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Wykaz skréotéw i oznaczen

AA
ADL
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AM
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CAN
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CLP
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CS-g-PAA
(CAN/U/NaOH)

CS-g-PAA
(KPS/U/NaOH)

ECHA

FSC

FTIR

GHS

GRAS
HEMA

IPN

MBA

OECD

Kwas akrylowy (ang. acrylic acid)

Warstwa  rozprowadzajgco-dystrybuujgca
distribution layers)

(ang. acquisition

Chilonne produkty higieniczne (ang. absorbent hygiene products)
Akrylamid (ang. acrylamide)

Kwas 2—akrylamido—2-metylopropanosulfonowy (ang. 2-acrylamido-
2-methylpropane sulfonic acid)

Azotan amonu i ceru (IV) (ang. ceric ammonium nitrate)
Chitozan (ang. chitosan)
Indeks karbonylowy (ang. carbonyl index)

Rozporzadzenie = Parlamentu  Europejskiege  iRady (WE)
nr 1272/2008 zdnia 16 grudnia 2008 r. w sprawie klasyfikacji,
oznakowania i pakowania substancji i mieszanin (ang. Classification,
Labelling and Packaging)

Karboksymetyloskrobia (ang. carboxymethyl starch)
Skrobia kukurydziana (ang. corn starch)

Skrobia kukurydziana—g—poli(kwas akrylowy) z azotanem amonu i
ceru (IV) i produkt przygotowano w wodzie dejonizowanej oraz
roztworze NaOH 1 mocznika.

Skrobia kukurydziana-g—poli(kwas akrylowy) z nadsiarczanem potasu
i produkt przygotowano w wodzie dejonizowanej oraz roztworze
NaOH i mocznika.

Europejska Agencja Chemikaliow (ang. European Chemicals Agency)

Rada ds. Odpowiedzialnej
Stewardship Council)

Gospodarki Lesnej (ang. Forest

Spektroskopia fourierowska w podczerwieni (ang. Fourier Transform
Infrared Spectroscopy)

Globalnie Zharmonizowany System Klasyfikacji i Oznakowania
Chemikaliéw (ang. Global Harmonised System)
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Safe)
Metakrylan 2-hydroksyetylu (ang. 2—hydroxyethyl methacrylate)

Wzajemne przenikanie si¢ sieci polimerowych (ang. interpenetrating
polymer network)

Nadsiarczan potasu (ang. potassium persulfate)
N,N’—metylenobisakrylamid (ang. N, N —methylenebisacrylamide)

Organizacja Wspdlpracy Gospodarczej i Rozwoju (ang. Organisation
Jor Economic Cooperation and Development)
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Poli(alkohol winylowy) (ang. poly(vinyl alcohol))
Pecznienie rOwnowagowe (ang. equilibrium swelling)

Rozporzadzenie (WE) nr 1907/2006 Parlamentu Europejskiego i Rady
z dnia 18 grudnia 2006 r. w sprawie rejestracji, oceny, udzielania
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Registration, Evaluation, Authorisation, Restriction of Chemicals)

Polimer superchlonny (ang. superabsorbent polymer)

15 z celéw ONZ Zréwnowazony Rozwdj ,,Zycie i ziemia” (ang. 15
Goal: Life and land)

Skaningowy mikroskop elektronowy (ang. Scanning electron
microscope)

Skrobia rozpuszczalna (ang. soluble starch)

Skrobia rozpuszczalna—g—poli(kwas akrylowy) z azotanem amonu i
ceru (IV) i superabsorbent chtodzono przez 12 godzin w temperaturze
4°C, a nastepnie wytracano.

Skrobia rozpuszczalna—g—poli(kwas akrylowy) z azotanem amonu i
ceru (IV) i wytragcony produkt koficowy pozostawiono w zacienieniu
na 12 godzin w roztworze wody dejonizowane;j i etanolu, a nastepnie
oddzielono od mieszaniny poreakcyjne;j.

Skrobia rozpuszczalna—g—poli(kwas akrylowy) z azotanem amonu i
ceru (IV) i produkt natychmiast przemyto etanolem i woda
destylowana.

Skrobia rozpuszczalna—g—poli(kwas akrylowy) z nadsiarczanem
potasu i produkt natychmiast przemyto etanolem i woda destylowana.

Tworzywa sztuczne jednorazowego uzytku (ang. Single Use Plastics)
Tributylocyna (IV) (ang. tributyltin)
Unia Europejska (ang. European Union)

Wanilina (ang. vanillin)



Wprowadzenie

Obecne problemy srodowiskowe oraz ciggle zwiekszajagce si¢ globalne ocieplenie
doprowadzily do zintensyfikowania badan dotyczacych materialdéw polimerowych
pochodzacych z surowcéw odnawialnych i wyprodukowanych zgodnie z zasadami
zrGwnowazonej produkcji [1,2].

Raport Banku Swiatowego ,,What a Waste 2.0” z wrze$nia 2018 roku przedstawia dane
odnosnie ilosci odpadow zalegajacych na wysypiskach $mieci. Szacuje si¢, ze do 2050 roku
globalna ilos¢ odpadéw wzrosnie do 3,40 miliarda ton w odniesieniu do 2018 roku, gdzie
wytwarzano 2,01 miliarda ton [3]. Taka sytuacja jest konsekwencja zwickszajacej si¢ liczby
populacji (przewiduje si¢, ze do 2050 roku moze by¢ 9 miliardéw ludzi [1]) oraz trwajacej
urbanizacji. Najlepszym rozwigzaniem jest inwestowanie w recykling i réznego rodzaju
systemy zarzadzania odpadami. Strategia Unii Europejskiej (UE) okresla, ze do 2030 roku
wszystkie opakowania z tworzyw sztucznych wprowadzone na rynek muszg by¢ zdolne do
ponownego uzycia i recyklingu. Najnowsze przepisy zmierzajag do zmniejszenia lub
wyeliminowania konsumpcji niektérych produktéw jednorazowych (zakaz stosowania
syntetycznych stomek, jednorazowych sztuccow, talerzy i kubkow) oraz ograniczenia
stosowania tworzyw sztucznych, ktére rozpadaja si¢ do mikroplastiku [4].

Produkty chionne na dzisiejszym rynku skladajg si¢ z szeregu materiatlow i czesci
sktadowych, ktore sg dostosowane i zoptymalizowane pod katem konkretnego zastosowania w
roznych produktach. We wszystkich produktach wystepuja jednak pewne elementy wspolne.
Wszystkie zawierajg wklad chlonny, ktéry moze skladaé si¢ z widkien celulozowych lub
polimerowych, superchlonnego polimeru lub mieszanki pulpy celulozowej i superabsorbentu
(SAP). Nowoczesne produkty, zwlaszcza bardziej zaawansowane, moga réwniez
wykorzystywaé jedng lub wigcej warstw odbierajacych i transportujgcych, ktére pomagaja
szybko 1 skutecznie przenosi¢ plyn do wkladu chlonnego, jednoczesnie utrzymujac suchosé
skéry [5]. Najbardziej ztozone chonne produkty higieniczne (AHP) to pieluchy, ktore sktadaja
si¢ z kilku warstw syntetycznych, ukladanych jedna na drugiej i sg lgczone klejem,
ultradZzwickami lub technikg spajania termicznego. Zawarty wewnatrz SAP to usieciowane

hydrozele o trojwymiarowe;j strukturze. Sa one w stanie wchionaé nadzwyczaj duze ilosci wody

dejonizowanej lub roztworu wodnego (10 — 1000 [%]) [6]. SAP sg zwykle oparte na

mieszaninach polimeréw kwasu akrylowego i1 akrylamidu, a ich skladowanie moze mieé

znaczacy wplyw na srodowisko, poniewaz s one nie biodegradowalne [7].



W Polsce w 2021 roku urodzilo si¢ okoto 331 tysigcy dzieci. Szacuje sie, ze przez rok jedno
dziecko zuzywa okolo 3000 pieluch, czyli w ciggu roku na wysypiskach laduje okoto miliarda
zuzytych wyroboéw chionnych [8]. W Europie 68% zuzytych pieluch dla dzieci jest
skladowanych, a 32% spalanych, podczas gdy w USA liczby te wynosza odpowiednio 80% i
20% [9]. Skladowanie powoduje powazne problemy srodowiskowe, takie jak emisja metanu,
zanieczyszczenie wody, ograniczenie powierzchni i nieprzyjemny zapach. Sg na rynku
dostgpne wyroby chlonne skladajace si¢ z surowcdéw ulegajacych biodegradacji. Jednak
najwigkszym problemem jest sam superabsorbent, ktéry musi posiada¢ znakomite wasciwosci
chlonne, rozprowadzajgce ciecz i retencyjne. Dodatkowo powinien ulegaé procesowi rozktadu
w calosci w ciagu kilku lat. Mimo, Zze dany wyréb posiada warstwy biodegradowalne, to jednak
nie ulatwia degradacji na wysypiskach $mieci [10], poniewaz musza by¢ do tego odpowiednie
kontrolowane warunki. Ponadto niektére badania wykazaly, ze biodegradacja pieluch
dziecigcych na wysypiskach jest malo prawdopodobna ze wzgl¢du na niska aktywnosé
biologiczng, jak i na fakt, ze konsumenci majg tendencje do wyrzucania zuzytych pieluch
dziecigcych owinigtych w syntetyczng foli¢ [11]. W zwigzku z tym istnieje pilna potrzeba
wprowadzenia nowych produktéw, aby uporaé si¢ ze zuzytymi pieluchami dla dzieci. Jednak
nalezy pamigtac, ze mimo problemdéw z rozkladem wyrobéw wykonanych z biomaterialéw w
miejscach gromadzenia odpadow, emituja one mniej gazéw cieplarnianych do atmosfery, co
determinuje wicksze zaangazowanie w tworzenie nowych, ekologicznych wyrobéw chtonnych
[12]. Chociaz istniejg juz naturalne SAP na bazie celulozy, chitozanu, skrobi, karagenu i wielu
innych polisacharydéw [6], jednak ich skutecznos$¢ okazuje sie niewystarczajgca, zeby zastapic¢
konwencjonalne SAP. W zwigzku z tym ciaggle aktualne sg poszukiwania efektywnych i
ekologicznych polimerow mogacych zastapi¢ SAP otrzymywane z niedegradowalnych
surowcow petrochemicznych. [13]. Rosnaca swiadomos¢ konsumentow oraz obawy zwigzane
z ochrong §rodowiska skionily korporacje zwigzane z produkcjg wyrobow higienicznych do
podjgcia dzialan i opracowania projektow bardziej ekologicznych i technologicznie mniej
obcigzajacych nature. Wigkszos¢ pieluch zawiera wklad chlonny, ktory poprzez absorpcje
kapilarng i/lub dyfuzje optymalizuje wchianianie cieczy [14]. Zaleznie od tego ile razy dany
wyrob moze by¢ uzywany dzieli si¢ je na dwie grupy: jednorazowe i wielokrotnego uzytku
[15], jednak az 95% stosowanych przez opiekunéw produktéw nalezy do pierwszej grupy [16].

Gléwnym zadaniem przeprowadzonych badan bylo opracowanie metodyki syntezy
biodegradowalnych SAP na bazie skrobi jako alternatywy dla obecnie dostepnych nie
biodegradowalnych SAP. Na obecnym etapie prac wydaje sie, ze skrobia i jej pochodne nie

zastgpia catkowicie materialow superchlonnych na bazie monomeréw petrochemicznych, ale
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ich rozwoj i sukcesywne wiaczanie do uzytku moze stanowi¢ dobry punkt wyjscia do wdrazania

zasad gospodarki o obiegu zamknietym [17].

Rozprawe doktorskg stanowi pie¢ artykuldw naukowych opublikowanych w

specjalistycznych czasopismach o zasiggu migdzynarodowym oraz jeden rozdzial w monografii

wydrukowanej naktadem wydawnictwa uniwersyteckiego:

D1

D2

D3

D4

D5

D6

Andrzejewska, E.; Nowaczyk, J. Biodegradowalne Uklady Polimerowe. Na
pograniczu chemii, biologii i fizyki — rozwdj nauk. Tom 1; Sztyk, E., Grabska-Zielinska,
S., Kmieciak, A., Filipiak-Szok, A., Eds.; Wydawnictwo Naukowe Uniwersytetu
Mikotaja Kopernika: Torun, 2020; pp. 11-24 ISBN 978-83-231-4362-8.

Punkty mnisw = 80

Czarnecka E., Nowaczyk J., Semi-Natural Superabsorbents Based on Starch-g-
poly(acrylic acid): Modification, Synthesis and Application, Polymers, 2020, 12, 1794,
doi: 10.3390/polym12081794.

IF = 4,967

Punkty mnisw = 100

Czarnecka E., Nowaczyk J., Swelling Properties of Biodegradable Superabsorbent
Polymers, Sustainable Chemical Engineering 2020, 2, 1-7,
https://doi.org/10.37256/sce.212021680.

Punkty mnisw =5

Czamecka E., Nowaczyk J., Synthesis and Characterization Superabsorbent Polymers
Made of Starch, Acrviic Acid, Acrylamide, Poly(Vinyl Alcohol), 2-Hydroxyethyl
Methacrylate, 2-Acrylamido-2-methylpropane Sulfonic Acid, International Journal of
Molecular Sciences, 2021 Apr 21;22 (9):4325. doi: 10.3390/ijms22094325.

IF = 6,208

Punkty mnisw = 140

Czarnecka E., Nowaczyk J., Prochon M., Masek A., Nanoarchitectonics for
Biodegradable Superabsorbent Based on Carboxymethyl Starch and Chitosan Cross-
Linked with Vanillin, International Journal of Molecular Sciences, 2022, 23 (10), 5386,
doi: 10.3390/ijms23105386.

IF = 6,208

Punkty mnisw = 140

Czarnecka E., Walczak M., Kumar G., Piechota G., Nowaczyk J., Degradation of

biodegradable diapers as an element circular economy in waste containing various
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plastics, Journal of  Cleaner Production, 2022, 377, 134426,

https://doi.org/10.1016/j.jclepro.2022.134426.
IF=11,072

Punkty mnisw = 140

pX Impact factor = 28,455

% Punkty MNisw = 605
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Cel 1 zalozenia rozprawy doktorskiej

Gléwnym celem rozprawy doktorskiej bylo opracowanie i wdrozenie do produkcji
biodegradowalnych ukladéw polimerowych o wlasciwosciach chtonnych i rozprowadzajacych
ciecz. Otrzymany material jest potencjalnym komponentem, ktéry ma znalez¢ zastosowanie w
wyrobach higienicznych produkowanych przez firme Plastica Sp. z 0.0. W ramach niniejszego
projektu szczegdlnie skupiono si¢ na opracowaniu metody syntezy, w wyniku ktorej mozliwe
jest otrzymanie nowego polimeru, ktory bedzie charakteryzowal si¢ nastepujacymi cechami:

e wykazywal wysoka chtonnos$¢ cieczy poréwnywalng z analogicznymi materiatami
otrzymywanymi na bazie poliakrylanu sodu;

e posiadal wlasciwosci biodegradowalnosci (ulegnie catkowitemu rozkladowi w
ciggu 6 miesiecy);

e spehial niezbedne wymagania prawne, w tym wytyczne rozporzgdzenia REACH
pod katem bezpieczenstwa zastosowania w wyrobach chtonnych oraz odpowiednich
norm dotyczacych tego typu materiatéw

e wykazywal czysto$¢ patentows stanowigcg fundament wdrozenia innowacyjnych
rozwigzan, a w przyszlosci uzyskanie praw wlasnosci przemystowe;.

