j.polymdegradstab.2011.10.021
https://doi.org/10.1016/j.polymdegradstab.2011.10.021
https://doi.org/
https://doi.org/10.1002/biot.201900055
https://doi.org/10.1016/j.matpr.2017.02.278
https://plasticseurope.org/resources/publications/
https://plasticseurope.org/resources/publications/
https://doi.org/10.1007/s00289-021-03784-w
https://doi.org/10.1177/0731684411427484
https://doi.org/10.3390/polym6082247
https://doi.org/10.1016/j.clay.2020.105537

16 M. WIECZOREK AND J. TOMASZEWSKA

Saini, G., et al., 2008. Study on PVC composites containing Eugenia jambo-
lana wood flour. Journal of Applied Polymer Science, 107, 2171-2179.
doi:10.1002/app.27198.

Sanadi, A.R., Caulfield, D.F., and Rowell, R.M., 1994. Reinforcing polypropy-
lene with natural fibers. Plastics Engineering, 50, 27-28.

Shah, B.L., Matuana, L.M., and Heiden, P.A., 2005. Novel coupling agents for
PVC/wood-flour composites. Journal of Vinyl & Additive Technology, 11,
160-165. doi:10.1002/vnl.20056.

Sombatsompop, N., et al., 2003. Effect of wood sawdust content on rheolo-
gical and structural changes, and thermo-mechanical properties of PVC/
sawdust composites. Polymer International, 52, 1847-1855. doi:10.1002/
pi.1386.

Tan, D., et al, 2016. Surface modifications of halloysite. Amsterdam:
Developments in Clay Science.

Thomas, S.P., 2023. Polyvinyl chloride (PVC)/ halloysite (HNT) nanocompo-
sites: thermal stability and structural characterization studies. Journal of
King Saud University - Engineering Sciences, 36, 98-104. doi:10.1016/j.
jksues.2023.06.001.

Tironi, A, et al., 2017. Pozzolanic activity of calcined halloysite-rich kaolinitic
clays. Applied Clay Science, 147, 11-18. doi:10.1016/j.clay.2017.07.018.
Tomaszewska, J., et al., 2016. Tri-component recycled PVC/PE-HD material
composite with keratin fibres. Fibres & Textiles in Eastern Europe, 24,

73-80. doi:10.5604/12303666.1226221.

Tomaszewska, J., et al., 2017. Advanced organic-inorganic hybrid fillers as
functional additives for poly (vinyl chloride). Polimery, 62, 19-26.
doi:10.14314/polimery.2017.019.

Tomaszewska, J.,, et al., 2021. Review of recent developments of glass tran-
sition in pvc nanocomposites. Polymers (Basel), 13, 1-24. doi:10.3390/
polym13244336.

Tomaszewska, J., et al., 2022. Preparation, characterization and tailoring
properties of poly(vinyl chloride) composites with the addition of func-
tional halloysite-lignin hybrid materials. Materials (Basel), 1, 1-25. doi:10.
3390/ma15228102.

Tomaszewska, J., Sterzyniski, T., and Piszczek, K., 2004. Rigid poly(vinyl chlor-
ide) (PVQC) gelation in the brabender measuring mixer. |. equilibrium
state between sliding, breaking, and gelation of PVC. Journal of
Applied Polymer Science, 93, 966-971. doi:10.1002/app.20519.

Tomaszewska, J., Sterzynski, T., and Piszczek, K., 2007a. Rigid poly(vinyl
chloride) gelation in a brabender measuring mixer. lll. transformation
in the torque maximum. Journal of Applied Polymer Science, 106, 3158—
3164. doi:10.1002/app.26754.

Tomaszewska, J., Sterzynski, T., and Piszczek, K., 2007b. Rigid poly(vinyl
chloride) (PVC) gelation in the brabender measuring mixer. Il. descrip-
tion of PVC gelation in the torque inflection point. Journal of Applied
Polymer Science, 103, 3688-3693. doi:10.1002/app.24359.

170:66285805

Tomaszewska, J., Sterzynski, T., and Walczak, D., 2021. Thermal stability of
nanosilica-modified poly(vinyl chloride). Polymers (Basel), 13, 1-18.
doi:10.3390/polym13132057.

Tomaszewska, J., Sterzynski, T., and Zajchowski, S., 2011. Thermal and struc-
tural effects of poly(vinyl chloride)/(wood flour) compound gelation in
the brabender mixer. Journal of Vinyl & Additive Technology, 17, 239-
244. doi:10.1002/vnl.20286.

Vikulina, A., et al., 2020. Naturally derived nano- and micro-drug delivery
vehicles: halloysite, vaterite and nanocellulose. New Journal of
Chemistry, 44, 5638-5655. doi:10.1039/c9nj06470b.

Wieczorek, M., et al., 2022. Effect of calcinated halloysite on structure and
properties of rigid poly (vinyl chloride) composites. Chemical and
Process Engineering, 43, 383-404. doi:10.24425/cpe.2022.142281.

Wirawan, R., Zainudin, E.S., and Sapuan, S.M., 2009. Mechanical properties
of natural fibre reinforced PVC composites: A review. Sains Malaysiana,
38, 531-535.

Xu, K., et al., 2014. Effects of chitosan as biopolymer coupling agent on the
thermal and rheological properties of polyvinyl chloride/wood flour
composites. Composites Part B: Engineering, 58, 392-399. doi:10.1016/j.
compositesb.2013.10.056.

Yarahmadi, N., Jakubowicz, |., and Hjertberg, T., 2003. The effects of heat
treatment and ageing on the mechanical properties of rigid PVC.
Polymer Degradation and Stability, 82, 59-72. doi:10.1016/50141-3910
(03)00163-0.

Yim, H., and Kim, D.S., 2012. Physical properties of PVC/aminosilane-treated
wood flour/organoclay composites. Polymers for Advanced Technologies,
23, 1441-1445. doi:10.1002/pat.2065.

Yu, H,, et al., 2014. Improving the antifouling property of polyethersulfone
ultrafiltration membrane by incorporation of dextran grafted halloysite
nanotubes. Chemical Engineering Journal, 237, 322-328. doi:10.1016/j.
cej.2013.09.094.

Yu, J, et al, 2016. Thermal degradation of PVC: A review. Waste
Management, 48, 300-314. doi:10.1016/j.wasman.2015.11.041.

Yue, X, Chen, F., and Zhou, X., 2011. Improved interfacial bonding of PVC/
wood-flour composites by lignin amine modification. BioResources, 6,
2022-2044. doi:10.15376/biores.6.2.2022-2034.

Zajchowski, S., and Tomaszewska, J., 2008. Kompozyty Polimerowo-
Drzewne. Teka Kom Bud Ekspl Masz Elektrotech Bud-OL PAN, 54, 183-188.

Zhang, B,, et al., 2020. Geopolymerization of halloysite via alkali-activation:
dependence of microstructures on precalcination. Applied Clay Science,
185, 1-10. doi:10.1016/j.clay.2019.105375.

Zhao, Y., et al., 2006. Properties of poly(vinyl chloride)/wood flour/mon-
tmorillonite composites: effects of coupling agents and layered silicate.
Polymer Degradation and Stability, 91, 2874-2883. doi:10.1016/j.
polymdegradstab.2006.09.001.


https://doi.org/10.1002/app.27198
https://doi.org/10.1002/vnl.20056
https://doi.org/10.1002/pi.1386
https://doi.org/10.1002/pi.1386
https://doi.org/
https://doi.org/10.1016/j.jksues.2023.06.001
https://doi.org/10.1016/j.jksues.2023.06.001
https://doi.org/10.1016/j.clay.2017.07.018
https://doi.org/10.5604/12303666.1226221
https://doi.org/10.14314/polimery.2017.019
https://doi.org/
https://doi.org/10.3390/polym13244336
https://doi.org/10.3390/polym13244336
https://doi.org/
https://doi.org/10.3390/ma15228102
https://doi.org/10.3390/ma15228102
https://doi.org/10.1002/app.20519
https://doi.org/10.1002/app.26754
https://doi.org/10.1002/app.24359
https://doi.org/
https://doi.org/10.3390/polym13132057
https://doi.org/10.1002/vnl.20286
https://doi.org/10.1039/c9nj06470b
https://doi.org/10.24425/cpe.2022.142281
https://doi.org/10.1016/j.compositesb.2013.10.056
https://doi.org/10.1016/j.compositesb.2013.10.056
https://doi.org/10.1016/S0141-3910(03)00163-0
https://doi.org/10.1016/S0141-3910(03)00163-0
https://doi.org/10.1002/pat.2065
https://doi.org/10.1016/j.cej.2013.09.094
https://doi.org/10.1016/j.cej.2013.09.094
https://doi.org/10.1016/j.wasman.2015.11.041
https://doi.org/10.15376/biores.6.2.2022-2034
https://doi.org/
https://doi.org/10.1016/j.clay.2019.105375
https://doi.org/10.1016/j.polymdegradstab.2006.09.001
https://doi.org/10.1016/j.polymdegradstab.2006.09.001