Postawiono sobie za zadanie otrzymanie wyrobu chtonnego, w ktérym zostanie zastosowany
powstaly w ramach projektu superabsorbent, a dodatkowo dazono do:

e zredukowania ilosci juz stosowanych surowcéw komercyjnych i zastapienie ich
materialami przyjaznymi $rodowisku, ktére w zadowalajacy sposob beda spelniaé
oczekiwania producentow i konsumentow;

e lepszego zrozumienia potencjalnych probleméw srodowiskowych i zdrowotnych
zwigzanych z réznymi rodzajami wyrobow oraz zapobiezenia i lagodzenia
zwigzanych z tym trudnosci.

Chcac osiagna¢ zalozone cele zaplanowano i przeprowadzono szereg eksperymentow

w warunkach laboratoryjnych, ktore polegaly na syntezie réznych zwiazkéw polimerowych o
strukturze mogacej potwierdza¢ oczekiwane wlasciwosci. W eksperymentach uzyto
nastepujacych materialow bazowych: skrobia (rozpuszczalna (SS), kukurydziana (CS),
ziemniaczana (PS)), kwas akrylowy (AA), akrylamid (AM), poli(alkohol winylowy) (PVA),
metakrylan 2- hydroksyetylu (HEMA), kwas 2-akrylamido-2-metylopropanosulfonowy
(AMPS), karboksymetyloskrobia (CMS) i chitozan (Ch). Do usieciowania struktur

zastosowano: N,N’-metylenobisakrylamid (MBA) i waniling (Van), natomiast nadsiarczan

13



potasu (KPS) i azotan amonu i ceru (IV) (CAN) sg inicjatorami reakcji. Struktury wszystkich

badanych zwiazkéw przedstawiono na Rysunku 1.
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Rysunek 1. Struktura wszystkich zwiazkéw wykorzystanych w syntezach.
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I. Cze¢$é ogblna
1. Chlonne produkty higieniczne (AHP)
1.1. Normy i przepisy prawne

Rozwazajac decyzje Komisji Unii Europejskiej zawarte w Artykule 1 dyrektywy
2014/763/UE2 [18] dowiadujemy si¢, ze na grup¢ chtonnych produktéw higienicznych (AHP)
skladaja si¢ pieluchy dla niemowlat, wktadki higieniczne dla kobiet, tampony i wkiadki
laktacyjne. Sg to wyroby jednokrotnego uzytku, ktore zawieraja mieszaniny polimeréw i
widkien naturalnych (o zawartosci widkien mniejszej niz 90% masy, wylaczajac tampony).
Wyroby dla 0s6b z problemami z inkontynencjg (nietrzymanie moczu) s3 objete dyrektywa
93/42/EWG [19], ktéra dotyczy wyrobow medycznych.

Kryteria oznakowania ekologicznego bazujg na rozporzadzeniu UE o oznakowaniu
ekologicznym (WE) 66/2010, ktére wyznacza metode badania tych kryteriow, precyzuje
procesy i zasady, wedhlug ktorych nalezy je opracowac. Artykul 6 szczegdlowo opisuje czym
nalezy si¢ kierowa¢, aby okresli¢ wspomniane kryteria:

e oddzialywanie na srodowisko (np. wptyw na przyrode i zmiany klimatu, wytwarzanie

odpadow, emisje, zanieczyszczenia);

e ograniczenie uzycia substancji niebezpiecznych, poprzez zastgpienie bezpiecznymi lub
wykorzystanie alternatywnych materiatow, technologii i konstrukcji;

e zastosowanie produktow trwalych i wielokrotnego uzytku;

¢ znalezienie balansu miedzy korzysciami i szkodliwoscig dla $rodowiska;

e w wyjatkowych przypadkach uwzglednia aspekty etyczne i spoleczne;

e ujednolicenie, kooperacja 1 synchronizacja w ustaleniu wspdlnych etykiet
srodowiskowych, réwniez zgodnych z normg EN ISO 14024 typu I dla danej grupy
produktow;

e ograniczenie testoOw na zwierzetach.

Rozporzadzenie REACH reguluje zasady i procedury jakimi powinny si¢ kierowaé
przedsigbiorstwa, zeby produkowac, sprzedawaé i wykorzystywac swoje wyroby. REACH
naklada na firmy odpowiedzialnos¢ za zarzadzanie ryzykiem, jakie chemikalia mogg stwarzaé
dla zdrowia i zycia ludzkiego oraz srodowiska. Wytyczna wymagania odnosnie dostarczenia
informacji dotyczacych bezpieczenstwa, ktére bylyby przekazywane w doét tancucha dostaw.
Substancje chemiczne produkowane lub importowane spoza UE (1 tona i wigce)), ktore nie

posiadaja rejestracji muszg przejs¢ calg procedure prawna. REACH okresla zasady zarzadzania
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ryzykiem i ocenia zagrozenia jakie stwarzaja okreslone substancje niebezpieczne. Réwniez
udziela zezwolen, ogranicza produkcje, stosowanie i wprowadzenie do obrotu zwiazki
stanowigce bardzo duze ryzyko (SVHC) (np. rakotworcze, mutagenne, toksyczne) dla zdrowia
ludzkiego lub srodowiska. Wszystkie jednostki biorace udzial w taficuchu dostaw AHP musza
posiada¢ dokumenty (np. specyfikacje techniczne, karty produktow i spis materialéw uzytych
w AHP) potwierdzajace zgodno$¢é z omawianym rozporzadzeniem.

Rozporzadzenie 2008/1272/WE (CLP) umozliwia identyfikacje niebezpiecznych substancji
(zgodnie ze standardem GHS), informuje za posrednictwem etykiet uzytkownikéw o
zagrozeniach, okre$la wymagania dotyczace pakowania oraz ulatwia tworzenie kart
charakterystyki (SDS) regulowanych rozporzadzeniem REACH.

Rozporzadzenie 2012/528/WE w sprawie udostgpniania na rynku i stosowania produktow
biobojczych réwniez dotyczy produktéw chlonnych, poniewaz gotowe AHP sa uwazane za
wyroby, ktérych wymogi bezpieczenstwa sa objete ogdlnym prawodawstwem UE majacym
zastosowanie do wielu towar6w konsumpcyjnych.

Dyrektywa 2001/95/WE Parlamentu Europejskiego i Rady z dnia 3 grudnia 2001 r. w
sprawic ogoélnego bezpieczenstwa produktow reguluje wymagania dla produktéow
konsumenckich, ktére nie sg objete prawodawstwem sektorowym. Jezeli dany kraj nie posiada
szczegotowych przepiséw regulujacych bezpieczefistwo produktu, to nalezy je oceni¢ zgodnie
Z: normami europejskimi dotyczacymi produktu, wspolnotowymi specyfikacjami
technicznymi, kodeksami dobrych praktyk, aktualnym stanem wiedzy i oczekiwaniami
konsumentow.

Dyrektywa 2019/1004/WE definiuje pojecia zwigzane z gospodarka odpadami oraz okresla
plan gospodarki odpadami i programy zapobiegania powstawaniu odpadéw. Panstwa
czlonkowskie maja za cel osiggnigcie nastepujacych wynikow wykorzystania i recyklingu
odpadéw komunalnych: do 2025 roku minimum 55%, do 2030 roku 60% i do 2035 roku 65%.
Zgodnie z ostatnig wersja Europejskiego Wykazu Odpadéw, chtonne produkty higieniczne sa
klasyfikowane jako odpady, ktorych zbidrka i usuwanie nie podlega specjalnym wymogom w
celu zapobiegania infekcji (kod klasyfikacyjny 18 01 04). Wedlug Europejskiego Katalogu
odpadow AHP klasyfikuja si¢ jako odpady sanitarne (EWC, Dyrektywa 2000/523/WE), ktore
stanowia okolo 2-3% stalych odpadéw komunalnych i 15-25% strumienia odpadéw
resztkowych w zakladach zajmujacych si¢ przetwarzaniem tego typu produktow, ktore realizuja
powyzej 70% zbiorke selektywna [20]. Wyrdb chionny sklada sie z kilku réznego rodzaju
tworzyw, ktore sg trudne w rozdzieleniu i wyizolowaniu w catosci (np. folia izolacyjna, folia

paroprzepuszczalna, wldkna celulozowe, wlokniny, superabsorbent, kleje, gumki elastyczne).
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Postepujac zgodnie z Europejskim Wykazem Odpadéw mozna pomodc w gospodarowaniu
odpadami AHP, zgodnie z podstawowymi zasadami gospodarowania odpadami okre§lonymi w
Ramowej Dyrektywie Odpadowej, przyczyniajac si¢ do osiggnigcia wyzej wymienionych
celow.

Zaklady produkujagce AHP muszg wykazywacé okreslone parametry zgodne z dyrektywa
Rady 96/62/WE w sprawie oceny i jakosci otaczajgcego powietrza, podczas gdy kryteria
dotyczace emisji, takie jak NOx lub COa, sg okreslone w oznakowaniu ekologicznym UE.

Dyrektywa 2009/28/WE w sprawie promowania stosowania energii ze zrodet odnawialnych
ustanawia ogdlng polityke produkeji i promocji energii uzyskanej z wiatru, wody, stonca,
biomasy w UE. Wedlug informacji GUS Polska osiagneta zadeklarowane 15% (dokladnie
16,1%) udzialu energii z wspomnianych zrédet w koncowym zuzyciu w 2020 roku [21].
Niniejsza dyrektywa dotyczy zuzywanej energii w procesie produkcyjnym AHP. Nalezy
promowa¢ wykorzystanie odnawialnych Zrédel w produkcji surowcoéw oraz finalnego wyrobu
superchlonnego.

Dyrektywa 2018/852/WE ma na celu zapobieganie lub ograniczanie wplywu opakowan i
odpadéw opakowaniowych na srodowisko. Niniejsze rozporzadzenie odnosi si¢ do AHP,
poniewaz opakowanie ma by¢ uwzglednione w nowej propozycji kryteriow, jak okreslono w
sprawozdaniu technicznym.

W Polsce istnieje wiele przepiséw nakladajacych na przedsigbiorcow obowiazek obrotu
tworzyw sztucznych w obiegu zamknigtym (m. in. ustawa o gospodarce opakowaniami i
odpadami opakowaniowymi z dnia 13.06.2013 r.) [22]. W 2019 roku UE (Dyrektywa
Parlamentu Europejskiego 1 Rady (UE) 2019/904 z dnia 5 czerwca 2019 r.) wprowadzila
dyrektywe SUP (Single Use Plastics), zwang ,,dyrektywa plastikowa”. Najwazniejszym celem
jest ograniczenie ilosci i szkodliwosci dla srodowiska substancji i materiatow jednorazowego
uzytku z tworzyw sztucznych. Podpaski higieniczne (wktadki), tampony i aplikatory tamponow
sg czgscig tych produktéw, ktore zostaly wymienione w czgsci D zalgcznika do omawianej
dyrektywy [23]. Ujednolicone oznakowanie wskazuje sposob utylizacji odpadow, negatywny
wplyw produktu na srodowisko oraz obecnos¢ tworzyw sztucznych w wyrobach. Ilustracja
oznakowania musi byé umieszczona na opakowaniu podstawowym podpasek higienicznych i
tamponéw o powierzchni 10 cm? lub wigkszej, jak wyjasnia m.in. zatacznik I do rozporzadzenia
wykonawczego Komisji z dnia 17 grudnia 2020 roku. Jak wigkszo$¢ krajow UE, Polska
réwniez nie zdazyla do 03.07.2021 roku opracowaé odpowiednich przepiséw. Natomiast w

kwietniu 2022 roku Wydziat Komunikacji Medialnej Ministerstwa Klimatu i Srodowiska
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Material konstrukcyjny  Tworzywo

zapewnial, ze wejscie w zycie dyrektywy SUP jest planowane na IV kwartat 2022 roku, a cze$¢

przepiséw zacznie obowigzywac od 1 stycznia 2023 roku.

1.2. Analiza chlonnych produktéw higienicznych pochodzenia petrochemicznego

W dzisiejszych czasach czgsto styszymy, czytamy, widzimy reklamy, w ktérych producenci
chtonnych wyrobéw higienicznych deklaruja stosowanie jak najmniejszej ilosci tworzyw
sztucznych i tego typu produkty sygnuja si¢ jako ,,zielone”. Jednak w rzeczywistosci niewiele
marek zmienito sklad produktéw na te pochodzenia naturalnego i przyjazne Srodowisku.
Posiadanie w swojej budowie wigkszos¢ tworzyw syntetycznych, nie moze s$wiadczy¢ o
ekologicznosci wyrobu. Konsumenci w wielu przypadkach sg wprowadzani w blad,
nacigganymi marketingowymi hastami, a to przyczynia si¢ do spowolnienia rozwoju
zréwnowazonej konsumpcji i zniech¢cenia firm do innowacyjnosci i ekologii. Tylko badania
w laboratorium ujawnig prawde z jakim typem produktu mamy do czynienia i co wchodzi w
jego sktad. Czesto certyfikaty posiadane przez dane wyroby wydawane sg zbyt latwo, ze
wzgledu na bardzo tolerancyjne parametry dla polimerow syntetycznych. Dlatego nalezatoby
wprowadzi¢ bardziej rygorystyczne przepisy okreslajace wytyczne ,,zielonego” produktu oraz
nowe kryteria certyfikacji.

Tabela 1. Zmiany konstrukcyjne i wagowe pojedynczej pieluchy dla dzieci w latach 1987—2021.

Srednia masa na 1 sztuke pieluchy dzieciecej (g)

1987 1990 1995 2000 2005 2011 2013 2021

Puszysta pulpa Celuloza 52,8 42,0 i 37,4 : 20,2 i 14,1 | 13,2 ¢ 9,1 6,4
Superabsorbent Poliakrylany 0,7 54 ¢ 51 12,7 113,21 11,1 { 12,6 | 224
Top sheet Polipropylen |, | 42 | 45 175 1 70 | 58 |79
(PP)
- 2,6
Back sheet Polistylen | 4 1 42 138 | 52 | 26 | 22 | 18
(PE)
Kauczuk
styrenowo-
butadienowy
Klej k(SBI.‘)’ 0,8 06 | 04 06 | 1,0 | 12
opolimer
etylen- 1,4 0,6
norbornen
(EtNDb)
Pozostale (np. tasma Poliuretany
frontalna, gumki, uszy (PU), 2.4 1,8 4.8 3,5 2,7 1 0,7
elastyczne) polipropylen
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(PP),
polietylen
(PE)

Calkowita masa 65,0 60,0 56,0 47,0 41,0 36,0 33,3 32,0

Obecnie w projektowaniu nowych wyroboéw higienicznych duzy nacisk kladzie si¢ na
uzyskanie jak najciefiszych wyrobow poprzez uzycie wiekszej ilosci superabsorbentu (SAP), a
zmniejszenie lub usunigcie pulpy celulozowej, tak jak potwierdzaja to dane zawarte w Tabeli 1
[16,24-26]. Od 1987 do 2021 roku masa pieluchy zostala zmniejszona o 49%, gtownie dzieki
ponad osmiokrotnej redukcji ilosci pulpy celulozowej, a trzydziestu dwukrotnemu zwigkszeniu
zawartosci SAP. Wzrasta zatem stosunek masy SAP do masy widkien celulozowych, co
powoduje, ze superchlonny polimer nie moze by¢ unieruchomiony pomiedzy szczelinami pulpy
polisacharydowej. W celu zatrzymania SAP w danym miejscu stosuje si¢ klej termotopliwy w
postaci zlozonej, drobnej sieci pomiedzy warstwami nosnymi, ktérymi najcz¢sciej okazuja sie
wlokniny. Specznialy SAP wywiera nacisk na powierzchnie z nim sgsiadujgce, co uwidacznia
si¢ w trakcie uzytkowania juz gotowego wkladu chtonnego w postaci fatd, zgrubien, naprezen.
To napigcie moze byé postrzegane jako przejaw przepetnienia wkiadu chtonnego, mimo ze ten
poziom nie jest, badz jeszcze nie zostal osiggniety. W takim wypadku uzytkownikowi (dziecku)
omytkowo jest zmieniana pielucha na nows, co powoduje generowanie jeszcze wigksze ilosci
odpadow.

Do wytwarzania wyrobu chtonnego przyjaznego srodowisku nalezatoby zastosowaé
polimery powstale w procesie zrownowazone] produkcji. Trudno jest zdoby¢ rzetelne i
calosciowe informacje od przedsigbiorcéw, dostawcodw, producentéw na temat zuzytej energii
do produkcji, emisji gazow cieplarnianych, uzytych surowcow, aby poréwnaé poszczegolne
marki wyrobow.

Planujac badania w ramach projektu na wstepie przeprowadzone zostaty badania sktadu
1 wlasciwosci trzech réznych [D6] pieluch sprzedawanych na rynku UE jako biodegradowalne.
We wstepne] ocenie kierowano si¢ informacjami dostepnymi na stronach internetowych,
opakowaniach danych marek oraz posiadanych certyfikatach miedzy innymi Eco Label i
Nordic Swan. Istotnym problemem analizowanych wyrobéw byla wysoka retencja wody przez
arkusze pochlaniajace ciecz. Nadmiar wody w niektérych warstwach hamuje rozwdj
mikroorganizmoéw. Jednoczesnie wigzanie wody ze srodowiska przez superabsorbent prowadzi
do wysuszenia kompostu, zmniejszajac jego aktywnos¢ biologiczng. Z drugiej strony wysoka
zawartos$¢ wody w miazdze celulozowej i SAP sprzyja degradacji przez hydrolize oksydacyjna,

ktora, jak wskazuja nasze wyniki, zachodzi nawet w izolowanych warunkach przy ograniczone;j
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ilosci tlenu. Wykryto czesci ulegajace biodegradacji, gléwnie to skladowe zlozone z mieszanin
skrobi i celulozy. Na trzy badane materialy, dwa okazaly si¢ faktycznie ekologiczne, a w ich
sklad wchodzity skrobia i celuloza (DD1 i DD2). Natomiast jeden rodzaj bazowal na
polimerach pochodzenia petrochemicznego (DD3). Wiekszo$¢é wyrobdéw syntetycznych
znajdujacych sie na rynku nie r6zni si¢ znaczaco skladem surowcowym od tych produktow,
ktére sygnuja si¢ jako ,,zielone”, ekologiczne i biodegradowalne. W obu przypadkach top sheet,
back sheet, rzepy, uszy elastyczne skladaja si¢ z polietylenu, polipropylenu i poli(tereftalanu
etylenu) [27]. Nalezy podkresli¢, ze zastgpienie niektorych elementéw wykonanych obecnie z
tworzyw sztucznych pochodzenia petrochemicznego przez biopolimery wiaze sie ze
zmniejszeniem funkcjonalnosci wyrobu [D6]. W szczegodlnosci dotyczy to superabsorbentow,
ktére odpowiadajg za skuteczno$é zatrzymywania ptynéw ustrojowych we wkladzie chtonnym.
Jak wskazuja opublikowane wyniki badan nad alternatywnymi biodegradowalnymi SAP,
wydajno$¢ materialéw bazujacych na celulozie i skrobi jest nieporéwnywalna z ich
odpowiednikami poliakrylanowymi. Potrzebne sa dalsze badania i wdrozenia w zakresie
syntezy nowych SAP i srodkoéw sieciujgcych pochodzenia naturalnego. Opracowanie nowych
materiatéw pochodzenia naturalnego, ktére wykazywalyby znakomite wlasciwoscei produktu,
rowniez wzbudza niepewnos$¢ w odniesieniu do potwierdzenia ich ekologicznego procesu

rozkladu w okreslonych warunkach.

2. Koszty stosowania biodegradowalnej jednorazowej, wiclorazowej oraz
hybrydowej pieluchy
Ponizej zaproponowano kalkulacje, w ktorej przeanalizowano ile pieluch jednorazowych i
wielorazowych zuzywa dziecko do 2 lat wraz z kosztami, jakie ponoszg rodzice na wyroby
chlonne przez ten okres. Czas pieluchowania zostal usredniony do 2 lat, poniewaz sa dzieci,
ktére nie potrzebuja pieluchy w wieku 1.5 roku, a sg tez takie, ktore dopiero w wieku 3 lat
nauczg si¢ zalatwia¢ potrzebe do toalety. Dziecko do trzeciego miesigca zycia zuzywa Srednio
12 pieluch na dobe, pdzniej do roku ta ilosé spada do okoto 8, natomiast w wieku 12 - 24
miesiecy mozna zalozy¢ okolo 5 pieluch na dzien. Zuzycie w ciagu 2 lat prezentuje si¢

nastepujaco:

3 miesigce x 30 dni x 12 pieluch = 1080 pieluch
9 miesiecy x 30 dni x 8 pieluch = 2160 pieluch w skali 2 lat 5040 pieluch
12 miesiecy x 30 dni x 5 pieluch = 1800 pieluch

Cena jednej pieluchy biodegradowalne;j
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e wrozmiarze 1; 2-5 kg i 2; 4-8 kg; wynosi okolo 1,40 zt
usredniajgc maksymalnie w wieku 6 miesiecy dziecko osigga mase 8 kg
1080 pieluch + 3 miesiace x 30 dni x 8 pieluch = 1800 pieluch

1800 pieluch x 1,40 zt = 2520 zt

e wrozmiarze 3; 6-10 kg i 4; 9-15 kg wynosi okolo 1,70 zt
6 miesigcy x 30 dni x 8 pieluch + 1800 pieluch = 3240 pieluch
3240 pieluch x 1,70 zt = 5508 zl
W ciaggu 2 lat dziecko zuzywa 5040 pieluch biodegradowalnych, ktére kosztuja konsumenta
8028 zi .
Chcac stosowaé pieluchy wiclorazowe nalezy zakupi¢ 5 otulaczy (pokrowcow) i 24 wklady
chlonne wiclokrotnego uzytku, ktére wystarczajg na caly okres pieluchowania. Koszt 1
pokrowca wynosi od 20 do 70 z1, a pojedynczego wkladu wielorazowego od 10 do 20 zi, wiec
za caly pakiet na poczatku nalezy zaplaci¢ od 340 do 830 zt. Dodajac koszt zuzycia wody 1
proszku do prania (kapsutki), gdzie 1 pranie to okoto 50 litréw H>O (przyjmijmy praé co drugi
dzien), czyli 50 1 x 15 dni wyniesie 750 1 miesiecznie (1 m*= 1000 I kosztuje maksymalnie do
12 71 ). Cena 1 kapsulki to okolo 2 ztotych, wigc 2 zt x 15 pran to koszt 30 zI miesigcznie.
Miesiac prania pieluch wielorazowych obciaza portfel konsumenta na kwotg 39 zl, co w skali
2 lat zsumuje 936 zi. Reasumujac uzywajac otulaczy i wktadow wielorazowych przez 2 lata
nalezy uwzglednié¢ koszt od 1276 z1 do 1766 zi.

Przedmiotem projektu byto opracowanie kompostowalnego pokrowca wielorazowego i
jednorazowego, biodegradowalnego wkladu chtonnego. Potacznie tych dwodch wyrobow
gwarantuje bardzo duze oszczednosci dla firmy, poniewaz caly produkt bedzie wykorzystywat
0 25% mniej materialéw jednorazowych i réznego rodzaju tworzyw, co jednoczesnie oznacza
wytwarzanie mniej odpadow. Wykorzystujac fakt, ze w ostatnim czasie pieluchy wielorazowe
zyskaly na popularnosci mozna byto dokladnie przyjrzeé si¢ wszystkim walorom stosowania
tych wyrobow. Najwickszy problem stanowity wycieki, co generowalo jeszcze wigcej zuzytych
pieluch i pokrowcdw, co w konsekwencji zwicksza ilos¢ cykli prania, wykorzystanej wody,
detergentow 1 zmiekczaczy. Jednak to pieluchy jednorazowe ciesza si¢ najwieksza
popularnoscig ze wzgledu na ich komfort i wygode stosowania. Dlatego powstala idea
stworzenia biodegradowalnego wyrobu chlonnego pod nazwa UNIVERSE, ktéry zostanie

umieszczony w kompostowalnym otulaczu (szczegbélowy opis w dalszej czgsci rozprawy).
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Postepujac analogicznie jak wyzej, zakladajac tg sama ilo§é zuzytych pokrowcow
wielorazowych i pieluch biodegradowalnych mozna obliczy¢ orientacyjny koszt wytworzenia
produktu w ramach projektu. W ciagu 2 lat dziecko zuzyje 5040 biodegradowalnych wktadow
chlonnych i minimum 5 pokrowcow wielorazowych. W tym przypadku otulacz moze by¢ uzyty
kilkukrotnie. Dzigki temu moze by¢ prany w dituzszych odstepach czasu, redukujac roczne
zuzycie wody, ktére jest duzo wyzsze w przypadku stosowania konwencjonalnych pieluch
wielokrotnego uzytku.

Przez okres 2 lat zostanie wykorzystanych 5040 sztuk biodegradowalnych wkiadéw
chlonnych bedzie wigzato si¢ to z kosztem 6021 zl. Zakladajgc, ze kompostowalny pokrowiec
bedzie kosztowal tyle co najdrozsze dostepne dzisiaj na rynku otulacze np. bambusowe (70 z1),
czyli koszt oscyluje w granicach 350 zt. Doliczajac koszty zuzycia wody (piorac co 3 dzien)
wynoszace 6 zt oraz cene kapsulek 20 zt (10 dni), daje w sumie 26 zt w skali miesigca. Przez 2
lata nazbiera si¢ 624 zi. Tabela 2 przedstawia poréwnanie kosztow stosowania wszystkich

rozwazanych rozwigzan przez caly okres stosowania pieluch.

Tabela 2. Koszt stosowania pieluch przez okres 2 lat.

Kompostowalny pokrowiec
Pieluchy biodegradowalne

Pieluchy wielorazowe + biodegradowalny wkiad
jednorazowe
chlonny
8028 zi 1276 — 1766 z1 6995 z1

Nalezy jednak zwrdci¢ uwage, ze oprocz wigkszej ilosci pienigdzy w kieszeni
przedsigbiorcow, producentow i konsumentow, duze oszczgdnosci sa poczynione w stosunku
do srodowiska naturalnego (np. woda, detergenty, surowce naturalne i biodegradowalne, prad,
czas). Zaproponowana wersja laczy wygodg (tak jak zwykle jednorazowe biodegradowalne
pieluchy) z ekologia (wyroby wielorazowe sa najbardziej przyjazne srodowisku). Zastosowane
materiaty bazujace na surowcach naturalnych, biodegradowalnych i oddychajacych sprawia, ze
odparzenia czy podraznienia powinny wystepowa¢ duzo rzadziej [28,29]. Biodegradowalne
wklady jednorazowego uzytku stanowia specyficzny rodzaj produktéw wykonanych z réznych
materialow, ktore moga ulec rozkladowi w $rodowisku w stosunkowo krotkim czasie. Moga
by¢ najlepszym rozwiazaniem, w momencie gdy jest dobrze opracowany i wdrozony system
zbierania i kompostowania zuzytych produktéw [30]. Na dzien dzisiejszy jest to kolejne
wyzwanie jakie stawiaja sobie panstwa w gospodarowaniu odpadami ulegajacymi

biodegradacji.
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3. Walory srodowiskowe

Najwickszy wplyw w calym cyklu zycia pieluch jednorazowych na potencjal
globalnego ocieplenia ma produkcja surowcéw wykorzystywanych do ich wytwarzania [31].
W ostatnim czasie pojawily si¢ prace naukowe, ktére proponuja nowe strategie poprawy
efektywnosci $rodowiskowej wyrobow jednokrotnego uzycia. Jako alternatywe sugeruja
produkty z biomaterialéw lub materialow wielokrotnego uzytku oraz zachecaja do zwigkszenia
pokonsumpcyjnego recyklingu i uzywania produktow kompostowalnych [32,33]. Jednak to
wcigz analizy ekspertéw, ktére w przysztosci moga przynies¢ wiele korzysci naukowcom, a
pbézniej rOwniez zainteresowanym inwestorom.

Wszystkie materialy potrzebne do produkcji wyrobéw jednorazowych moga
odpowiada¢ za ponad 60 % calej emisji ekwiwalentu CO; [34,35]. Spalanie wszystkich
wytworzonych odpadéw dodaje kolejne 30 % emisji COa.

W przypadku pieluch wielokrotnego uzytku gléwnym Zrédlem CO:z jest proces
produkcyjny oraz stosowanie detergentéw i zmigkczaczy, moze to by¢ nawet ponad 80%
ekwiwalentu CO;. Zuzycie energii elektrycznej, transport i spalanie moga odpowiadaé za mniej
niz 15% catkowitej emisji COz, a na pozostale kilka procent sklada si¢ zuzycie wody [34].

Badania i raporty srodowiskowe jasno wskazuja, ze to proces produkcji syntetycznej i
wielorazowej pieluchy ma najwiekszy wplyw na caty cykl zycia [9,35,36]. Oba typy produktéw
oddzialujg na §rodowisko dodatkowo w sposobie ich transportu, utylizacji i prania. Bardzo duze
znaczenie ma roéwniez kraj, w ktorym produkowane sa wspomniane wyroby, poniewaz np. sam
prad potrzebny do wytwarzania artykuléw chtonnych w réznych miejscach jest pozyskiwany
rozmaicie (np. elektrownie wiatrowe) i rowniez koszty zuzycia sg inne.