Publikacja [P5]

Influence of Halloysite Nanotubes on Processing, Structural, Thermal Properties of
PVC/HDPE Composites with Wood Flour

171:20080640 171



WOOD MATERIAL SCIENCE & ENGINEERING
https://doi.org/10.1080/17480272.2024.2423372

Taylor & Francis
Taylor &Francis Group

ORIGINAL ARTICLE

'.) Check for updates

Influence of halloysite nanotubes on processing, structural and thermal properties of
poly(vinyl chloride)/high-density polyethylene composites with wood flour

b

Martina Wieczorek ©2, Jolanta Tomaszewska ©? and Izabela Klapiszewska

®Faculty of Chemical Technology and Engineering, Bydgoszcz University of Science and Technology, Bydgoszcz, Poland; ®Faculty of Civil and
Transport Engineering, Poznan University of Technology, Poznan, Poland

ABSTRACT

The aim of this work was to investigate the effect of halloysite nanotubes (HNT) on the processing,
structural and thermal properties of poly(vinyl chloride) (PVC), high-density polyethylene (HDPE), and
PVC-HDPE composites with various proportions of both polymer components containing 30 wt%
wood flour (WF) and 5 wt% halloysite processed in the Brabender measuring mixer. The HNT content
in the composites leads to a slight increase in the maximum torque and a reduction in the gelation
time for PVC and PVC-HDPE matrix composites with the 90:10 component ratio. In addition,
microscopic images of these materials showed a homogeneous distribution of HNT in the polymer
matrix. The addition of mineral filler to the matrix, regardless of the polymer type, resulted in a slight
increase in the torque values at the kneading endpoint. The PVC-HDPE-wood flour composites are
characterized by higher thermal stability at processing temperature when HNT is loaded. The
introduction of 5 wt% HNT into the PVC-HDPE 90:10 30 wt% WF blend resulted in an increase of the
2% weight loss temperature by 16°C. The simultaneous use of wood flour and halloysite as fillers for
PVC-HDPE blends could be an eco-efficient solution for the new composite material sector.
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1. Introduction full-value products. Replacing virgin polymers with recycled

In 2022, world plastics production exceeded 400 Mt, with
polymers such as polypropylene (PP) (18.9%), low-density poly-
ethylene (LDPE) (14.1%), poly(vinyl chloride) (PVC) (12.7%), and
high-density polyethylene (HDPE) (12.2%) dominating (Plastic
Europe 2023). The long time required for plastics to degrade
leads to an increased environmental accumulation. One way
to reduce the excessive environmental pollution caused by
plastic waste is through material recycling. This method of
waste management allows plastics to be reused to produce

plastics is both economically and environmentally beneficial.
Unfortunately, polymer waste belongs to different groups,
making it highly variable and never represents a single base
material (Cossu and Lai 2015, Wang et al. 2019, Dorigato
2021, Pandey et al. 2023). Due to the immiscibility of many
polymers, the reprocessing of mill blends into new products
results in much poorer mechanical properties.

Therefore, new solutions are being investigated to obtain
materials based on recycled polymers with advantageous
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properties, including the production of composites with fillers
of natural origin (Shebani et al. 2019, Jan et al. 2023, Xantho-
poulou et al. 2023). To improve the compatibility of the
polymer matrix with the filler, coupling agents, compatibilisers,
or surface modifications of the fillers are employed to improve
their dispersion in the polymer matrix and the adhesion
between the hydrophilic natural filler and the hydrophobic
matrix. Homogeneously dispersed filler and favorable inter-
actions at the polymer-filler interface contribute to improved
mechanical and thermal properties of the resulting composites
(Sobczak et al. 2013, Saba et al. 2014).

Due to its high availability and low cost, wood flour (WF) is
widely used in the production of thermoplastic polymer
matrix composites, including poly(vinyl chloride). Despite
several advantages, wood polymer composites (WPCs) can
undergo thermal degradation at low temperatures, leading
to significant deterioration in mechanical properties. To
improve the thermal stability of wood-filled composites, it is
therefore appropriate to introduce other additives, including
mineral fillers (Huuhilo et al. 2010, Yim and Kim 2012, Gha-
lehno et al. 2021). The group of mineral fillers includes halloy-
site, which belongs to the group of aluminosilicates. Halloysite
nanotubes (HNT), as one of the structures of this mineral, are
mainly used in biomedical engineering, but due to their
barrier properties they can improve the thermal properties
of polymer composites and also reduce the flammability of
the material, provided they are homogeneously dispersed in
a matrix (Joussein et al. 2005, Vahedi and Pasbakhsh 2015,
Danyliuk et al. 2020).

There are many reports in the available literature on the
application of halloysite (Ismail et al. 2016, Beltran et al. 2018)
and wood flour (Ares et al. 2010, Vazquez Fletes and Rodrigue
2021) as fillers in recycled plastics to improve their thermal
properties, but there is a lack of reports on the use of both
fillers simultaneously. In our previous work, we described com-
posites with wood flour and halloysite based on one type of
polymer as matrix — poly(vinyl chloride) (Wieczorek and Tomas-
zewska 2024). Therefore, the application of both fillers, i.e.
wood flour and halloysite nanotubes, as fillers in the matrix
composed of two immiscible polymers, i.e. PVC and HDPE,
has been proposed in this work.

The qualitative and quantitative composition of the blends
was selected on the basis of our previous work, in which the
miscibility of PVC and HDPE blends was found to be
improved by the addition of wood flour (Tomaszewska and
Zajchowski 2013), and the beneficial effect of halloysite nano-
tube calcination on the properties of PVC (Wieczorek et al.
2022). The objective of the study was to evaluate the proces-
sability of such blends and their thermal stability under pro-
cessing conditions, as well as the structure of the composites
obtained.

The production of PVC/HDPE blend composites can provide
a method of managing the waste of these immiscible polymers
on the one hand, and waste from the wood processing industry
as a source of wood filler on the other. The addition of halloy-
site, which is abundant in the Lower Silesia region of Poland,
can improve the thermal stability of polymer-wood blends of
this composition under processing conditions. In the next
stage of the resepyshghe gffect of halloysite on the functional

properties of the composites, especially mechanical properties,
will be determined.

2. Materials and methods
2.1. Materials

The high-density polyethylene (HDPE) Hostalen ACP 5831 D
(Basell Orlen Polyolefins) with a density of 958 kg/m® and
melt flow rate (190°C, 21.6 kg) =22 g/10 min was used for the
preparation of PVC-HDPE composites. The second polymer
component of the blends was an unplasticized poly(vinyl chlor-
ide) (PVC) mixture with the following composition: suspension
PVC Neralit 601 (Spolana Anwil Group, Neratovice, Czech
Republic) (100 phr), thermal stabilizer Patstab (Patcham) (4
phr) and lubricant Naftolube FTP (Naftosafe) (1 phr). The
mineral filler used was halloysite (Al,Si,O5(0OH)4-2H,0) with a
molecular weight of 294.19 g/mol in the form of nanotubes
with diameters from 30 to 70 nm and lengths from 1 to 3 pm
(Sigma-Aldrich, CAS number 1332-58-7). Wood flour Lignocel
C120 (J. Rettenmaier & S6hne GmbH + Co. KG, Germany) with
a particle size of 70 to 150 um was added as a plant filler.