Produkcja pieluch jednorazowych wymaga wigcej zasobow naturalnych i w zaleznosci
od miejsca wytwarzania wigce] wody 1 energii. W fabrykach produkujgcych surowce do
wytwarzania wyrobow chlonnych uwalniane sg toksyczne substancje, takie jak dioksyny, chlor,
zwigzki tributylocyny (IV) (TBT), co przyczynia si¢ do zanieczyszczenia wody i powietrza
oraz globalnego ocieplenia [37]. Kolejnym problemem w przypadku pieluch jednorazowych
jest ich utylizacja. Stanowia sporg czgs$¢ odpadéw domowych i zajmujg dosé¢ duza powierzchnie
wysypisk $mieci. Ze wzgledu na zawarte w nich réznego typu tworzywa sztuczne, w tym
superabsorbent, ich rozklad zajmuje setki lat. Innym problemem sa potencjalne problemy
sanitarne i zdrowotne zwigzane z usuwaniem pieluszek po zuzyciu. Wyrzucanie pieluch wraz
z stalymi odpadami komunalnymi moze prowadzi¢ do narazenia spoleczenstwa na roéznego

rodzaju patogeny i inne zanieczyszczenia. Badania wykazaly, ze niemowleta w wieku ponizej
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12 lat sa skutecznymi nosicielami patogendéw jelitowych, takich jak gatunki E. coli, Shigella,
Salmonella, Bacillus i Streptococcus [38]. Mozna réwniez znalezé¢ wiele réznych wirusow,
takich jak rotawirusy, adenowirusy i enterowirusy, ktére sa odpowiedzialne za rozmaite
choroby jelit. Sktadowanie pieluch w miejscach nieprzystosowanych do tego moze mieé
konsekwencje zdrowotne u ludzi, ktérzy mieli kontakt z drobnoustrojami [39].

Z drugiej strony pieluchy tekstylne sg wytwarzane rowniez z surowcodw odnawialnych,
takich jak bawelna, bambus czy konopie. Jednak duzg zaletg stosowania tych roslin jest szybki
ich wzrost, nie wymagaja duzego nakladu pracy oraz stosowania pestycydéw i nawozow.
Wyroby wielorazowe zuzywaja réwniez duzo wody, energii podczas produkeji i uzytkowania
oraz doprowadzaja do emisji gazéw cieplarnianych. Ale w zaleznosci od tego, jak sa prane 1
suszone, wiele z tego negatywnego wplywu mozna zlagodzic.

Nawet jesli wyroby wielorazowe majg taki sam wplyw na srodowisko jak artykuty
jednorazowego uzytku, musimy pamieta¢, ze w ciggu okoto dwoéch lat, czyli od urodzenia
dziecka do opanowania umiejetnosci korzystania z nocnika, jedno dziecko bedzie potrzebowato
okoto 20 pieluch wielokrotnego uzytku, podczas gdy w tym samym okresie potrzebnych bedzie
okolo 5000 pieluch jednorazowych.

Dlatego podjeto starania, zeby znalez¢ optymalne rozwigzanie, ktére bedzie przyjazne
srodowisku i jednoczes$nie ekonomiczne. W tym celu opracowano biodegradowalny wklad
chlonny, ktéry bedzie wykorzystywal znacznie mniej surowcoéw. Dodatkowo bedzie posiadat
uproszczona konstrukcj¢, w poréwnaniu do tradycyjnej pieluchy jednorazowej, co skroci
proces technologiczny, zaoszczgdzi czas, energi¢ i prace oraz ulatwi recykling, dzigki
oddzieleniu superabsorbentu od pozostatej czesci zaprojektowanego wyrobu.

Odpady gromadzone na wysypiskach w postaci biodegradowalnych wkladéw
chtonnych w odpowiednich warunkach moga ulec zmniejszeniu. Pokrywajace wierzchnig
warstwe odchody powinny zosta¢ sptukane do toalety (wigkszo$¢ konsumentéw nie jest tego
swiadoma), aby w przysztosci mogly postuzy¢ jako nawo6z w rolnictwie. W celu uproszczenia
tej czynnosci w projekcie wkladu chlonnego zostaly przewidziane dodatkowe bibuly
higieniczne, ktdre nalezy umiesci¢ na wierzchniej warstwie zaprojektowanego wyrobu. Dzigki

temu czgsteczki stale wydzielin bedzie mozna zwing¢, zsungé lub wrzucié do toalety i sptukac.

4. Zrownowazony rozwoj polimerow biodegradowalnych

Rzad, przedsiebiorcy, producenci i naukowcy dokladaja wszelkich staraf, aby znalezé
realne rozwigzanie problemu tworzyw sztucznych w obliczu narastajacego kryzysu

spolecznego, gospodarczego, ekonomicznego, energetycznego i Srodowiskowego. Rosnaca
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populacja, urbanizacja, zwiekszona $wiadomos¢, szersze zastosowanie, a takze rosngce obawy
o srodowisko naturalne to czynniki, ktore beda napgdzaé popyt na tworzywa sztuczne
pochodzenia biologicznego oraz zwigkszaé produkcje w nadchodzacych latach. Jednak
przeprowadzono niewiele badan, na temat czynnikoéw wplywajgcych na rynek polimeréw
biodegradowalnych. Przyczyny widocznego wzrostu niektorych biopolimeréw sa zwykle
wyjasniane tylko powierzchownie. Wedlug European Bioplastics udziat biopolimeréw w
Swiatowej produkcji tworzyw sztucznych po raz pierwszy przekroczy 2%, a biodegradowalne
materialy potroja swoja ilos¢ w ciggu najblizszych pieciu lat [40].

Zréwnowazony wzrost jest powszechnie uznawany za kluczowy cel strategiczny dzisiejszej
polityki globalnej. Najbardziej znana definicja zréwnowazonego rozwoju okresla rozwdj, ktory
zaspokaja obecne potrzeby bez narazania przyszlych pokolen [41]. Zréwnowazony rozwaj
produktu obejmuje korzysci srodowiskowe, spoteczne i ekonomiczne oraz ochrone zdrowia
publicznego i §rodowiska przez caly cykl zycia.Jednak wiekszo$¢ ocen zréwnowazenia
polimeréw biodegradowalnych koncentrowala si¢ wylacznie na kilku etapach ich cyklu zycia
w $rodowisku, przy czym w duzej mierze pomijano zréwnowazenie technik produkcji i skutki
spoleczno-gospodarcze [42,43].

Surowce wykorzystywane do produkcji biodegradowalnych tworzyw sztucznych beda
mialy rézmy wplyw na spoteczenstwo. Wiekszos¢ dzisiejszych biologicznych i
biodegradowalnych tworzyw sztucznych wytwarzana jest z roslin spozywczych. Rodzi to
obawy dotyczace zaspokojenia potrzeb spoteczenstwa zamieszkujacego i uprawiajacego dane
obszary. Jednak wedlug European Bioplastics udzial gruntéw wykorzystywanych w procesie
produkcji biomateriatow wynosi 2% calkowitej powierzchni swiatowych gruntéw uzytkowych.
W dalszej perspektywie grunty wykorzystywane na caty cykl wytwarzania tworzyw sztucznych
stanowily zaledwie 0,016% w 2019 roku i szacuje si¢, ze do 2024 roku wzrosng do 0,021%.
Wykorzystanie gruntow pod biopaliwa jest 60 razy wicksze [44,45], co moze mie¢ na klimat
gorszy wplyw niz stosowanie paliw kopalnych, ktére mialby by¢ przez biopaliwa zastgpione.

Wspomniane wczesniej materialy maja potencjal do przeksztalcenia sektora tworzyw
sztucznych z kosztownej gospodarki liniowej w gospodarke o obiegu zamknigtym poprzez
wykorzystanie zrownowazonych surowcéw, zmniejszenie zaleznosci od ograniczonych
zasobow, zmniejszenie ilosci odpaddéw na wysypiskach oraz wprowadzenie nowych Sciezek
recyklingu i produkcji [46,47]. Jednak mimo to istniejg badania, ktére dowodza, ze zastapienie
konwencjonalnych tworzyw sztucznych biodegradowalnymi bedzie kosztowne i wymagaloby
54% obecnej produkcji kukurydzy oraz 60% rocznego zapotrzebowania na stodka wode w

Europie, aby zastapi¢ roczng swiatowa produkcje tylko opakowan z tworzyw sztucznych [47].
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Gdyby w jasny i przejrzysty sposob zostaly konsumentom przestawione wszystkie aspekty
zdrowotne, bezpieczenstwo uzytkowania i jaka spoczywa na spoleczenstwie odpowiedzialnosé
za wyroby biodegradowalne po zakonczenia ich cyklu zycia byé moze spowodowaloby
podejmowanie stusznych decyzji przez obywateli [48]. Jednym z celow zréwnowazonego
rozwoju ONZ (SDG 15) [49,50] jest osiggniecie zerowego wspotczynnika netto zajmowania
gruntow do 2050 roku, aby wspiera¢ siedliska przyrodnicze i poprawi¢ praktyki
rolnicze. Jednak nawet jesli budowa na gruntach ornych uleglaby spowolnieniu w regionie
Europejskich Obszaréw Gospodarczych, zajmowane gruntéw byloby 12,5 razy wigksze niz te
rekultywowane w latach 2000-2018. Odzwierciedla to rowniez wzrost liczby ludnosci, ktory
wedlug prognoz bedzie jeszcze rost do 2050 roku [51,52].

II. Cz¢$¢ badawcza

1. Wlasny projekt biodegradowalnego wkladu chlonnego o nazwie

UNIVERSE wraz z kompostowalnym pokrowcem

Analizujac dostepne alternatywy dla wyrobow jednorazowych mozna wyréznié
pieluchy tkaninowe, ktore sg drugimi najpopularniejszymi produktami wybieranymi przez
konsumentow. Na koncu sg pieluchy biodegradowalne, ktoére coraz bardziej zyskuja na
popularnosci, ze wzgledu na rosngcg swiadomosé ekologiczng i zmieniajace si¢ preferencje
konsumentéw. Nowa wydajna i zrbwnowazona linia produkcyjna wytwarzajaca jednorazowe,
biodegradowalne wktady chtonne i pokrowce wielokrotnego uzytku, wykonane z naturalnych
materialéw, maja zmotywowa¢ mlodych rodzicow do jeszcze wigkszego zaangazowania w
ochrone srodowiska. Moze by¢ to maty krok w wielkich zamianach sposobu pieluchowania i
powrotu do tkanin przeznaczonych na pieluchy. Jest to odzew na globalna potrzebe ekologiczng
i ekonomiczng.

Przedmiotem wlasnego projektu jest polaczenie pieluchy tekstylnej (pokrowiec
wielokrotnego uzytku) z biodegradowalna, jednorazowa (wklad chlonny), ktéra zuzywa
wielokrotnie mniej tworzyw jednokrotnego uzytku. Surowce biodegradowalne musza posiada¢
okreslong strukture chemiczng i spelniaé wymagania dotyczace degradacji. Pozadany produkt
musi zawiera¢ w swoim skladzie polimer naturalny, a znaczna ilo$¢ powstalego materiatu
powinna zosta¢ w okreslonym czasie przeksztalcona w biomasg, wode 1 dwutlenek wegla.
Otrzymujac tworzywo skladajgce si¢ z polimerow naturalnych i syntetycznych, ktére same nie

biodegraduja lub tylko czeSciowo ulegajg degradacji biologicznej, powodujac rozpraszanie si¢
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w S$rodowisku drobnych pozostalosci. Dlatego istotna kwestig jest otrzymanie produktu
rozkladajacego sie w okreslonym czasie swojego uzytkowania w minimum 60 %.

Omawiany wczesniej zaproponowany wklad chtonny ma kierunek wzdtuzny (dhuzszy
bok) i prostopadle do niego kierunek poprzeczny (krotszy bok). Wyréb ma ponadto obszar
przedni, tylny i znajdujaca si¢ pomiedzy nimi czg$é obejmujacg krocze (Rysunek 5 i 6).
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Rysunek 2. Zaprojektowany przekrdj poprzeczny biodegradowalnego wkladu chlonnego:
1 — wléknina baweiniana perforowana

2 - warstwa rozprowadzajaca ciecz (ADL)

3 i 7 —bibuta celulozowa

4 — pulpa celulozowa

5 — wiéknina hydrofilowa celulozowa o gramaturze 8 gm 2 oddziela celuloze od SAP

6 — warstwa z kieszeniami SAP zlozone z widkniny hydrofilowej celulozowej o gramaturze 12 g'm™2 i wlékniny
hydrofilowej bambusowej o gramaturze 8 gm™

8 — folia oddychajaca i izolujaca na bazie poli(kwasu mlekowego)

9 — bibula celulozowa z kolorowym nadrukiem

10 — biodegradowalny superabsorbent (SAP).

Rysunek 2 przedstawia przekrdj poprzeczny omawianego produktu, ktéry w catosci
prezentujg Rysunki 4, 5 i 6. Wierzchnig warstwe, patrzac od strony noszacego, pokrywa
perforowana widknina bawelniana, bielona nadtlenkiem wodoru i prana, o gramaturze w
zakresie 30 — 40 gm?, o $rednicy otworéw perforacji w granicach 0,015-0,050 cm, ilo§¢
otworéw 60 — 240 na cm? i grubosci widkien 3 — 5 D (30 — 50 um) (Rysunek 5). Ma ona

zapewni¢ odpowiednig higien¢ poprzez szybkie odprowadzenie plynow w glab wkladu
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(mozliwy przeplyw tylko w jednym kierunku), co skréci czas retencji! i zagwarantuje suchosé
i-komfort uzytkownika. Widknina wytworzona jest technika spunlace o naturalnym kolorze.
Wierzchnia warstwa od strony ciata jest hydrofilowa, natomiast warstwa wewnetrzna, od strony
zawartosci wkladu jest hydrofobowa. Mozna dodatkowo zastosowaé naturalne woski
ulatwiajgce wehtanianie cieczy (np. Stantex Rep T, firmy Pulcra).

Dalej plyn trafia na warstwe rozprowadzajaca ciecz skladajaca si¢ z kilku potaczonych
ze sobg arkuszy wioknin (ADL) o gramaturze 30 - 50 gm™, ma zdolno$¢ wchlaniania duzych
ilosci wilgoci, w szybkim tempie, tylko w jednym kierunku przekazuje ciecz na kolejne
warstwy (nie ma mozliwosci powrotu cieczy). ADL zawiera mikrootwory w ksztalcie lejka
(mikroperforacje), stozkowy ksztalt (szeroki otwor) przenosi ptyny w kierunku materiatu
chlonnego, a waski stozek zapobiega ponownemu powracaniu ptynéw w kierunku gérnych
warstw. Arkusz ADL posiada co najmniej 100 otworéw na cm?. Nastepnie plyn jest wchlaniany
i magazynowany wewnatrz wkladu chlonnego. ADL zapewnia tymczasowy zbiornik dla
cieczy, ktore kolejno sg uwalniane i transportowane w glebsze warstwy rdzenia chlonnego.
Zapobiega to gromadzeniu si¢ cieczy przy skoérze uzytkownika, ogranicza wyciekanie cieczy
ze struktury chlonnej i zapewnia uzytkownikowi lepsza sucho$é¢ i komfort. Warstwa
rozprowadzajaca ciecz powinna zostaé wytworzona w procesie spajania powietrzem (through
air bonding), ktora gwarantuje otrzymanie materialu o grubych wiléknach, miekkiego,
wytrzymalego, elastycznego, oddychajacego i absorbujacego duze ilosci cieczy. Dobrym
biodegradowalnym przykladem, ktéry moglby by¢ zastosowany jako warstwa ADL jest
produkt firmy Novamont o nazwie Mater-bi, ktéry opiera si¢ na polisacharydach (skrobia,
celuloza, oleje roslinne 1 ich réznych kombinacjach). Nastgpnie za pomoca kleju
termotopliwego, biodegradowalnego ADL jest laczone z bibula celulozowa o gramaturze 10
gm~>, ktéra owija rdzen chlonny (warstwy 4-6) i jednoczesnie izoluje od pozostatych arkuszy.
Ten przyktad wykonania umozliwia przeplyw plynéw przez calg grubosé¢ wkiadu chlonnego i
dociera nawet do obszaréw najbardziej oddalonych.

Kolejng czescig jest warstwa pulpy celulozowej (Rysunek 2, pkt. 4) stanowiaca rdzen
wkiadu chlonnego zwykle stosowana jest w stosunku wagowym 1 : 0,5-2,5 do ilosci SAP.
Warstwa ta szybko izoluje plyn od ciala uzytkownika i przekazuje do kolejnej warstwy
zawierajace] SAP, ktéra znacznie lepiej zatrzymuje ciecz. Celuloze w zwartej postaci
rozwloknia si¢ podczas procesu produkcyjnego tak, aby otrzymac puszysta mase celulozowa.

Dazy sie do jak najwigkszego zminimalizowania ilosci pulpy ze wzgledu na duzg ilosé¢

! Retencja jest miara tego, jak dobrze rdzen chionny moze wchlonaé, zwigzaé i zatrzymaé zaabsorbowang ciecz
[74]
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przestrzeni powietrznych pomiedzy widéknami. Nadmierne $ci$nigcie zmniejsza jej wydajnosé
oraz walory estetyczne i dodatkowo powodujagc nadmierna jej sztywnos$é, co znaczaco
zmniejsza komfort uzytkowania. Masa celulozowa musi posiada¢ certyfikat Forest Stewardship
Council (FSC), ktéra okre§la wytyczne odnos$nie odpowiedniej gospodarki lesnej,
uwzgledniajac aspekty ekologiczne, spoleczne i ekonomiczne. Puszysta pulpa przyklejona jest
do wiékniny o gramaturze 8 gm™, ktéra oddziela celuloze od SAP, aby unikngé mieszania sie

tych dwdch surowcow, co wlatwi pozniej proces recyklingu.

(N 1

Rysunek 3. Proponowany schemat powstawania warstwy 6 z kieszeniami superabsorbentu:
1 — podajnik superabsorbentu (SAP);

2 —rolka porcjujaca ilo$¢ SAP;

3 — rolka wiékniny hydrofilowej celulozowej o gramaturze 12 g'm2;

4 —rolka rozdzielajgca roéwne ilosci SAP w widkninowe kieszenie;

5 — aplikator/rozpylacz kleju

6 — rolka widkniny hydrofilowej celulozowej o gramaturze 8 gm™ %;
7 — zamknieta, pojedyncza kieszen z okreslong iloscia SAP

Obszary obejmujgce krawedzie boczne w kierunku wzdluznym wyrobu oraz tylny 1
przedni bok bedg pozbawione czastek superchlonnego polimeru, w celu umozliwienia
przymocowania do siebie krawedzi poszczegolnych warstw budujacych wklad chlonny (Rys.
2, glownie warstw 1, 3, 5-7). Projekt obejmuje kanaly (warstwa 6), tzn. obszary, ktore sa
zasadniczo pozbawione czastek superabsorbentu. Granulki réwniez nie bedg umieszczone w
miejscach spojenia widkniny, ktére znajdujg si¢ pomigdzy wypelnionymi kieszeniami SAP. Z
przyczyn zwigzanych z procesem technologicznym, niewielka ilo$¢ superchtonnego polimeru
moze wystepowac w szczelinach, co jednak nie wptywa na ogdlng funkcjonalnosé (okoto 85%
warstwy 6 stanowi SAP). Rysunek 3 przedstawia proces umieszczania SAP w kieszeniach

utworzonych z hydrofilowej widkniny (pkt. 4). Czagstki superabsorbentu sa osadzone w
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kieszeniach od strony wewnetrznej wiokniny hydrofilowej, celulozowej (Rys. 2, pkt. 6 i Rys.
3, pkt. 3). Nastgpnie zostajg zamknicte (sklejone krawedzie kieszeni) za pomoca tej samej
wlokniny odwijanej z rolki podajacej (Rys. 3, pkt. 6), na ktorg od wewnetrznej strony
wtryskiwany jest klej w ilosci 0,25 — 0,50 gm™ (Rys. 3, pkt 5). Warstwa zewngtrzna wiokniny
spryskiwana biodegradowalnym klejem, w celu przymocowania calej warstwy 6 do arkusza 5
i 7 (pokazanego na Rysunku 2), ktory nie ma bezposredniego kontaktu z SAP. Kieszenie mogg
posiada¢ rozne ksztalty o rozmaitych wielkosciach (srodek wkiadu wigksze, a przod 1 tyl
mniejsze kieszenie) np. gwiazda o rdznej ilosci ramion, kwadrat, prostokat, romb, elipsa, koto
itd. (Rysunek 5). Klej termotopliwy bedzie réwnomiernie wtryskiwany (Rys. 3, pkt. 5) na
wloknine podajacg z odwijaka (Rys. 3, pkt 6). W ten sposob bedzie mial bezposredni kontakt z
polimerem superchfonnym znajdujgcym si¢ wewnatrz kieszeni. To spowoduje przyklejenie si¢
czasteczek SAP do powierzchni widkniny i ich unieruchomienie. Przewidziano réwniez, ze klej
nanoszony na wioknine odwijana z odwijaka (Rys. 3, pkt 3) réwniez przeniknie do wnetrza
kieszeni wypelnionych SAP i przymocuje granulki do wewngtrznej krawedzi podioza
wiékninowego. Usztywnienie czastek pozwala na zachowanie przez superabsorbent swojego
pierwotnego ksztaltu i utworzenie lub pozostawienie w ten sposéb pustych przestrzeni
pomi¢dzy ziarnami. Dobrze znanym sposobem zwigkszenia sztywnosci jest kowalencyjne i/lub
jonowe sieciowanie grup karboksylowych odstonietych na powierzchni czastek SAP tzw.
sieciowanie powierzchniowe. Widkniny podawane z obu odwijakéw (Rys. 3 pkt. 3 i 6) sklejaja
si¢ w niewielkiej powierzchni 2 — 4 mm (Rys. 3, pkt. 7), zamykajac jednoczesnie kieszen z
SAP. W obszarze krocza skupiono okoto 50% przewidzianej ilosci SAP, poniewaz w tej czgsci
najszybciej 1 najwiecej trafia wydzielin. Pozostate 50% jest rozlozone nastepujaco: 30% trafia
z przodu wkladu, a 20% z tylu. Takie rozwigzanie wprowadzono, poniewaz mocz poczatkowo
trafia w wigkszej ilosci na przednig cze¢$é wyrobu, a w momencie przepelnienia pojemnosci lub
oddania stolca mozna si¢ spodziewaé zawarto$ci w tylnym obszarze produktu. Czgstki SAP
mogg przyjmowaé nastepujace formy: granulek, pylku, kulek, wiokien, platkéw o réznych
wielko$ciach w zalezno$ci od potrzeb. W projekcie zostaly zastosowane granulki, ze wzgledow
mozliwosci laboratoryjne i takie materialy zostaly zbadane.

Szczelna warstwa bialej, elastycznej folii o gramaturze 15 gm™, na samym dole
zaprojektowanego wkladu, wykonana jest z poli(kwasu mlekowego) (Rysunek 3, pkt 8).
Ponadto dolna warstwa ma paroprzepuszczalnosé wynoszacg 1000-2000 g/m?%24 h. Folia
posiada mikropory o wielkosci okoto 1 um, czyli spelniony jest wymog, aby $rednica porow
byla mniejsza niz minimalna $rednica kropli wody 20 pm i wigksza niz $rednica czasteczki

wody (para wodna) 0,0004 um. W czasie uzytkowania nastgpuje wydluzenie wszystkich
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warstw zewnetrznych wyrobu (najbardziej oddalonych od noszacego), natomiast warstwy
wewngetrzne ulegaja sci$nigciu ze wzgledu na zachowanie ksztattu tzw. todki. Po pochlonieciu
wydzielin wklad chlonny jest zabrudzony, a plamy mogg by¢ widoczne przez warstwe spodnia
(folia). Moze by¢ to konsekwencja niskiej gramatury folii lub braku dodatkowej warstwy w
postaci wldkniny lub bibuly z nadrukiem. Takie przeswitywanie zawarto$ci produktu ma
negatywny wplyw na odbiér wyrobu przez konsumenta, poniewaz jest ona wtedy postrzegana
jako towar niskiej jakosci. Nalezy dodatkowo uwzgledni¢ walory ekologiczne i ekonomiczne.
Wyprodukowanie cienszej folii wigze si¢ z wykorzystaniem mniejszej ilosci surowcow (mniej
jest poddawana recyklingowi lub trafia na wysypiska $§mieci), czyli tez obcigzenie finansowe
zostanie zredukowane. Mozliwe jest rowniez zastosowanie na omawianym tworzywie
dodatkowej warstwy, w postaci np. bibuly o gramaturze 10 gm™, na ktérej mozna nadrukowaé
dowolng grafike, ktora poprawi walory estetyczne i wizualne wkladu. Z drugiej strony
zastosowanie cienkiej bibuly nie jest konieczne, poniewaz wyréb zostanie umieszczony w
kolorowym i wysublimowanym pokrowcu. Dodatkowy arkusz (bibula) moze przyczynic si¢ do
powstawania odpadéw w trakcie procesu produkcyjnego i wykorzystania wigkszego naktadu

pracy i energii, co generuje dodatkowe koszty.
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Rysunek 4. Projekt réznych mozliwosci aplikacji kleju na tylnej warstwie wkladu chtonnego: 1 — powierzchnia
wyrobu; 2 — powierzchnia kleju.
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Rysunki 4 i 5 przedstawiajg rzut wkladu biodegradowalnego w stanie rozprostowanym
(bez elementdw elastycznych w obszarze krocza), aby zwizualizowaé podstawows strukture.
Docelowo produkt bedzie posiadal ksztalt tzw. 16dki. W obszarze krocza beda dodatkowo
umieszczone falbany wykonane z elastycznej bawelny z powloka hydrofobowa (pod nazwsg
natural stretch), ktéra zastapi powszechnie stosowane gumki syntetyczne i jednoczesnie
zabezpieczy zawarto$¢ wyrobu przed wyciekiem. Czgéc¢, ktdra jest od strony noszacego, jest
warstwa od strony patrzacego na Rysunku 4 1 5. Opcjonalnie mozna na warstwe bawelniang
(warstwa 1), tak jak opisywano wczesniej, zastosowa¢ bibule higieniczng o wymiarach 300
[mm] x 100 [mm], w celu oddzielenia wigkszych zabrudzen od pozostalych czesci wyrobu. W
projekcie przewidziano dodatkowo specjalne torebki biodegradowalne, w ktore mozna wlozy¢
zuzyty, zabrudzony produkt (np. na spacerze lub w podrézy), aby wyizolowac nieprzyjemny

zapach i nagromadzone bakterie.
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Rysunek 5. Projekt warstwy wewngtrznej wkladu chlonnego:
1 — czesé boczna wkladu nie posiadajaca perforacji;

2 — falbanki chronigce przed wyciekami bocznymi;
3 — cze$¢ perforowana wkiadu chlonnego w ksztalcie np. gwiazdy, 3a — perforacja w ksztalcie ztozonej gwiazdy,

3b - perforacja w ksztalcie Slimaka).
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Tabela 3. Proponowane wymiary szczegélowe jednorazowego wkiadu chlonnego do zastosowania w pokrowcu
wielokrotnego uzytku.

L.p. Parametr Jednostka Wartosé¢
1 Dhugosé catkowita mm 385+ 10
Szerokosé catkowita
2 (przéd, tyh) mm 150+ 10
3 Dhugos¢ wkladu chlonnego mm 360+ 10
Szeroko$¢ wkiadu chtonnego
4 (przod, tyh) mm 135+ 10
Szerokos¢ catkowita
S ($rodek wktadu — obszar krocza) e 1510
Szerokos¢ wkladu chtonnego
6 ($rodek wkiadu — obszar krocza) mm 95£10
7 Masa wkiadu g 25+2
8 Ilos¢ superabsorbentu g/szt. 15+1
9 Tlos¢ pulpy celulozowej g/szt. 5+1
10 Odpad % 3
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Rysunek 6. Proponowane wymiary biodegradowalnego, jednorazowego wktadu chtonnego.
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Biodegradowalny wklad chlonny jest przymocowany do warstwy wierzchniej pieluchy
wielorazowego uzytku w strefach laczenia z przednia i tylng krawedzig wyrobu, wtedy
obszar w obrebie krocza nie bgdzie przymocowany (umiejscowiony miedzy nogami
noszacego). Mocowanie moze mie¢ ksztalt litery T, E, C lub grzyba, czyli moze by¢
przyklejony wzgledem przedniego i tylnego brzegu, wzdluz przedniego i tylnego boku
(Rysunek 4), pozostawiajac czg$¢ krocza nie przyklejong do pokrowca. Istnieje mozliwosé
umieszczenia wkladu w pokrowcu, poprzez wsunigcie wyrobu w glgb kieszeni,
znajdujacych si¢ wewnatrz pokrowca wielokrotnego uzytku (Rysunek 7 i 8A). Przednia,
tylna i strefa krocza wkladu chlonnego podzielone sa na trzy réwne czgsci. Przednia czesé
projektowanego wyrobu absorpcyjnego jest skierowana w strone przedniej krawedzi
taliowej pokrowca wielorazowego uzytku i analogicznie tylna strefa jest skierowana w
strone tylnego boku otulacza, a obszar obejmujacy krocze rozcigga sie¢ pomiedzy tymi
obszarami. Calkowita dlugos¢ wyrobu (Tabela 3) jest zdefiniowana jako najwicksze
wydluzenie wkladu chlonnego wzdluz lub réwnolegle do osi podluznej. Produkt wedtug
niniejszego projektu moze by¢ prostokatny lub posiadaé zaokraglong krawedz przednig i
tylna. Obszar obejmujacy krocze ma mniejszg szeroko$¢ niz czesé przednia i tylna wkladu
chtonnego (Rysunek 6). Wyréb nie powinien wywolywaé podraznien i nie zawieraé: dziur,
otar¢, przetar¢, plam, cial obcych, zanieczyszczen zewnetrznych i nieznanych zapachow.
Projektowane wklady chlonne UNIVERSE w réznych ilosciach bedg pakowane w worki
papierowe, a nastgpnie wraz z kompatybilnym pokrowcem (otulaczem) w odpowiedni

karton.
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Rysunek 7. Koncepcja pokrowca wielorazowego, w ktérego wnetrzu zostanie umieszczony zaprojektowany

biodegradowalny wkiad chionny:

1 — sznurki/tasiemki do wiazania pieluchy;

2 —tunel na tasiemke/sznurek do zmarszczenia/$ciagnigcia wigzania przy udach w celu dopasowania rozmiaru do

dziecka;

3 — warstwa spodnia pokrowca wielorazowego;

4- wigzanie plaskie pokrowca w celu dopasowania rozmiaru do dziecka;

5 —kieszonka na wklad biodegradowalny chtonny oraz zapobiegajacy wyciekom gora pokrowca;

6 — warstwa wewnetrzna pokrowca;

7 — tunele utatwiajgce wigzanie i dopasowanie rozmiaru pokrowca do dziecka;

8 — gruba, szersza tasma/sznurek, ktora poprawia komfort dziecka w czasie zwigzania pokrowca.
Umieszczajac wklad chlonny w pokrowcu, a pdézniej zakladajac na cialo noszgcego,

ulega on wygieciu, zakrzywieniu, gdzie cze$¢ przednia i tylna siegaja az do dolnej czesci talii

uzytkownika. Obszar krocza jest mocno wygigty i w tym miejscu wkiad jest najbardziej

wybrzuszony. Warstwa wewnetrzna zostaje sci$nieta, a warstwa najbardziej zewnetrzna

rozciggnieta. Gdy wkiad ulega zwilZeniu nastepuje natychmiastowe zwickszenie objetosci SAP

(pgcznienie), jednak granulki majg wystarczajaco duzo miejsca, zeby swobodnie si¢ rozszerzaé.