2.2. Processing of composites

The work began with a 2 h calcination of halloysite at 800°C in a
Binder dryer. The purpose of mineral calcination is to change
the nature of the surface from hydrophilic to hydrophobic,
thus providing greater compatibility with the polymer matrix.
The wood flour was dried at 105°C for 6 h.

The processing of PVC-HDPE blends with wood and mineral
fillers was performed in a Brabender mixing chamber (FDO
234H, Brabender GmbH & Co. KG, Duisburg, Germany) at a
wall temperature of 185°C and a rotor speed of 30 rpm, with
a friction of 1:1.5. Kneading time was 10 min. The reference
materials were composites with 30 wt% wood flour processed
under the same conditions. After cooling, the composites
were ground. The ground material was used for rheological
measurements using the melt flow rate (MFR) technique and
thermal stability studies using thermogravimetric analysis
(TGA). The remaining ground material was pressed in a hydrau-
lic press at 190°C and 15 MPa to obtain plates from which
samples of 100 mm x 100 mm (2 mm thick) were cut using a
Seron 6090 milling plotter (Seron, Poland) for structural obser-
vation using scanning electron microscopy (SEM). The compo-
sition of the mixtures is shown in Table 1.

Table 1. Compositions of PVC, HDPE and PVC-HDPE composites.

Filler

content

(wt%)
Sample name Matrix WF  HNT
PVC 30WF Poly(vinyl chloride) 30 0
PVC 30WF 5HNT 5
PVC-HDPE 90:10 30WF  Poly(vinyl chloride)-high-density 0
PVC-HDPE 90:10 30WF polyethylene 90:10 5

SHNT

HDPE 30WF High-density polyethylene 0
HDPE 30WF 5HNT 5
PVC-HDPE 10:90 30WF  Poly(vinyl chloride)-high-density 0
PVC-HDPE 10:90 30WF polyethylene 10:90 5

SHNT




2.3. Testing methods

The samples of PVC-HDPE composites with WF and halloysite
as well as composites without mineral fillers were fractured in
liquid nitrogen. The fracture surfaces were evaluated using a
Tescan VEGA3 scanning electron microscope (Tescan Orsay
Holding a.s., Brno, Czech Repubilic).

An analysis of the changes in torque of the rotors during
kneading as a function of time was performed to determine
the processing characteristics of the compounds. Based on
the recorded plastograms, the values of the maximum torque
at the gelation point (My), the time to reach the maximum
torque (ty) as well as the value of the torque at the end point
of kneading (M) were analyzed according to the methodology
described in our previous works (Tomaszewska et al. 2004,
2022, Wieczorek et al. 2022).

The processing properties of the PVC-HDPE composites
with the fillers were determined using a D4004DE MFR appar-
atus (Dynisco, Morgantown, WV, USA). Measurements were
performed at a cylinder temperature of 190°C with a piston
load of 212 N and a standard die of 8 + 0.025 mm in length
and 2.095 = 0.005 mm in diameter. The measurement was
repeated three times for each material type.

TGA measurements were performed with a TG 209 F3 analy-
zer (Netzsch, Selb, Germany) at a scan rate of 10°C/min under a
nitrogen-protective atmosphere in the temperature range of
20-700°C. Three TGA measurements were repeated for each
composition.

3. Results and discussion
3.1. Processing properties

The results of the plastographometric analysis and melt flow
rate values are summarized in Table 2. To evaluate the proces-
sing properties of the composites, the torque of the rotors was
recorded as a function of kneading time. The plastograms are
shown in Figure 1(A,B).

The plastograms shown in Figure 1(A) are characteristic of
unplasticised PVC compounds with natural filler, and their
shape is indicative of the gelation process taking place under
kneading conditions (Mirowski et al. 2021). The increase in
torque due to the loading of the material into the chamber is
followed by a decrease to a minimum value associated with
the gradual comminution of the PVC primary grains. This is fol-
lowed by a gradual melting of the grains elements,
accompanied by an increase in torque to a maximum value

Table 2. Processing properties and melt flow rate of the PVC, HDPE and
PVC-HDPE composites with wood flour and calcinated halloysite nanotubes.

ty My Mg MFR
Sample (min) (Nm) (Nm) (9/10 min)
PVC 30WF 4.0 (0.5) 40.6 (0.9) 29.0(0.9) 1.43 (0.19)
PVC 30WF 5HNT 3.8(09) 423(0.7) 29.6(0.8) 132 (0.17)
PVC-HDPE 90:10 30WF 48 (0.7) 32.7(0.8) 27.8(0.9) 2.05(0.22)
PVC-HDPE 90:10 30WF 5HNT 4.4 (1.0) 34.4(0.8) 27.9(0.7) 1.55 (0.15)
HDPE 30WF - - 27.1 (0.4) 12.15(0.35)
HDPE 30WF 5HNT - - 29.7 (1.0) 7.53 (0.25)
PVC-HDPE 10:90 30WF - - 26.9 (0.7) 11.51(0.18)
PVC-HDPE 10:90 30WF 5HNT - - 27.6 (0.9) 7.99 (0.27)

Note: Standard devmf‘)ﬂ?é%ﬁéﬁfﬂ@“'
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indicating the gelation of the material (My). The time taken to
reach the maximum torque (ty), considered the gelation time,
was also analyzed. When My is exceeded, the torque decreases
and stabilizes, allowing the equilibrium torque (M) to be deter-
mined (Tomaszewska et al. 2007, 2008).

A different shape of the plastograms of composites with
HDPE and PVC-HDPE 10:90 matrices is characterized by only
one maximum related to the loading of the Brabender
chamber (Figure 1(B)). After this stage, the torque value
decreases and approaches equilibrium after about 10 min,
which is related to the gradual plasticization of the material
and the reduction of its viscosity.

The shortest gelation time was recorded for the PVC 30WF
S5HNT composite, which is 5% shorter than for the PVC 30WF
composite. At the same time, an increase in the maximum
torque value was observed. Our previous work (Wieczorek
et al. 2022) found similar effects for PVC composites with raw
and calcined halloysite from the Dunino mine in Poland. The
introduction of calcined halloysite into the PVC matrix resulted
in an increase in maximum torque and a reduction in the time
required to achieve it. The observed effects are related to the
increased friction between the particles of both fillers, which
generates additional heat transferred to the comminuted PVC
grains, resulting in faster fusion.

The effect of slightly reduced gelation time due to the intro-
duction of HNT was also observed for the PYC-HDPE 90:10
30WF composite, although the presence of HDPE in the
polymer matrix contributed to an increase in ty. The polyethy-
lene component also contributes to a reduction in My values of
more than 8 Nm compared to the PVC matrix composite; the
addition of HNT increase the My value of the PVC-HDPE
90:10 30WF composite by 5%.

The highest increase in the torque value at the kneading
endpoint of about 10% was observed when HNT was intro-
duced into the HDPE matrix. For composites without HNT,
changing the matrix from PVC to PVC-HDPE 90:10 and from
HDPE to PVC-HDPE 10:90 was associated with a decrease in
Mg values of 1.2 and 0.2 Nm, respectively.

In conclusion, the simultaneous introduction of two types of
fillers — plant and mineral - contributes to changes in the pro-
cessing of composites, but does not limit the possibility of
obtaining composites with a matrix composed of immiscible
polymers. Similar conclusions were presented in our previous
papers (Klapiszewski et al. 2017, Tomaszewska et al. 2017),
where beneficial processing properties of PVC-based compo-
sites with hybrid organic-inorganic fillers were found.

The melt flow rate values, as a measure of the ability of the
material melt to flow under pressure, allow the determination
of the processing properties of the tested materials. According
to the supplier of the HDPE, the MFR(190°c, 21.6kg) Value is 22.00
9/10 min. Based on previous studies, the MFR(y90ec, 21.6kg) Of the
PVC blend used in this study was reported to be 9.56 g/10 min
(Skérczewska et al. 2022). The incorporation of 30 wt% wood
flour into the PVC and HDPE polymer matrix results in a
reduction of the MFR values by 8.13 and 9.85 g/10 min,
respectively.