Nalezy pamietac, ze kiedy polimery pecznieja, nastepuje jeszcze wigksze rozciggniecie warstw

zewngtrznych wkladu. Co moze by¢ zniwelowane przez elastyczna, puszysta warstwe pulpy

celulozowej, jednak bedzie to duzo bardziej widoczne niz w standardowych pieluchach

(zgrubienia, faldy). Dlatego wklad jest przyklejany do pokrowca tylko w cze$ciach przednie;j i

tylnej (Rysunek 4), zeby pozwoli¢ folii na swobodne odksztalcanie i rozcigganie si¢ na skutek

powstatych fald i zgrubien w obszarze krocza. Tabela 4 i Rysunek 8 przedstawiaja sugerowane

wymiary zaprojektowanego pokrowca wielorazowego.
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Tabela 4. Proponowane wymiary szczegétowe pokrowca (otulacza) wielokrotnego uzytku.

L.p. Parametr Jednostka Wartosé
1 Dlugos¢ catkowita mm 420+ 10
2 Szerokos¢ catkowita — 280 + 10

(przéd)
3 Szerokos¢ catkowita — 420+ 10
(ty})
4 Szerokos¢ catkowita — 140 + 10
(obszar krocza)
5 Dlugos$é tasiemek/sznurkow mm 150 £ 10
(czesc tylna)
Dhugos¢ tasiemek/sznurkow
6 (cze$¢ przednia wraz z sznurkiem mm 350+ 10
przechodzacym przez czgsé w obrebie
krocza)
Szerokos¢ szlufek
7 (przod) mm 3545

Propozycja procesu technologicznego wytwarzania wkladu chlonnego na podstawie Rysunku

2:

. Utworzenie kieszeni o odpowiednim ksztalcie (Rys. 3) 1 uformowanie z widkniny

hydrofilowej, celulozowej i wprowadzenie granulek superabsorbentu w powstale
zaglebienia

Wylozenie na wierzchniej warstwie widkning celulozowa (arkusz 5)

Formowanie okreslonego ksztattu na kole formujacym wkladu z pulpy celulozowej
(warstwa 4)

Ciecie i owinigcie bibulg celulozowg warstw 4 — 6

5. Formowanie warstwy 2 rozprowadzajgcej (ADL) i przyklejenie na wierzchniej

warstwie bibuly celulozowej (warstwa 3)

Formowanie ksztaltu bawelnianej widkniny perforowanej (warstwa 1), ktéra metoda
iglowania lub ultradZzwiekowo zostaje przymocowana do warstwy ADL

Z zewngtrznej strony folii oddychajgco-izolujacej naniesienie biodegradowalnego kleju
i natozenie kolorowej bibuly z dowolnym nadrukiem

Z wewngetrzne] strony folii oddychajgco-izolujacej naniesienie biodegradowalnego
kleju i przyklejenie do bibuly celulozowej, zamykajacej (otulajacej) wklad chtonny

(warstwa 7).
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Rysunek 8. Proponowane wymiary wielorazowego pokrowca: A — caly wyréb od strony wewngtrznej, B — przod otulacza od

strony zewnetrzne;.
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Zaproponowany trwaly, antybakteryjny, posiadajacy przeciwutleniacze, wielorazowy
pokrowiec (Rysunek 7 i 8) zostanie wykonany z materialdéw naturalnych (np. eukaliptus,
wodorosty). Beda to tworzywa jednego gatunku, co znacznie ulatwi proces recyklingu.
Wigkszos¢ tego typu wyrobow sklada si¢ z tkaniny paroprzepuszczalnej, poliestrowej
laminowanej poliuretanem, ktére sg materiatami pochodzenia petrochemicznego. Brak rzepow,
zatrzaskéw, gumek réwniez ulatwia proces przetwarzania. Biodegradowalna warstwa
zewngtrzna, o wiasciwosciach hydroizolujgcych zostanie pokryta woskiem o dlugich
lancuchow parafinowych. Gumki zostana zastgpione przez elastyczng bawelng. Pokrowiec
bedzie posiadal wewnatrz z przodu i z tylu kieszenie na wsunigcie wkladu do $rodka (jesli
bedzie to konieczne np. w przypadku ptynnych wydzielin i wyciekéw gérng czescia wyrobu)
(Rysunek 8). Mozna réwniez przyklei¢ zaprojektowany wsad bezposrednio na zewnetrzna
cze$é kieszeni (Rysunek 7 pkt. 5, 6 lub 8A). Zaprojektowane sznurki/tasiemki (patrz Rysunek
7 pkt. 1, 4) beda stuzy¢ dopasowaniu rozmiaru do okreslonego uzytkownika, co sprawia, ze
dany pokrowiec moze by¢ uzywany przez wigkszos¢ okresu pieluchowania (wedlug projektu
preferowana masa dziecka 5 — 15 kg). Przewidziano réwniez zastosowanie przez dzieci
kilkuletnie (przedszkolne), ktére maja problemy zdrowotne lub nie opanowaly umiejetnosci

zalatwiania potrzeb w toalecie.
2. Polimery superchlonne

Superabsorbenty (SAP) charakteryzuja si¢ zdolnoscia pochlaniania kilkadziesigt lub
kilkaset razy wigcej ptynéw niz same wazga. Nawet wplyw duzego cisnienia nie powoduje
wycieku cieczy z zamknietych kanalow i przestrzeni miedzy lancuchowych SAP [53,54].
Cecha ta decyduje o szerokim zastosowaniu tych polimeréw, miedzy innymi w produktach
higienicznych, takich jak pieluchy dla dzieci i dorostych, wkladki higieniczne, podklady
higieniczne, wkladki laktacyjne [55]. Najczesdciej i najszerzej stosowanym materialem do
produkcji SAP jest poli(kwas akrylowy) [7], jednak powstale pieluchy z tego typu surowcow
nie ulegaja biodegradacji i/lub kompostowaniu, co powoduje dlugotrwate problemy
srodowiskowe. Naprzeciw tym wyzwaniom wychodza naukowcy, przedsicbiorcy i sami
konsumenci, zeby znalez{ najlepszg alternatywe, ktora bedzie przyjazna i korzystna dla
wszystkich oraz srodowiska naturalnego. W ostatnim czasie powstaje bardzo duzo prac
naukowych, w ktorych badacze aktywnie pracuja nad otrzymaniem biodegradowalnego
produktu, poprzez synteze polimeréow syntetycznych z naturalnymi.

Polimery superchtonne mozna podzieli¢ (Rysunek 9) w zaleznoséci od:
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typu sieciowania na — sieciowane chemicznie (wigzanie kowalencyjne) lub fizycznie
(wigzanie wodorowe lub przenikanie si¢ sieci polimerowych) [56]. Wigzanie
kowalencyjne (ponad 100 kJ'mol™!) jest wigzaniem silnym, usieciowanie oparte na tego
typu wigzaniach powstaje najczesciej w wyniku polimeryzacji wolnorodnikowej z
udzialem czynnika sieciujacego (najczesciej wielofunkcyjny monomer) i prowadzi do
powstania trwale polaczonych tancuchéw. Sieciowanie fizyczne jest stabym
oddzialywaniem miedzy poszczegélnymi czasteczkami (kilka kJ'mol™).

budowy — jest to najwazniejszy podzial na: syntetyczne, polsyntetyczne (syntezowane
poprzez dodanie syntetycznego sktadnika do naturalnego) lub péinaturalne (naturalny
sktadnik dziala jako $rodek sieciujacy dla syntetycznych monomerow) i naturalne

otrzymywane catkowicie z polimeréw naturalnych (polisacharydy i biatka).
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Rysunek 9. Przykladowy podzial superabsorbentow.

ladunku elektrycznego, ktére najczesciej sg stosowane w polimerach inteligentnych.
Mozna wyrdzni¢ polimery niejonowe [57] (nieposiadajace tadunkow elektrycznych),
jonowe (anionowe lub kationowe), dipolowe [58] (suma tadunkéw jest rowna zero —
posiadaja zarowno aniony, jak i kationy), amfolityczne [59] (posiada zaréwno grupy
zasadowe, jak i kwasowe).

morfologii, ktéra nadawana jest w procesie technologicznym w zaleznosci od
zastosowania. Tak jak prezentuje Rysunek 9 mozna wyrdzni¢ superabsorbenty w
postaci proszku [60], granulatu [61], wldkien [62] i warstw (arkuszy) [63], ktérych

ksztalt nie powinien ulega¢ zmianie w trakcie pgcznienia i nacisku.
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Ze wzgledu na rosngce koszty i ograniczone zasoby ropy naftowej, polimery naturalne sg
obiecujaca, oplacalna, zréwnowazona i najlepszg alternatywa dla polimeréw syntetycznych.
Dlatego w ostatnim czasie znacznie wzrosto zainteresowanie materiatami pochodzenia
ro§linnego z powodu ich tatwej dostepnosci, odnawialnosci, nietoksycznosci i
biodegradowalnosci. Najczesciej w strukturach SAP wystepuja polisacharydy takie jak:
celuloza, skrobia, chitozan, alginian, dekstryna, agar, karagenina i guma gellan. W pracy
badawczej skupiono si¢ gldwnie na skrobi i chitozanie [7] [D1].

Chociaz superabsorbenty oparte na polimerach syntetycznych majg duze zdolnosci
wchlaniania ptynéw. Jednak kopolimery na bazie szczepionej skrobi maja coraz wiekszy
potencjal aplikacyjny w przemysle ze wzgledu na ich niski koszt. Takze duzy udzial skrobi w
powstatych zelach przyczynia si¢ do ich biodegradowalnosci, co sprawia, ze stajg si¢ przyjazne
dla s$rodowiska. Realizujagc badania w zakresie wytwarzania ekologicznego polimeru

superchlonnego, skierowano uwage na synteze¢ kopolimeru na bazie skrobi.

3. Pélnaturalne superabsorbenty bazujace na skrobi i kwasie akrylowym

Obecnie bardzo pr¢znie prowadzone sg badania majace na celu otrzymanie superabsorbentu
biodegradowalnego, ktory charakteryzowalby si¢ znakomitymi wlasciwosciami pecznienia i
retencji. Dodatkowo bylby przyjazny dla srodowiska i oplacalny w produkcji na skale
przemystowa. Wigkszo$¢ patentdow i publikacji skupia si¢ na celulozie jako najlepszym
pretendencie do otrzymania pozadanych wlasciwosci. W eksperymentach projektowych
zdecydowano si¢ na zglebienie mozliwosci skrobi, ktora jest odnawialnym, tanim, powszechnie
dostgpnym (m.in. ziemniaki, kukurydza, ryz, pszenica) i biodegradowalnym polisacharydem.
Lancuch biochemiczny odpowiedzialny za synteze skrobi obejmuje czasteczki glukozy
wytwarzane w komorkach roslinnych w procesie fotosyntezy. Skrobie syntetyzowang przez
komorki roslinne tworza dwa rodzaje polimeréw: amylopektyna i amyloza. Amylopektyna
sklada si¢ z liniowych lancuchéw jednostek glukozy polaczonych wigzaniami o-1,4
glikozydowymi 1 jest silnie rozgaleziona w pozycjach a-1,6 maltymi tafcuchami glukozy w
odstepach 10 nm wzdtuz osi czasteczki. Amyloza jest zasadniczo liniowym lancuchem a-1,4
glukanéw z ograniczonymi punktami rozgalezieri w pozycjach a-1,6 i stanowi 15-30% zwykle;j
skrobi [64].

Chcac uzyska¢ okreslone wlasciwosci wymagane dla konkretnego zastosowania, nalezy
najpierw rozwazy¢ dostepnos$¢ danego rodzaju skrobi oraz koszty procesu, aby pézZniej przejsé
do modyfikacji chemicznej lub fizycznej. Analizujgc polimeryzacje kwasu akrylowego ze

skrobig duza rol¢ odgrywa zastosowany inicjator reakcji (wykorzystywano azotan amonu i ceru
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(IV) (CAN) oraz nadsiarczan potasu (KPS)), poniewaz to on determinuje mechanizm
poszczegolnych etapéw procesu. W niniejszej pracy badawczej szescioma roéznymi $ciezkami
reakcji otrzymano sze$¢ réznych produktéw syntezy (SS—g—PAA(12/CAN); SS(12)-g-PAA
(CAN); SS—g-PAA (CAN); SS—g-PAA (KPS); CS—g-PAA (CAN/U/NaOH); CS—g-PAA
(KPS/U/NaOH)). Na podstawie Rysunku 1 na stronie 4 w publikacji [D2] przedstawiajgcego
mechanizm reakcji z zastosowaniem jonéw cerowych (Ce*") jako inicjatora, mozna
zaobserwowaé przebieg reakcji polimeryzacji wolnorodnikowej. W wyniku omawianego
procesu nastepuje rozerwanie wigzania C>—Cs jednostek sacharydowych i utworzenie wolnych
rodnikéw zdolnych do inicjowania polimeryzacji akrylanéw. Natomiast analizujgc Rysunek 2
tej samej publikacji wspomnianej wczesniej [6], gdzie zaprezentowano mechanizm reakcji
zuzyciem inicjatora redoks w postaci jonéw nadsiarczanowych (S205%). W tym przypadku
nastepuje oderwanie si¢ kationébw H' od grupy hydroksylowej i przylgczanie monomeru
akrylowego. Jako srodek sieciujacy dla wszystkich proceséw zastosowano N, N'-
metylenobisakrylamid (MBA).

W badaniu FTIR udalo sie wyznaczyé nowe pasmo przy 1700—1728 cm™, ktdre przypisane
jest drganiu C=0 grup karboksylowych ([D2], Rysunek 3, strona 8). Widma i intensywnosci
pasm po procesie polimeryzacji réznig si¢ od tych dla natywnych substratow, wiec mozna
wnioskowad, ze reakcja szczepienia kwasu akrylowego na skrobi zaszta pomyslnie.

Istotng role odgrywa struktura superabsorbentu, poniewaz powstajgce pory, kanaly,
peknigcia 1 wolne przestrzenie decydujg o ilosci zaabsorbowanej cieczy. Najbardziej
urozmaicong strukture mialy materialy powstale w wyniku polimeryzacji z dodatkiem
mocznika i wodorotlenku sodu (Rysunek 4, strona 9 wspomnianej publikacji). W trakcie reakcji
fanicuchy monomerow tworzyly luzno zwigzane przestrzenie, dzieki temu polimer byl w stanie
pochlona¢ wigksze ilosci plynu i go zatrzymad. Sama skrobia charakteryzuje si¢ ptaska, gtadka
powierzchnig kolistych granulek, natomiast po polaczeniu z kwasem akrylowym struktura
powstalych materialow stala si¢ pofaldowana i chropowata. Nalezy uwzgledni¢ rowniez proces
obrobki produktéw juz po wysuszeniu (mielenie i utlenianie), ktore réwniez moga powodowad
zmiane morfologii powierzchni.

Analiza termograwimetryczna zobrazowala typowy dwustopniowy proces rozktadu skrobi,
gdzie dostrzezono wigkszg stabilno$¢ termiczng dla skrobi kukurydzianej (CS) niz
rozpuszczalnej (SS) (Tabela 2, strona 10 omawianej publikacji [D2]). Amylopektyna posiada
rozgal¢ziong strukture i dodatkowe wiazania glikozydowe, ktore zwigksza stabilnos¢ termiczng
kopolimerow, inaczej niz sama liniowa amylaza. Wiadomym jest, ze w poczatkowej fazie

procesu nastepuje odparowanie wody (~10%), zeby pdzniej nastepowal rozkiad
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poszczegblnych skltadowych kopolimeréow. W kolejnym etapie degraduje skrobia, a na koncu
kwas akrylowy i $cisle usieciowane tancuchy kopolimerow.

Ukierunkowujac si¢ na otrzymanie superabsorbentu, ktéry moglby znalez¢ zastosowanie w
wyrobach higienicznych najwazniejszg kwesti¢ stanowily wiasciwosci absorpcyjne polimeru.
W wyniku szczepienia kwasu akrylowego na skrobi nastepuje rozszerzenie sie przestrzeni
miedzy tancuchowych w wyniku odpychania si¢ przeciwnie natadowanych grup funkcyjnych i
w ten sposob plyn wchianiany jest do wnetrza kopolimeru. Analizujac pecznienie w roztworze
soli mamy do czynienia z efektem ekranowania dodatnich fadunkéw, ktéry powoduje obnizenie
stopnia pgcznienia. Dodatkowo zjawisko odpychania elektrostatycznego pomig¢dzy anionami
powoduje obnizenie ci$nienia osmotycznego miedzy roztworem wewng¢trznym hydrozelu, a
roztworem zewngtrznym. Wartosciowos¢ kationdw ma istotny wplyw na zdolno$¢ pecznienia,
im wyzsza tym mniejsza ilos¢ wchlonigtej cieczy, co pokazujg analizy z Tabeli 5. Probki
zanurzone w roztworze posiadajagcym jony Na* i CI- wchionely kilkukrotnie mniej cieczy, niz
w wodzie dejonizowane;j (nie posiada jonow). Zastosowanie CAN w obu syntezach skutkowato
powstaniem produktow, ktore przylaczaja wigcej czasteczek wody w poréwnaniu z KPS.
Powodem tego moze by¢ zlozona struktura CAN, odpowiednia iloé¢ dostosowana do proporcji
reakcji. Mozliwe, ze KPS usieciowal znacznie silniej taficuchy, co skutkowato zmniejszeniem

wolnych przestrzeni w strukturze granulki i w konsekwencji blokada absorpcji cieczy.

Tabela 5. Zdolnos¢ absorpcyjna poszcezegdlnych produktéw w wodzie dejonizowanej i roztworze 0,9% NaCl.

Absorpcja w stanie r6wnowagi [§]
Nazwa materialu &

Woda dejonizowana 0,9% NaCl
SS-g-PAA (CAN) 169,61 18,94
SS—g-PAA (KPS) 19,26 9,47
CS-g-PAA (CAN/U/NaOH) 118,51 14,19
CS—g-PAA (KPS/U/NaOH) 99,33 12,99

Z punktu widzenia przyszlego zastosowania istotng kwestig jest kinetyka pecznienia
superabsorbentow, na ktéra maja wplyw wielkos¢ granulek, sklad materialu, zdolnos¢
pecznienia i powierzchnia wlasciwa. W poczatkowym etapie procesu rejestrowano gwattowny
wzrost szybkosci pgcznienia, natomiast im dhuzszy czas analizy, tym bardziej splaszczona
krzywa, az do osiagnigcia wartosci rownowagi ([D2], Rysunek 6, strona 13-14). Badania

udowadniaja, ze mniejsze czasteczki pochtaniajg wigcksze ilosci ptynéw, co thumaczy stosunek
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powierzchni do objetosci SAP oraz zwigkszenie powierzchni kontaktu poprawi szybkos¢
dyfuzji.

4. Superabsorbenty bazujjce na skrobi, kwasie akrylowym, akrylamidzie,
poli(alkoholu winylowym), metakrylanie 2-hydroksyetylu i kwasie 2-

akrylamido-2-metylopropanosulfonowym

Kolejne trzy syntezy zostaly rozszerzone o dodatkowe monomery w postaci metakrylanu
2-hydroksyetylu (HEMA), kwasu 2-akrylamido-2-metylopropanosulfonowego (AMPS),
akrylamidu (AM) oraz poli(alkoholu winylowego) (PVA) [65]. Prowadzono reakcj¢
polimeryzacji szczepionej, a nastepnie dodano PVA w celu uzyskania produktu z wzajemnie
przenikajacymi sie sieciami polimerowymi (IPN). Ze wzgledu na elastyczng budowe, niskie
napiecie miedzyfazowe i slabe wigzania wodorowe w PVA dodano go do ukladu, co
doprowadzilo do przeplatania si¢ tancuchow hydrofilowych. Inicjatorem reakcji byt KPS, a
srodkiem sieciujgcym, tak jak w opisanych wczesniej reakcjach, MBA.

Na podstawie schematu reakcji polimeryzacji zaprezentowanej na Rysunku 2 (str. 6) oraz
Rysunku 3, (str. 7) publikacji [D3] mozna przesledzi¢ mechanizm reakcji szczepienia i/lub
sieciowania skrobi i monomeréw akrylanowych z wykorzystaniem MBA jako $rodka
sieciujacego. Pierwszym etapem reakcji bylo utworzenie rodnika SO4*-, ktéry doprowadza do
oderwania jonu wodoru z grupy —OH z pozycji C>—Cs skrobi. To prowadzi do powstania w tym
miejscu rodnika i przylaczenie odpowiedniego monomeru. Tymczasem nastgpuje kolejny etap
polimeryzacji — propagacja. Polimeryzacja szczepiona zakonczyla si¢ gdy uzyskano produkt w
postaci SS—g-P(AA—co-HEMA). Natomiast w przypadku dwoch pozostalych procesow
nastepuje dodatkowo sieciowanie fizyczne przez PVA, w wyniku czego powstajag PVA/PS—g—
P(AA—co-AM) i PVA/PS—g—P(AA—co—AM—-co-AMPS).

W Tabeli 6 przedstawiono najwazniejsze sygnaly na widmie IR dla poszczegélnych grup
funkcyjnych znalezione w widmach omawianych materiatow, ktére wczeséniej zostaly

zaprezentowane na Rysunku 4 (str. 10) omawianej w tym rozdziale publikacji [D3].

Tabela 6. Opis charakterystycznych pasm FTIR dla poszczegoinych produktéw syntezy [66].

Czesto$¢ drgan [em™] ‘ _Rodzaj wigzania
Skrobia (PS i SS)
o 3300 OH
2900 CHaz
1650 H>O
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1410 CH
1140 C-0-C
1070 C-0-C
1000 C-0-C
930 C-O0-C(al1-4)
760 Cc-C
570 pierscien glukopiranozowy
'SS-g-P(AA—co-HEMA)
3365 N-H z MBA
1713 COOH z AA i COO z HEMA
1654 C=0zMBA

1633-1635 C=C
1417 C-H:
1338 C=CzMBA

815-818 C-H
760 C-H:
PVA/PS-g-P(AA—co-AM)
3309 OH
2927 CH:
1683 COOH
1419 COOH
1237 C-0-C
1147 Cc-0-C
1031 Cc-0
PVA/PS—g-P(AA—co—-AM—co-AMPS)

3541-3221 NH>
2932 CHz
1652 C=0
1539 NH:
1444 NH:
1414 CH:
1294 SOz
1156 SOsH
1031 SO

612 SOsH
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Zdjecia otrzymane ze skaningowego mikroskopu elektronowego (SEM) (Rysunek 5,
strona 12, [D3]) pokazuja, jak struktury powstaltych superabsorbentéw znaczgco roznig sie od
surowych substratéw. SAP otrzymany droga polimeryzacji szczepionej SS—g—P(AA—co—
HEMA) charakteryzowal si¢ najbardziej porowata strukturg z licznymi kanatami,
wglebieniami, faldami i wybrzuszeniami, co moze przyczynic si¢ do pochtaniania duzych ilosci
cieczy. PVA/PS—g-P(AA—co—AM) powstaly w wyniku IPN, ze wzgledu na swojg elastyczng
strukture znaczaco utatwia absorpcje ptyndéw. Posiadat wiele okraglych poréw oraz kanatéw w
glab granulek. Probka posiadajaca najbardziej zwarta, zlozong budowe PVA/PS—g—P(AA—co—
AM—o-AMPS) z wieloma grupami aktywnymi, posiadata w wiekszosci pekniecia liniowe,
$wiadczace o mikro- lub mezoporowatej strukturze.

Zbadano stabilno$¢ termiczna dla wszystkich superabsorbentéw, poniewaz jest to
bardzo istotna kwestia (np. w czasie procesu sterylizacji) planujgc zastosowanie omawianych
materialdow w wyrobach higienicznych. Badania potwierdzily, ze kilkukrotne specznianie i
suszenie danego polimeru nie wplywa znaczaco na stabilno$¢ termiczng prébek, co wskazuje

na mozliwo$¢ zastosowania tych materiatéw w produktach jednorazowych.

Tabela 7. Rozklad poszczegdlnych skladowych superabsorbentow.

Temperatura rozkladu [°C] Opis skladnika rozpadu
SS—g-P(AA—<co-HEMA)
45-190 Utrata wody zaadsorbowanej i zwigzanej
200 — 330 Zerwanie wigzania C—O—C i oderwanie pierscienia
sacharydowego
335 — 520 Rozerwanie wigzan grup karboksylowych i akrylowych
pochodzacych od AA i HEMA
PVA/PS-g-P(AA-co-AM)
141 Utrata wody zaadsorbowanej i zwigzanej
30-280 Rozpad i oderwanie od pozostalosci czasteczek skrobi
290 - 500 Degradacja czasteczki skrobi
> 500 Rozpad przylaczonych syntetycznych polimeréw
PVA/PS—g-P(AA—co—-AM-co—AMPS)
35-180 Rozpad czasteczki wody

Odwodnienie pierscienia sacharydowego i rozerwanie
wigzania C—O—C taficuchéw skrobi
250-330 Utlenienie grup winylowych PVA do CO;
Degradacja galezi pochodzacych od akrylandw i usuniecie
czasteczki wody z sasiadujgcych grup karboksylowych

190 — 245

379
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Oderwanie czasteczki SOz pochodzacej od AMPS i rozpad

811 calej struktury SAP

W pierwszym etapie (Tabela 7) po odparowaniu wody temperatura rozkladu
termicznego dla kopolimeréw (SS—g—P(AA—co-HEMA) —290 °C; PVA/PS—g-P(AA—c0—AM)
- 213 °C; PVA/PS—g-P(AA—co—-AM-co-AMPS) — 136 °C) byla nizsza niz dla pojedynczych
monomeréw (SS —230 °C; PS —314 °C; AMPS — 194 °C; PVA - 269 °C; AM — 152 °C). Jednak
juz w momencie 50% degradacji te wartosci byty duzo wyzsze (SS—g—P(AA—co—-HEMA) — 387
°C; PVA/PS—g-P(AA—c0o—AM) - 386 °C; PVA/PS—g-P(AA—co—AM-co—AMPS) - 378 °C), co
moze dowodzi¢, ze powstale materialy usieciowaly i wykazuja lepsze wlasciwosci termiczne.

Jak juz wspomniano wczesniej zdolnosci absorpcyjne i retencyjne superabsorbentéw

maja najwicksze znaczenie w omawianych badaniach.

Tabela 8. Zdolnos¢ absorpcyjna poszczegélnych superabsorbentéw w wodzie dejonizowanej, roztworze 1 %, 2
%, 4 %, 8 % NaCl oraz buforach o pH 3,5; 7,519,5.

Absorpcja w stanie rownowagi [g]

Nazwa materialu [%] NaCl pH
H:0
1 2 4 8 3,5 7.5 9,5
PS 0,25 - - - - . : -
S8 0,90 - - - - - - .
SS—g-P(AA—o—
HEMA) 97,36 93,30 90,11 76,07 73,11 48,02 113,61 188,43
PVA/PS—g—P(AA-
50,30 47,25 42,48 32,04 17,99 37,15 5924 117,79
co—AM)
PVA/PS-g-P(AA—
co—AM—co— 69,60 64,96 60,67 56,34 53,17 67,47 74,14 143,00
AMPS)

Badanie wlasciwosci absorpcyjnych samej skrobi natywnej przeprowadzono w celu
potwierdzenia danych literaturowych o braku zdolnosci pochtaniania wody dejonizowanej w
temperaturze pokojowej. Pordwnujac wszystkie otrzymane wyniki (Tabela 8) absorpciji wody
dejonizowanej, roznych stegzen roztworu NaCl oraz roztwordw buforéw mozna wnioskowaé,
ze tak jak przypuszczano wczesniej, polimer SS—g-P(AA—co-HEMA) uzyskal najwyzsze
wyniki. Polimery posiadajace dodatkowe lanicuchy sieciowane fizycznie przez PVA majg zbyt

Scista, upakowana strukture, ktéra blokowala naplyw cieczy do wnetrza granulek. Mozna
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mniema¢, ze pomimo wielu wolnych grup funkcyjnych zdolnych do zwiazania czasteczek
rozpuszczalnika wewnatrz struktury, nastepowala tylko czesciowa absorpcja cieczy przez
badane probki. Utrudniona byla solwatacja grup jonowych i hydroksylowych przez zwezone
kanaly i1 przestrzenie mig¢dzy lancuchowe. Ma to réwniez wplyw na kinetyke procesu
pecznienia. Prébki z dodatkiem PV A osiagajg szybciej poziom nasycenia [65]. Przyczynil si¢
do tego brak swobody konformacyjnej tancuchéw, utrudnione oddziatywanie miedzy grupami
jonoforowymi i zbyt $cisle ztozona, tré6jwymiarowa budowa.