With the introduction of 5 wt% halloysite nanotubes into
the polymer matrix, regardless of their type, there is a tendency
to decrease the MFR, which is related to the increase in viscosity
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Figure 1. Torque vs. kneading time for PVC and PVC-HDPE 90:10 composites (A), HDPE and PVC-HDPE 10:90 composites (B) without and with 5 wt% halloysite nano-

tubes and wood flour.

of the plasticized composite (Thabet et al. 2011, Altay et al.
2021). The highest decrease in MFR values of 38% associated
with the introduction of HNT was recorded for the HDPE 30W
composite. A decrease in the MFR value as a consequence of
the addition of fillers such as silica, lignin or hybrid silica-
lignin fillers to unplasticized PVC blends has been shown in
our previous work (Klapiszewski et al. 2015).

3.2. Structure observations

The morphology of the PVC, PVC-HDPE and HDPE composites
without and with 5 wt% HNT was evaluated using SEM images
(Figure 2(A-H)). The fracture surface of the composites with
PVC-HDPE blends as matrix shows inclusions of polymer par-
ticles with a lower proportion homogeneously dispersed in
the continuous phase of the dominant polymer (Figure 2(C,D,
G,H)).

The SEM images of the PVC and PVC-HDPE 90:10 compo-
sites with wood flour reveal polymer-embedded fibers, indicat-
ing the presence of strong interfacial adhesion (Figure 2(A-D)).
Furthermore, HNT agglomerates are not visible in the images
(Figure 2(B,D)) suggesting that the mineral nanotubes are
homogeneously dispersed in the matrix. The uniform distri-
bution of halloysite particles may be related to higher friction
due to higher shear stresses during processing associated
with the content of wood flour particles in the PVC mixture.
We came to the similar conclusions in our previous research
(Wieczorek and Tomaszewska 2024) where beneficial dis-
persion of the halloysite nanotubes in PVC/wood four compo-
site and favorable polymer-wood flour interfacial interactions
was also observed. In contrast, the images of the HDPE and
PVC-HDPE 10:90 matrix composites show that the wood par-
ticles are not completely embedded in the polymer or even
pulled out the matrix, which may be due to poor adhesion
between the fibers and the HDPE matrix (Figure 2(E-H)).
Although the HDPE and PVC-HDPE 10:90 composites were pro-
duced in a molten state under shear and thermal conditions
similar to those of PVC materials, agglomerates of HNT with
diameters of 5730, pm &N be observed (Figure 2(FH)),

highlighted by red circles. Similar microscopic observations
have been described by Abd El-Fattah and Abd ElKader
(2018), for HDPE composites with maleated polyethylene coup-
ling agent, wood flour and bentonite clay. The SEM micro-
graphs of the HDPE-based composites showed some voids
caused by the extraction of wood flour from the matrix
despite the use of a coupling agent. In addition, the occurrence
of bentonite clay agglomerates is observed in samples contain-
ing 4 and 6 wt%.

3.3. Thermal stability

The dependence of the mass loss of PVC, PVC-HDPE 90:10,
HDPE and PVC-HDPE 10:90 composites with wood flour,
without and with 5 wt% halloysite nanotubes as a function of
increasing temperature is presented in Figure 3. The degra-
dation process of PVC and HDPE with wood flour consists of
two steps. In the case of PVC/wood flour composites, the
degradation processes typical of PVC and wood flour overlap
(Figure 3(A)). The first stage is related to the water loss
present in the wood flour at temperatures up to 100-120°C.
Then, at a temperature of approx. 250°C, two processes occur
simultaneously: the decomposition of the wood flour mainly
to formic acid, and the dehydrochlorination reaction of PVC,
leading to the formation of the polyene structure. At tempera-
tures higher than 320°C, simultaneous degradation of the
hemicellulose and cellulose of the wood flour and thermal
cracking of the carbonaceous conjugated polyene sequences
and formation of residual chars (Bai et al. 2011, Cruz et al.
2021). Thermograms of polymer blend matrix composite
samples with a predominant PVC content follow a similar
two-step pattern (Figure 3(B)).

The thermograms of the HDPE-wood flour composite
(Figure 3(C)) show the weight loss at temperatures up to 350°
C associated with wood flour degradation (Fatima Ezzahrae
et al. 2023). The degradation process of HDPE includes a
stage starting at 380°C, in which the polymer rapidly loses
mass and is almost completely converted to volatile substances
(Lee et al. 2006, Al-Bayaty et al. 2020).



Figure 2. SEM images of composites: (A) PVC 30WF, (B) PVC 30WF 5HNT, (C) PVC-
HDPE 90:10 30WF, (D) PVC-HDPE 90:10 30WF 5HNT, (E) HDPE 30WF, (F) HDPE
30WF 5HNT, (G) PVC-HDPE 10:90 30WF, (H) PVC-HDPE 10:90 30WF 5HNT.

It should be noted that the mass loss in the first stage of
degradation is about 50% for materials with a dominant PVC
content in the matrix, whereas it is only about 20% for materials
with a dominant HDPE content in a matrix.

Based on the thermograms presented, it can be concluded
that halloysite has a favorable effect on the thermal stability
of the materials studied. The addition of 5 wt% HNT to PVC,
HDPE and PVC-HDPE matrix composites with 90:10 ratio
causes a shift of the mass loss temperature toward higher
temperatures. This effect is particularly visible above 300°C in
the case of com%i‘{%@ﬁlégka PVC-dominant matrix, while it
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can be seen above 500°C in composites with HDPE as the domi-
nant component in the matrix.

From the point of view of the safe processing of PVC-HDPE-
based composites with wood flour in the plasticized state,
without the risk of thermal degradation, it was important to
determine the influence of their composition, with particular
reference to halloysite, on the degradation processes that
occur leading to mass loss in the processing temperature
range. Figure 4 presents the mass loss of the PVC-HDPE com-
posite with wood flour, without and with 5 wt% HNT, as a func-
tion of temperature from 160°C to 200°C, which is the
temperature range at which PVC and HDPE are routinely
processed.

The highest mass loss at temperature of 200°C of PVC-HDPE
blends with PVC as the dominant phase is 2.3%, while HDPE is
the majority phase with 1.9%. Nevertheless, the introduction of
5 wt% halloysite into the polymer-wood mixture, regardless of
its composition, leads to a reduction in mass loss at processing
temperatures, thus improving thermal stability. In the case of
PVC-HDPE 90:10 30WF 5HNT, this reduction in mass loss is par-
ticularly noticeable at temperatures below 190°C. The mass loss
at 170°C and 180°C is 16% and 11% lower, respectively, com-
pared to the value of the PVC-HDPE 90:10 30WF composite.

Although mineral filler agglomerates are visible on the frac-
ture surface of the PVC-HDPE 10:90 30WF 5HNT composite
sample (Figure 2(H)), a reduction in the weight loss of this
material is also observed. Its value is lower by 14% and 16%
at temperatures of 190°C and 200°C, respectively, compared
to the mass loss of the PVC-HDPE 10:90 30WF sample. The
observed effects may be related to the formation of a barrier
effect that affects heat absorption and impeding its transport
in the material (Tham et al. 2016, Tas et al. 2017, Abdullah
et al. 2019). In addition, volatile degradation products can be
trapped in the hollow interior of halloysite nanotube structures
(Sahnoune et al. 2019, Kumar et al. 2024).

4. Conclusion

A mixture of poly(vinyl chloride) and high-density polyethy-
lene, especially with a component ratio such as 90:10, could
be a suitable material for the production of composites filled
with wood flour and halloysite nanotubes. In this case, the
addition of mineral filler has a favorable effect on the proces-
sing properties of the composites, leading to a reduction of
the gelation time. Simultaneously, an inconsiderable increase
of torque was found which is negligible regarding the load
on the processing machine. The increase in viscosity associated
with the addition of 5wt% HNT is confirmed by the lower
values of mass flow rate. Furthermore, the PVC and PVC-
HDPE 90:10 composites with wood flour and halloysite nano-
tubes are characterized by good homogeneity, as evidenced
by the analysis of SEM images. However, the structure of
HDPE-dominant composites is not homogeneous, with HNT
agglomerates visible on the surface of the fractures.

Halloysite nanotubes have a positive effect on the thermal
stability of composites, influencing the reduction of weight
loss in the temperature range at which PVC and HDPE are rou-
tinely processed.
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Figure 3. TGA thermograms of PVC (A), PVC-HDPE 90:10 (B), HDPE (C), and PVC-HDPE 10:90 (D) composites with wood flour, without and with 5 wt% halloysite

nanotubes.

The reduction in weight loss at processing temperatures,
which demonstrates the effect of HNTs in retarding the degra-
dation process, is advantageous for the safe processing of
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Figure 4. Mass loss of PVC-HDPE composites with WF, without and with 5 wt%
halloysite nanotubes 257 j_lgggggs)é processing temperature.

composites by classical methods, mainly extrusion. In con-
clusion, the use of PVC-HDPE blends and natural-derived
fillers to produce new materials is an environmentally friendly
solution that can be applied in the recycling industry.
However, it is advisable to continue research on the functiona-
lization of HNTSs to obtain polymer composites with a better dis-
tribution of halloysite nanotubes, especially in HDPE and PVC-
HDPE 10:90 matrix. The evaluation of the static and dynamic
mechanical properties of composites with the compositions
proposed in this work is currently the subject of ongoing
research.
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2024.2380862.

Xanthopoulou, E. et al., 2023. Evaluation of eco-friendly hemp-fiber-
reinforced recycled HDPE composites. Journal of Composites Science, 7,
1-21. doi:10.3390/jcs7040138.

Yim, H. and Kim, D.S., 2012. Physical properties of PVC/aminosilane-treated
wood flour/organoclay composites. Polymers for Advanced Technologies,
23, 1441-1445. doi:10.1002/pat.2065.
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13.2 OSWIADCZENIE AUTORA ROZPRAWY DOKTORSKIEJ
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Z.16.2021.2022
Zalacznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzgcych
postgpowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Autora rozprawy doktorskiej

Mgr inz. Martina Wieczorek
(tytul zawodowy, imiona i nazwisko autora rozprawy doktorskiej)

Form-Plast S.A. /Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich

(miejsce pracy/afiliacja)

OSWIADCZENIE

Oswiadczam, iz m6j wklad autorski w nizej wymienionych artykutach naukowych stanowigcych cykl
publikacji rozprawy doktorskiej byt nastepujgcy*:

1. Martina Wieczorek, Jolanta Tomaszewska, Tomasz Bajda, Jacek Dlugosz, Effect of calcinated
halloysite on structure and properties of rigid poly (vinyl chloride) composites, Chemical and
Process Engineering 43, 3, (2022): 383-404, DOI: 10.24425/cpe.2022.142281, pkt. MNiSW
100, Impact Factor 0,6.

Wykonane zadania przez Doktorantk¢ w ramach artykutu:

a) Udzial w opracowaniu i rozwoju koncepcji badawczej we wspdtpracy z promotorem,

b) Udziat w planowaniu metodologii prac badawczych,

¢) Przeprowadzenie prac badawczych obejmujagcych badania strukturalne napehiaczy,
przygotowanie kompozytéw, badania przetworcze, strukturalne, termiczne i mechaniczne
kompozytow,

d) Wspdtudzial w analizie i interpretacji wynikéw prac badawczych,

e) Weryfikacja oraz zapewnienie powtarzalnosci eksperymentéw i wynikéw badawczych,

f) Gromadzenie i przetwarzanie danych badawczych, ich wstepne opracowanie oraz
przechowywanie,

g) Zastosowanie metod statystycznych w celu poprawnej analizy danych eksperymentalnych,

h) Przygotowanie odpowiedniej formy prezentacji danych badawczych,

i) Udzial w opracowaniu publikacji wraz z przegladem literatury przedmiotu,

J)  Wspdlredakcja odpowiedzi na recenzje oraz ostatecznej wersji publikacii.

2. Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skorczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22 (2022): 8102, DOI:
https://doi.org/10.3390/mal15228102, pkt. MNiSW 140, Impact Factor 3,4.

Wykonane zadania przez Doktorantk¢ w ramach artykuhu:

a) Udzial w opracowaniu i rozwoju koncepcji badawczej we wspélpracy z promotorem,

b) Udzial w planowaniu metodologii prac badawczych,

c) Przeprowadzenie prac badawczych obejmujgcych przygotowanie kompozytéw, badania
przetworcze, termiczne i mechaniczne kompozytow,

* W przypadku prac dwu- lub wieloautorskich wymagane sq o$wiadczenia kandydata do stopnia doktora oraz wspdlautordw, wskazujqce na
ich merytoryczny whiad w powstanie kazdej pracy (np. twérca hipotezy badawczej, pomystodawca badar, wykonanie specyficznych badan
— np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikdw, przygotowanie
manuskryptu artykulu i inne). Okreslenie wkiadu danego autora, w tym kandydata do stopnia doktora, powinno byé na tyle precyzyjne, aby
umozliwié dokladna oceng jego udzialu i roli w powstaniu kazdej pracy.

181:82124791



Z.16.2021.2022
Zatgcznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego doktora

d) Wspdbtudzial w analizie i interpretacji wynikéw prac badawczych,

e) Weryfikacja oraz zapewnienie powtarzalnosci eksperymentéw i wynikéw badawczych,

f) Gromadzenie i przetwarzanie danych badawczych, ich wstepne opracowanie oraz
przechowywanie,

g) Zastosowanie metod statystycznych w celu poprawnej analizy danych eksperymentalnych,

h) Przygotowanie odpowiedniej formy prezentacji danych badawczych,

i) Udzial w opracowaniu publikacji.

3. Martina Wieczorek, Tetiana Tatarchuk, Katarzyna Skérczewska, Joanna Szule, Jolanta
Tomaszewska, The Effect of Silanized Halloysite Nanotubes on the Structure of Polyethylene —
Based Composite, Materials 17, 13, (2024), DOI: https://doi.org/10.3390/mal7133260, pkt.
MNiSW 140, Impact Factor 3,4.

Wykonane zadania przez Doktorantk¢ w ramach artykutu:

a) Udziat w opracowaniu i rozwoju koncepcji badawczej we wspélpracy z promotorem,

b) Udzial w planowaniu metodologii prac badawczych,

¢) Przeprowadzenie prac badawczych obejmujgcych przygotowanie kompozytéw oraz
badania strukturalne napetniaczy i kompozytow,

d) Wspbtudziat w analizie i interpretacji wynikow prac badawczych,

e) Weryfikacja oraz zapewnienie powtarzalno$ci eksperymentéw i wynikéw badawczych,

f) Gromadzenie i przetwarzanie danych badawczych, ich wstepne opracowanie oraz
przechowywanie,

g) Zastosowanie metod statystycznych w celu poprawnej analizy danych eksperymentalnych,

h) Przygotowanie odpowiedniej formy prezentacji danych badawczych,

i)  Udzial w opracowaniu publikacji wraz z przegladem literatury przedmiotu,

J)  Wspolredagowanie odpowiedzi na recenzje oraz ostatecznej wersji publikacji.

4. Martina Wieczorek, Jolanta Tomaszewska, Poly(vinyl chloride) Composites Reinforced with
Wood Flour and Calcinated Halloysite, Wood Material Science and Engineering, (2024), 1-16,
DOL: https://doi.org/10.1080/17480272.2024.2380862, pkt. MNiSW 100, Impact Factor 2,3.
Wykonane zadania przez Doktorantke w ramach artykutu:

a) Udzial w opracowaniu i rozwoju koncepcji badawczej we wspélpracy z promotorem,

b) Udzial w planowaniu metodologii prac badawczych,

c) Przeprowadzenie prac badawczych obejmujacych badania strukturalne napekniaczy,
przygotowanie kompozytdw, badania przetwoércze, strukturalne, termiczne i mechaniczne
kompozytow,

d) Weryfikacja oraz zapewnienie powtarzalnosci eksperymentéw i wynikow badawczych,

e) Gromadzenie i przetwarzanie danych badawczych, ich wstepne opracowanie oraz
przechowywanie,

f) Zastosowanie metod statystycznych w celu poprawnej analizy danych eksperymentalnych,

g) Przygotowanie odpowiedniej formy prezentacji danych badawczych,

h) Udziat w opracowaniu publikacji wraz z przegladem literatury przedmiotu,

i) Wspdtredagowanie odpowiedzi na recenzje oraz ostatecznej wersji publikacji.

5. Martina Wieczorek, Jolanta Tomaszewska, 1zabela Klapiszewska, Influence of Halloysite
Nanotubes on Processing, Structural and Thermal Properties of PVC/HDPE Composites with
Wood Flour, Wood Material Science and Engineering, (2024), 1-8, DOL:
https://doi.org/10.1080/17480272.2024.2423372, pkt. MNiSW 100, Impact Factor 2,3.
Wykonane zadania przez Doktorantk¢ w ramach artykutu:

182:10768081



7.16.2021.2022

a)
b)
c)

d)
€)

Bydgoszcz, 10.12.2024

miejscowosc, data

Zalgcznik nr 3 do

Instrukeji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego doktora

Udzial w opracowaniu i rozwoju koncepcji badawczej we wspdipracy z promotorem,
Udzial w planowaniu metodologii prac badawczych,

Przeprowadzenie prac badawczych w zakresie przygotowania kompozytéw, badan
strukturalnych, przetwdrczych i termicznych kompozytow,

Weryfikacja oraz zapewnienie powtarzalnosci eksperymentéw i wynikéw badawczych,
Gromadzenie i przetwarzanie danych badawczych, ich wstgpne opracowanie oraz
przechowywanie,

Zastosowanie metod statystycznych w celu poprawnej analizy danych eksperymentalnych,
Udzial w opracowaniu publikacji,

Wspélredagowanie odpowiedzi na recenzje oraz konicowej wersji manuskryptu.

183:56355028
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Zatacznik nr 3 do

Instrukcji ~ drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspélautora

Dr hab. inz. Jolanta Tomaszewska prof. PBS
(tytut zawodowy, imiona i nazwisko wspétautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich

(miejsce pracy/afiliacja)

OSWIADCZENIE

Oswiadczam, iz méj wkiad autorski w nizej wymienionych artykutach naukowych byt nastepujacy*:

L

Martina Wieczorek, Jolanta Tomaszewska, Tomasz Bajda, Jacek Diugosz, Effect of calcinated
halloysite on structure and properties of rigid poly (vinyl chloride) composites, Chemical and
Process Engineering (2022): 383-404, DOI: 10.24425/cpe.2022.142281, pkt. MNiSW 100,
Impact Factor 0,6.

a) Opracowanie koncepcji pracy i zakresu prac badawczych przy wspétudziale Doktorantki,
b) Nadzor merytoryczny nad realizacjg badan,

c) Udzial w analizie i interpretacji wynikéw,

d) Udziat w opracowaniu manuskryptu — weryfikacja merytoryczna i edytorska,

e) Wspohudzial w opracowaniu odpowiedzi na recenzje.

Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skérczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22 (2022): 8102, DOI:
https://doi.org/10.3390/mal5228102, pkt. MNiSW 140, Impact Factor 3,4.

a) Wspoludzial w opracowaniu koncepcji pracy i planowaniu zakresu badan,

b) Udzial w planowaniu metodologii prac badawczych,

¢) Koordynowanie badan przetworczych, termicznych i mechanicznych kompozytéw,
d) Weryfikacja wynikéw badar,

e) Wsparcie merytoryczne w trakcie prowadzenia badan i analizy wynikow,

f) Wspdludzial w opracowaniu manuskryptu,

g) Wspodlredagowanie odpowiedzi na recenzje oraz konicowej wersji manuskryptu.

Martina Wieczorek, Tetiana Tatarchuk, Katarzyna Skorczewska, Joanna Szulc, Jolanta
Tomaszewska, The Effect of Silanized Halloysite Nanotubes on the Structure of Polyethylene
— Based Composite, Materials, 17, 13, (2024), DOI: https://doi.org/10.3390/mal7133260, pkt.
MNIiSW 140, Impact Factor 3,4.

a) Opracowanie koncepcji pracy oraz zakresu badan przy wspétudziale Doktorantki,
b) Nadzér merytoryczny nad realizacja badan,

c) Udzial w analizie i interpretacji wynikoéw,

d) Udzial w opracowaniu manuskryptu — weryfikacja merytoryczna i edytorska,

* W przypadku prac dwu- lub wieloautorskich wymagane sq o$wiadczenia kandydata do stopnia doktora oraz wspdlautoréw, wskazujgee na
ich merytoryczny wkiad w powstanie kazdej pracy (np. twérca hipotezy badawczej, pomysiodawca badan, wykonanie specyfieznych badan —
np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikéw, przygotowanie manuskryptu
artykufu i inne). Okreslenie wkiadu danego autora, w tym kandydata do stopnia dokiora, powinno byé na tyle precyzyjne, aby umozliwié
dokladng oceng jego udzialu i roli w powstaniu kazdej pracy.

185:47207591



7.16.2021.2022
Zatgeznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe

dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego doktora

e) Wspéludzial w opracowaniu odpowiedzi na recenzje.

4. Martina Wieczorek, Jolanta Tomaszewska, Poly(vinyl chloride) Composites Reinforced with
Wood Flour and Calcinated Halloysite, Wood Material Science and Engineering, 2024, 1-16,
DOI: https://doi.org/10.1080/17480272.2024.2380862, pkt. MNiSW 100, Impact Factor 2,3.

a) Opracowanie koncepcji pracy oraz zakresu badan przy wspéludziale Doktorantki,
b) Nadzér merytoryczny nad realizacjg badan,

¢) Udziat w analizie i interpretacji wynikow,

d) Udzial w opracowaniu manuskryptu — weryfikacja merytoryczna i edytorska,

e) Wspolredagowanie odpowiedzi na recenzje oraz koficowej wersji manuskryptu.

5. Martina Wieczorek, Jolanta Tomaszewska, 1zabela Klapiszewska, Influence of Halloysite
Nanotubes on Processing, Structural and Thermal Properties of PVC/HDPE Composites with
Wood Flour, Wood Material Science and Engineering, (2024), 1-8, DOI:
https://doi.org/10.1080/17480272.2024.2423372, pkt. MNiSW 100, Impact Factor 2,3.

a) Opracowanie koncepcji pracy oraz zakresu badan przy wsp6tudziale Doktorantki,
b) Nadzér merytoryczny nad realizacjg badan,

c) Udzial w analizie i interpretacji wynikow,

d) Udziat w opracowaniu manuskryptu — weryfikacja merytoryczna i edytorska,

e) Wspoludzial w opracowaniu odpowiedzi na recenzje.

Jednoczesnie wyrazam zgod¢ na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako czg$¢ rozprawy doktorskiej opartej na zbiorze opublikowanych i powiazanych
tematycznie artykuléw naukowych.

Bydgoszez, 12.122024 L oM ¥ LA L/

migjscowosé, data poilpis Wspdlautora

186:79308366



Z.16.2021.2022
Zatacznik nr 3 do
Instrukeji drukowania, gromadzenia, rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postepowanie W sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspoétautora

Prof. dr hab. inz. Tomasz Bajda
(tytut zawodowy, imiona i nazwisko wspolautora)

Akademia Gomiczo-Hutnicza im. Stanistawa Staszica w Krakowie
(miejsce pracy/afiliacja)

OSWIADCZENIE
Oswiadczam, iz m6j wkiad autorski w nizej wymienionym artykule naukowym byt nastepujgcy™:

1. Martina Wieczorek, Jolanta Tomaszewska, Tomasz Bajda, Jacek Diugosz, Effect of calcinated
halloysite on structure and properties of rigid poly (vinyl chloride) composites, Chemical and
Process Engineering 43, 3, (2022), 383-404, DOIL: 10.24425/cpe.2022.142281, pkt. MNiSW
100, Impact Factor 0,6.

a) Przeprowadzenie badan morfologii i struktury haloizytu,

b) Wsparcie merytoryczne na etapie analizy wynikow badan napetniacza,

c) Wspoludziat w opracowaniu manuskryptu i odpowiedzi na recenzje w czeéci dotyczgcej
charakterystyki napelniacza.

Jednoczesnie wyrazam zgod¢ na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako cze$¢ rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych
tematycznie artykuléw naukowych.

Bydgoszcz, 05.12.2024

migjscowosc, data

* W przypadiu prac dwu- lub wieloautorskich wymagane sq oswiadezenia kandydata do stopnia doktora oraz wspolautoréw, wskazujgee na
ich merytoryczny wkiad w powstanie kazdej pracy (np. twérca hipotezy badawezej, pomystodawea badan, wykonanie specyficznych badari —
np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikow, przygotowanie manuskryptu
artykutu i innej. Okreslenie witadu danego autora, w tym kandydata do stopnia doktora, powinno byé na tyle precyzyjne, aby umozliwicé
doldadng ocene jego udzialu i roli w powstaniu kazdej pracy.

187:19533126
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Zalacznik nr 3 do
Instrukeji  drukowania, gromadzenia, rejestrowania
i udostepniania rozpraw doktorskich przez rady naukowe

dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego dokfora

Oswiadczenie Wspélautora

Dr inz. Krzysztof Lewandowski
(tytul zawodowy, imiona i nazwisko wspblautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich
(miejsce pracy/afiliacja)

OSWIADCZENIE
Oséwiadczam, iz mo] wklad autorski w nizej wymienionym artykule naukowych by} nastgpujgcy*:

1. Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skoérczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22 (2022): 8102, DOI:
https://doi.org/10.3390/mal5228102, pkt. MNiSW 140, Impact Factor 3,4.

a) Analiza termiczna dynamicznych wlasciwoéci mechanicznych kompozytow,

b) Konsultacje podczas realizacji badat mechanicznych kompozytow,

¢) Wspoludzial w opracowaniu manuskryptu w czeéci dotyczacej analizy dynamicznych
wlasciwosci mechanicznych kompozytow,

d) Graficzne opracowanie wynikow badan przetwdrczych, mechanicznych i termicznych,

e) Wspoludzial w dyskusji odpowiedzi na recenzje.

Jednoczesnie wyrazam zgod¢ na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako czg$é rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych
tematycznie artykutéw naukowych.

Bydgoszcz, 04.12.2024
miejscowosc, data

* W przypadku prac dwu- lub wieloautorskich wymagane sq oswiadczenia kandydata do stopnia doktora oraz wspélautoréw, wskazujgee na
ich merytoryczny wiklad w powstanie kazdej pracy (np. tworca hipotezy badawezej, pomystodawca badan, wykonanie specyficznych badan —
np. przeprowadzenie konkretnych doswiadcze, opracowanie i zebranie ankiet itp., wykonanie analizy wynikéw, przygotowanie manuskryptu
artykutu i inne). Okreslenie wiladu danego autora, w tym kandydata do stopnia doktora, powinno by¢ na tyle precyzyine, aby umozliwié
dolitadng oceng jego udzialu i roli w powstaniu kazdej pracy.

188:22847355



7.16.2021.2022
Zalgeznik nr 3 do
Instrukeji  drukowania,  gromadzenia,  rejestrowania
1udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyseyplin  artystycznych)  prowadzgeych
postepowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspolautora

Mgr inz. Izabela Klapiszewska

(tytul zawodowy, imiona i nazwisko wspotautora)

Politechnika Poznanska
(miejsce pracy/afiliacja)

OSWIADCZENIE
Oswiadczam, iz m6j wkiad autorski w nizej wymienionych artykutach naukowych byl nastepujacy*:

1. Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skorczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22. (2022), 8102, DOI:
https://doi.org/10.3390/ma15228102 pkt. MNiSW 140, Impact Factor 3 4.

Wykonane zadania w ramach artykutu:

a) Przeprowadzenie badan struktury napelniaczy i kompozytow metoda skaningowej
mikroskopii elektronowe;j,
b) Wspétudziat w opracowaniu manuskryptu.

2. Martina Wieczorek, Jolanta Tomaszewska, Izabela Klapiszewska, Influence of Halloysite
Nanotubes on Processing, Structural and Thermal Properties of PVC/HDPE Composites with
Wood Flour, Wood Material Science and Engineering, (2024), 1-8, DOI:
https://doi.org/10.1080/17480272.2024.2423372, pkt. MNiSW 100, Impact Factor 2,3.
Wykonane zadania w ramach artykutu:

a) Przeprowadzenie badan struktury kompozytow metodg skaningowej mikroskopii
elektronowej (SEM),
b) Wspéltudzial w opracowaniu manuskryptu i odpowiedzi na recenzje.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionych prac przez mgr inz. Marting

Wieczorek jako czgs¢ rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych
tematycznie artykuléw naukowych.

Bydgoszez, 02.12.2024 /70/56/54% ..... hawts

miejscowosc, data podpis Wspofautora

W przypadku prac dwu- lub wieloautorskich wymagane sq oswiadczenia kandvdata do stopnia doktora oraz wspélautoréw, wskazujgce na
ich mervioryczny wktad w powstanie kazdej pracy (np. tworca hipotezy badawczej, pomystodawca badan, wykonanie specyficznych badar —
np. przeprowadzenie konkremych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikow, przygotowanie manuskryptu
artykulu i inne). Okreslenie wkladu danego autora, w tym kandydata do stopnia doktora, powinno by¢ na tvle precyzyjne, aby umozliwié
doktadng oceng jego udziahu i roli w powstaniu kazdej pracy.

189:46306871
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Zalgcznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postepowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspolautora

Prof. dr hab. inz. Jacek Diugosz

(tytul zawodowy, imiona i nazwisko wspolautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich

(miejsce pracy/afiliacja)

OSWIADCZENIE
Oswiadczam, iz mdj wklad autorski w nizej wymienionym artykule naukowym byt nastepujgcy*:

1. Martina Wieczorek, Jolanta Tomaszewska, Tomasz Bajda, Jacek Dlugosz, Effect of calcinated
halloysite on structure and properties of rigid poly (vinyl chloride) composites, Chemical and
Process Engineering 43, 3, (2022), 383-404, DOI: 10.24425/cpe.2022.142281, pkt. MNiSW
100, Impact Factor 0,6.

a) Wsparcie merytoryczne na etapie przygotowywania manuskryptu w czgsci dotyczacej
charakterystyki napetniacza.

Jednoczesénie wyrazam zgode na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako cze$é rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych
tematycznie artykutow naukowych.

Bydgoszcz, 05.12.2024

miejscowosé, data

* W przypadku prac dwu- lub wieloautorskich wymagane sq oswiadezenia kandydata do stopnia dokitora oraz wspélautoréw, wskazujgee na
ich merptoryesny wkiad w powstanie kazdej pracy (np. tworca hipotezy badawezej, pomyslodawea bada, wykonanie specyficznych badan —
np. preeprowad=enie konkretnych doswiadc=en, opracowanie i zebranie ankiet itp., wykonanie analizy wynikéw, pr-ygotowanie manuskrypiu
artykulu i inne). Okreslenie wkladu danego autora, w tym kandydata do stopnia doktora, powinno by¢ na tyle precyzyjne, aby umozliwi¢

dokladng oceng jego ud-iatu i roli w powstaniu kazdej pracy.

190:89699650
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Zalgcznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
iudostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin -~ (dyscyplin  artystycznych)  prowadzacych
postepowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspdélautora

Drinz. Joanna Szulc
(tytut zawodowy, imiona i nazwisko wspétautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich
(miejsce pracy /afiliacja)

OSWIADCZENIE
Os$wiadczam, iz moj wkiad autorski w nizej wymienionych artykutach naukowych byt nastgpujacy™:

1. Martina Wieczorek, Tetiana Tatarchuk, Katarzyna Skorczewska, Joanna Szulc, Jolanta
Tomaszewska, The Effect of Silanized Hallgysite Nanotubes on the Structure of Polyethylene —
Based Composite, Materials 17, 13, (2024), 3260, DOI: https: /doi.org/10.3390/ma17133260,
pkt. MNiSW 140, Impact Factor 3,4.

a) Wspdtudziat w wykonywaniu: hadan kolorymetrycznych,
b) Wspoludziat w analizie i interpretacii wynikow badan kolorymetrycznych,
c) Wspoludziat w odpowiedzi na recenzje i opracowaniu manuskryptu.

Jednocze$nie wyrazam zgode na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako czg$¢ rozprawy doktorskiej opartej na zbiorze opublikowanych i powiazanych
tematycznie artykutow naukowych.

Bydgoszcz, 05.12.2024

miejscowosé, data

° W przypadku prac dwu- lub wieloautorskich wymagane sq oswiadezenia kandvdata do stopnia doktora oraz wspélautoréw, wskazujgee na
ich merytoryczny widad w powstanie kazdej pracy (np. tworca hipotezy badawezej, pomystodawca badaii, wykonanie specyficznych badan —
np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wvkonanie analizy wynikéw, przygotowanie manuskryptu
artykutu i inne). Okreslenie wiiadu danego autora, w tvm kandydata do stopnia doktora, powinno byé na tyle precyzyjne, aby umozliwié
doktadng oceng jego udziatu i roli w powstaniu kazdej pracy

191:41469641
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Zalgcznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
i udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanie w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspélautora

Dr inz, Katarzyna Skorczewska
(tytul zawodowy, imiona i nazwisko wspotautora)

Politechnika Bydgoska im. Jana i Jedrzeja Sniadeckich
(miejsce pracy/afiliacja)

OSWIADCZENIE
Oéwiadczam, iz moj wkiad autorski w nizej wymienionych artykutach naukowych byl nastepujgcy*:

1. Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skorczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22, (2022), 8102, DOI:
https://doi.org/10.3390/ma15228102 pkt. MNiSW 140, Impact Factor 3.4.

a) Przeprowadzenie analizy termograwimetrycznej kompozytow,

b) Wsparcie merytoryczne na etapie analizy wynikow w zakresie badan termicznych
kompozytow,

c) Wspdludziat w opracowaniu manuskryptu w zakresie badan termicznych kompozytéw,

d) Wspdoludzial w opracowaniu odpowiedzi na recenzje.

2. Martina Wieczorek, Tetiana Tatarchuk, Katarzyna Skérczewska, Joanna Szulc, Jolanta
Tomaszewska, The Effect of Silanized Halloysite Nanotubes on the Structure of Polyethylene —
Based Composite, Materials 17, 13, (2024), 3260, DOI: https://doi.org/10.3390/mal7133260,
pkt. MNiSW 140, Impact Factor 3.4.

a) Wykonanie analizy termicznej kompozytéw metoda skaningowej kalorymetrii réznicowej,

b) Wsparcie merytoryczne w trakcie prowadzenia badan eksperymentalnych i na etapie analizy
wynikéw badan termicznych kompozytow,

c) Wspoludzial w opracowaniu manuskryptu w zakresie badan termicznych kompozytow,

d) Wspoétudziat w odpowiedzi na recenzje.

Jednoczesnie wyrazam zgod¢ na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako czg§é rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych
tematycznie artykutéw naukowych.

Bydgoszcz, 04.12.2024
miejscowosé, data podpis Wspélaumra

" W praypadku prac dwu- lub wieloautorskich wymagane 5q oswiadczenia kandydata do stopnia dokiora oraz wspdlautorow, wskazujgce na
ich merytoryezny whlad w powstanie kazdej pracy (np. twdrca hipotezy badawezej, pomystodawca badan, wykonanie specyficznych badar —
np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikéw, przygotowanie manuskryptu
artvkutu i inne). Okreslenie wkladu danego autora, w tym kandydata do stopnia doktora, powinno byé na tyle precyzyjne, aby umozliwi¢
dokiadng ocene jego udzialu i roli w powstaniu kazdej pracy.

192:87327574
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Zalgeznik nr 3 do
Instrukcji  drukowania,  gromadzenia,  rejestrowania
1 udostgpniania rozpraw doktorskich przez rady naukowe
dyscyplin  (dyscyplin  artystycznych)  prowadzacych
postgpowanic w sprawie nadania stopnia naukowego doktora

Oswiadczenie Wspoélautora

Dr hab. inz. Lukasz Klapiszewski, prof. PP
(tytul zawodowy, imiona i nazwisko wspolautora)

Politechnika Poznanska
(miejsce pracy/afiliacja)

OSWIADCZENIE
Oswiadczam, iz m6j wkiad autorski w nizej wymienionym artykule naukowym byl nasfepujqcy*:

1. Jolanta Tomaszewska, Martina Wieczorek, Katarzyna Skoérczewska, Izabela Klapiszewska,
Krzysztof Lewandowski, Lukasz Klapiszewski, Preparation, Characterization and Tailoring
Properties of Poly(Vinyl Chloride) Composites with the Addition of Functional Halloysite—
Lignin Hybrid Materials, Materials 15, 22, (2022), 8102, DOI:
https://doi.org/10.3390/mal5228102, pkt. MNiSW 140, Impact Factor 3,4.

a) Wspoludzial w opracowaniu koncepcji pracy i planowaniu zakresu badan,

b) Udzial w planowaniu metodologii prac badawczych,

c) Opracowanie napelniaczy wraz z ich pelng charakterystyka,

d) Analiza i weryfikacja wynikow badan,

e) Przygotowanie odpowiedniej formy prezentacji danych badawczych,

f) Wsparcie merytoryczne w trakcie prowadzenia badan, analizy i interpretacji wynikéw,
g) Wspotudzial w opracowaniu manuskryptu,

h) Wspotredagowanie odpowiedzi na recenzje oraz koficowej wersji manuskryptu.

Jednoczesnie wyrazam zgod¢ na przedlozenie wyzej wymienionych prac przez mgr inz. Marting
Wieczorek jako czes¢ rozprawy doktorskiej opartej na zbiorze opublikowanych i powigzanych

tematycznie artykutow naukowych.
W/ l.(/\/\-{/ V e &

plS Wspotla

Bydgoszcz, 02.12.2024

miejscowosc, data

"W przypadku prac dwu- lub wieloautorskich wymagane sq oswiadczenia kandydata do stopnia doktora oraz wspolautoréw, wskazujgce na
ich merytoryczny wklad w powstanie kazdej pracy (np. tworca hipotezy badawczej, pontystodawca badan, wykonanie specyficznych bada —
np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie ankiet itp., wykonanie analizy wynikéw, przygotowanie manuskrypiu
artykutu i inne). Okreslenie wkiadu danego autora, w tym kandydata do stopnia doktora, powinno by¢ na tyle precyzyjne, aby umozliwic
doktadng oceng jego udzialu i roli w powstaniu kazdej pracy

193:56875172
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Co-author's Declaration

Associate Professor, Dr. Tetiana Tatarchuk
(Professional title, name(s) and surname of the Co-author)

Faculty of Chemistry, Jagiellonian University
(Workplace/affiliation)

DECLARATION

[ declare that my author's contribution to the journal article mentioned below was as follows*:

1. Martina Wieczorek, Tetiana Tatarchuk, Katarzyna Skorczewska, Joanna Szule, Jolanta
Tomaszewska, The Effect of Silanized Halloysite Nanotubes on the Structure of Polvethylene —
Based Composite, Materials 17, 13, (2024), 3260, DOI: https://doi.org/10.3390/mal17133260,
pkt. MNiSW 140, Impact Factor 3,4.

a) Performing chemical modification by salinization of halloysite nanotubes,

b) Conducting studies by X-ray diffraction analysis (XRD), Fourier—Transform Infrared
Spectroscopy (FTIR), and determination of BET surface area with a complete
characterization of fillers,

c¢) Contribution to the preparation of the manuscript,

d) Contribution to the response to reviews.

At the same time, I hereby agree to the submission of the above-mentioned paper by MSc Martina
Wieczorek as part of the doctoral dissertation based on a collection of published and thematically related
scientific papers.

~ - Jetiana Jatarchuk

Co-authorsignature

Krakéw, 10.12.2024

Place, date

* In the case of two- or multi-author papers, declarations of a candidate for the doctoral degree and co-authors are required, indicating their
substantive contribution to the creation of each paper fe.g. the creator of the research hvpothesis. the originator of the research, performance
of specific research — e.g. carrving out particular experiments, developing and collecting questionnaires, etc., analvsis of the results,
preparation of the article manuscript and others). Identification of the contribution of a given author, including a candidate for the doctoral
degree, should be precise enough to allow jor an acenrate assessment of histher participation and rofe in the creation of each paper.
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