W tym przypadku rowniez zostala potwierdzona teoria, ze istotny wplyw na pgcznienie
granulek majg sita jonowa, stezenia roztworu soli, pH oraz wartosciowo$¢ kationdw obecnych
w ukladzie. Ilo$¢ zaadsorbowanego roztworu soli jest kilkukrotnie mniejsza niz w przypadku
wody dejonizowanej, co thumaczy ograniczona ruchliwosé¢ jonéw pomiedzy polimerem a faza
wodng. Podobnie jak w przypadku wody dejonizowanej najwyzsze wartosci osiagnal

superabsorbent szczepiony — 93.30 [5. Wizrost stezenia rozpuszczalnika powoduje
p P g

zmniejszenie cisnienia osmotycznego, w wyniku czego dodatkowe przeciwjony (Na*) ostabiaja
oddzialywanie anion-anion (np. w grupach COO~, SOs7) i zmniejszajg zdolnosci sorpcyjne
makroczasteczki. Uklad PVA/PS-g-P(AA-co-AM-co-AMPS) wykazuje lepsze parametry
pecznienia niz PVA/PS—g-P(AA—co0—AM) ze wzgledu na obecno$¢ grup sulfonowych (-
SOs3H). Odnosnie sily jonowej wystepuje podobna zalezno$é, czyli superabsorbenty wykazuja
wrazliwo$¢ na stezenie roztworu NaCl, ze wzgledu na wplyw sily jonowej na réwnowage
dysocjacji zarowno zdeprotonowanych grup —COOH, jak i protonowanych —NHz. Akrylany
posiadajg w swojej budowie wiele grup jonogennych i dlatego liczne grupy karboksylowe przy
niskim pH sg zasocjowane, a ich stopien dysocjacji wzrasta wraz z pH. Zdysocjowane grupy
jonoforéw przyciagajg wigce] wody, tworzac sfery solwatacyjne, stabilizujac ladunek
jonow. W srodowisku kwasowym przyrost masy zaadsorbowanego buforu byt wolniejszy, w
poréwnaniu do tego jaki nastapil w srodowisku alkalicznym. W sytuacji gdy pKa okreslonej
grupy jonowej jest wyzsze niz pH rozpuszczalnika, nast¢puje zasocjowanie danej grupy i nie
ma istotnego znaczenia w procesie pecznienia. Przy pH 3,5 najwigkszy przyrost odnotowano
dla PVA/PS—g-P(AA—co—AM-—co-AMPS), poniewaz wystapilo rozszerzenie przestrzeni
miedzy tancuchowych na skutek oddzialywan anionowo-anionowych i zwig¢kszenie stopnia
jonizacji wystepujgcych grup karboksylowych i sulfonowych. Dodatkowo srodowisko kwasne
powoduje usztywnienie tancuchow polimerowych, a w efekcie protonowanie anionéw SO3H i
—COOH oraz tworzenie wigzan wodorowych pomiedzy tlenem grupy COOH, a grupg amidows

ugrupowan akryloamidowych, co powoduje kurczenie si¢ SAP. Wzrasta hydrofilowos¢
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superabsorbentéw, dzieki wigkszej ilosci anionéw, a to usprawnia dyfuzje roztworu do wnetrza

makroczasteczki.
5. Superabsorbenty bazujace na karboksymetyloskrobi i chitozanie

Skrobia jest biodegradowalnym, odnawialnym i tanim surowcem, dlatego znalazia
zastosowanie w wielu galeziach przemyshu (papierniczy, spozywczy, medyczny, tekstylny).
Jednak duzym problemem okazuja si¢ staba rozpuszczalno$¢ i wiasciwosci mechaniczne,
dlatego szuka si¢ nowych metod modyfikacji, ktore poprawig wydajnos$é natywnej skrobi.

Karboksymetyloskrobia (CMS) jest rodzajem rozpuszczalnej w wodzie anionowej skrobi
eteryfikowanej i mozna jg otrzymad w reakcji eteryfikacji skrobi kwasem chlorooctowym w
warunkach alkalicznych [67]. Wprowadzona grupa karboksylowa moze zapewni¢ skrobi dobrg
rozpuszczalnos¢ w wodzie oraz poprawi¢ wihasciwosci mechaniczne. Mozna to osiggngé
zwickszajac hydrofilowos¢ czasteczek polisacharydu i zmniejszajgc regularnosé struktury.

Ostatnio coraz wigksza uwage zwraca si¢ na inne naturalne biopolimery, jednym z nich jest
chitozan (Ch). Podobnie jak skrobia, jest polisacharydem, ktory charakteryzuje sie
nietoksycznoscig,  biodegradowalnoscig,  biokompatybilnoscia i  blonotworczoscia.
Pozyskiwany gltéwnie z egzoszkieletu skorupiakow, jest jednym z najobficiej wystepujacych
polisacharydéw. Ch ma naturalne wilasciwosci bioaktywne (przeciwdrobnoustrojowe i
przeciwutleniajgce), ktore ze wzgledu na specyfike zastosowania w przyszlosci (wyroby
higieniczne) sg cechami bardzo istotnymi [68,69].

Na podstawie przeprowadzonych badaf opublikowanych w artykule [67] mozna
spekulowaé, ze istnieje bardzo duzy potencjal w potaczeniu karboksymetyloskrobi z
chitozanem. Otrzymanie polimeru biodegradowalnego, ktory bylby znakomitg alternatywa dla
juz istniejacych syntetycznych superabsorbentow.

Zwigzek 4-hydroksy-3-metoksybenzaldehyd, czyli wanilina (Van), jest glownym
skladnikiem ekstraktu z ziaren wanilii, szeroko stosowanym jako $rodek aromatyzujacy w
napojach, zywnosci i srodkach farmaceutycznych oraz powszechnie uznawana za bezpieczng
(GRAS). Ostatnio pojawila si¢ jako obiecujgcy naturalny, nietoksyczny srodek sieciujacy
chitozan. Grupa aldehydowa waniliny i grupy aminowe czasteczek chitozanu tworza zasady
Schiffa oraz moga powodowaé¢ powstawanie wigzania iminowego -N=CH—, a luzny koniec
reszty waniliny ma grupe hydroksylowa stuzaca jako donor lub akceptor wiazania wodorowego
[70,71].
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Tabela 9. Opis drgan dla okreslonych diugosci fal.

Czestosé drgan [em™!] Rodzaj wigzan/drgan

CMS

3000 - 3500 rozciagajace NH; OH; NH>
2927 rozciagajace CH
1589 symetryczne COOH
1411 asymetryczne COOH

Ch

3000 - 3500 OH
2926 rozciagajace CH
2873 rozciagajace CH
1665 rozciggajace C=0/drgania amidowe I grupy N-C=0
1638 rozciggajace C=0/drgania amidowe I grupy N-C=0
1588 asymetryczne NH>
1062 rozciggajace C-O (sacharydy)
1022 rozciggajgce C—O (sacharydy)

Chcac okresli¢ mechanizmy reakcji oraz produkty syntezy zbadano je za pomoca
spektroskopii w podczerwieni. Grupy aminowe wystepujagce w chitozanie uczestnicza w
tworzeniu wigzan wodorowych lub zasad Lewisa, kontrolujac stosunek pH do rozpuszczalnosci
polimeru i oddzialywan z grupami karbonylowymi. Uzywajac wody dejonizowanej jako
rozpuszczalnika CMS i Ch maleje prawdopodobienstwo powstania wigzan pomiedzy grupa
aminowg i karbonylowa. Jednak nastgpuje sieciowanie fizyczne — wzajemne przenikanie si¢
sieci polimerowych tworzac tréjwymiarowa strukture czasteczki. Tabela 9 przedstawia
dhugosci fal dla karboksymetyloskrobi i chitozanu oraz przypisane im charakterystyczne grupy
funkcyjne, jak i drgania, ktore wezesniej byly przedstawione na Rysunku 113 (str. 41 6) w
publikacji [D5]. Poprzez odpowiednig procedure sprawdzono teoretyczna mozliwos¢ tworzenia
si¢ wigzan miedzy —NH> i —C=0, ktéra wykazata duze podobienstwo do widma wykonanego
metoda FTIR. Zidentyfikowane pasma przy diugosci fali 1555 cm™ i nowe przy 1321 em™
odpowiadaja drganiom grupy amidowej. Wprowadzenie zwigzku o malej masie czasteczkowe;j
w postaci waniliny gwarantowato przeniknigcie tych tancuchéw w glab $cisle upakowanej
struktury polimerowej i reakcje z grupami hydroksylowymi i/lub aminowymi. W naszych
badaniach wykryto rzadko spotykane dla polisacharydéw zaleznosci tzn. utworzenie mostkow
acetalowych, co zidentyfikowano dzigki znacznemu wzrostowi pasma przy dlugosci fali okoto

1005 cm™. Rozpatrywano zalezno$¢ ilosci dodanego $rodka sieciujgcego na strukture
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powstalego materiatlu za pomocg analizy korelacji. Odnotowano najwiekszg wspotzaleznosé
dla pasm 1064 i 1005 cm™! odpowiadajace grupom wigzan C—O—C oraz 3011 cm™ przypisane
do drgan rozciagajacych C—H pierscienia benzenowego pochodzacego od waniliny. Sieciowane
acetalowe wzrasta do maksimum i dodanie kolejnych porcji Van nie ma istotnego wpltywu na
powstaly hydrozel. Wanilina tworzy réwniez wigzania amidowe z grupami aminowymi
pochodzacymi z chitozanu, o czym $wiadczy korelacja migdzy zawartoscig waniliny, a
pasmami amidowymi przy 1375 cm™ (tzw. pasmo amidowe III). Dzieki uzyciu Van (w r6znych
ilosciach 0 g; 0,04 g; 0,06 g; 0,08 g; 0,10 g) i jej rozporowemu oraz plastyfikujgcemu dziataniu
udalo si¢ uzyskac budowg, ktora zwieksza pojemnos¢ superchtonnego polimeru. Dominujace
wigzania wodorowe w odpowiednich warunkach mogg gwarantowaé stabilng strukture
hydrozelu.

Analiza termiczna stuzyla sprawdzeniu parametréw rozktadu surowcow (CMS, Ch)
oraz ich  produktow  syntezy (CMS(1)/Ch(l); CMS(1)/Ch(1)/Van(l) 0,04,
CMS(1)/Ch(1)/Van(1) 0,06; CMS(1)/Ch(1)/Van(1) 0,08; CMS(1)/Ch(1)/Van(1) 0,10), co
moze w przyszlosci wyznaczy¢ zastosowanie uzyskanych polimeréw. Krzywe TGA/DTG
surowcow i otrzymanych polimeréw sa do$¢ podobne. Gléwne etapy rozkladu zachodzily w
podobnych zakresach temperatur, co wskazuje, ze sieciowanie waniling nie wptywa znaczaco
na wlasciwosci termiczne tych biodegradowalnych materialtbw. SAP bazujace na
karboksymetyloskrobi i chitozanie z dodatkiem r6znych ilosci waniliny osiagnegly wyzsze
temperatury rozkiadu (okoto 288°C) niz sam Ch i CMS rozkladajgce si¢c w kilku etapach.
Najbardziej stabilnym termicznie okazat si¢ polimer bez dodatku waniliny - CMS(1)/Ch(1).

Poréwnujac zdjecia skaningowej mikroskopii elektronowej natywnych substratow z
produktami syntezy zaprezentowanymi na Rysunku 5 (str. 9) w publikacji [D5] zaobserwowano
znaczace zmiany w morfologii materialow. Z gladkich na powierzchni surowcéw powstaty
tréjwymiarowe struktury (z dodatkiem waniliny) z licznymi peknigciami, kanatami, porami,
dziurami, ktére powinny determinowaé dobre wchlanianie i zatrzymywanie cieczy wewnatrz
czasteczek. Probka bez dodatku waniliny charakteryzowata si¢ zmianami plytko na
powierzchni, zaobserwowano gladkie, niewielkie wgl¢bienia, z nielicznymi pasmami

pofaldowan.
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Tabela 10. Zdolnos¢ pecznienia superchtonnych polimeréw w wodzie w temperaturze pokojowej i 38°C po

suszeniu r6znymi metodami.

Suszone w Suszone w Suszone
—20°C —200°C W Suszone w suszarce
S P liofili prozniowej w temp.
Nazwa o llmeru 1 pl‘Olel 1 prozm 10 ’l. 1z.ator Ze 50°C
p 10-¢ Tr 10°Tr prézniowym
Qeq 2] Qeq 38°C []
CMS(1)/Ch(1) 33 159 100 60 76
CMS(1)/Ch(1)/Van(1) 122 214 251 158 184
0,04
CMS(1)/Ch(1)/Van(l) 73 213 236 155 175
0,06
CMS(1)/Ch(1)/Van(1) 117 210 205 146 173
0,08
OC%S(I)’ Ch@)/Van(l) 68 208 196 136 171
b

Aby zbada¢ i1 poréwnaé wlasciwosci absorpcyjne zsyntezowanych materialow
sktadajacych sie karboksymetyloskrobi, chitozanu i waniliny suszono préobki réznymi
metodami. Badanie pecznienia zostalo wykonane w wodzie dejonizowanej w temperaturze
pokojowej i 38°C, aby sprawdzi¢ oddzialywanie zmiany temperatury na zdolno$¢ pochlaniania
cieczy. Zastosowano rézne ilosci Van, aby wyznaczy¢ wplyw stopnia usieciowania na
pscznienie powstalych superabsorbentéw. Najwigce] wody dejonizowanej zaabsorbowaly
probki suszone w liofilizatorze prozniowym (Tabela 10). Metoda ta umozliwia zwiekszenie
dostepnosci przestrzeni dla czastek rozpuszczalnika poprzez utworzenie pustych stref we
wcezesniej utworzonych porach i szczelinach. W momencie zamrazania rozpuszczalnika, czyli
wody dejonizowanej, nastepuje zwickszenie objgtosci krysztatkow lodu, jak rowniez
powierzchni styku pomigdzy warstwg polimeru a rozpuszczalnikiem. Glebokie zamrozenie
polimeru tuz po syntezie powoduje powstawanie w sieci polimerowej mikrokrysztaléw lodu
[D4]. Gdy 16d jest odparowywany przez sublimacje w prozni, material zachowuje wneki
(makropory) utworzone przez krysztalki lodu i1 dzieki temu jest zdolny do pochtaniania
wigkszej ilo$ci cieczy. Natomiast woda obecna w matrycy polimerowej odparowuje w stanie
cieklym, stopniowo zmniejsza objetos¢ skupisk cieczy, a wypelnione nig wneki w sposob ciggly
zanikajg [72]. W wyniku czego powstala gabczasta struktura, o duzo wigkszych rozmiarach niz
te uzyskane innymi metodami suszenia. Dzieki czemu zwigkszyla si¢ dostgpnos$é sieci
polimerowych dla cieczy bedacej w otoczeniu probki. Nastgpowala wigksza interakcja

lancuchéw wewnatrz granulki z pltynem, poniewaz rosngce krysztaly lodu rozszerzyly kanaly i
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pory. Fakt ten mogl prowadzi¢ do fizycznego laczenia si¢ struktur polimerowych wewngtrz
czasteczki, ktore moga by¢ trudne do rozerwania przez pdzniejsza sorpcje wody [D4].
Otrzymane wyniki pecznienia probek w stanie réwnowagi potwierdzajg dobrze znang
zalezno$¢, ze rOwnowagowa zawarto$é cieczy oraz stopien pgcznienia polimeréw zmniejsza
si¢ wraz ze wzrostem zawartosci $rodka sieciujgcego, poniewaz gestosé usieciowania
fancuchéw polimeru wzrasta. Zmniejsza si¢ przestrzen pomigdzy tancuchami zwezajac kanaty
1 przestrzenie, co skutkuje zmniejszong ilosciag zaadsorbowanej cieczy. Nalezy rowniez
zauwazy¢, ze wraz ze wzrostem st¢zenia waniliny, w wyniku reakcji sieciowania zuzyto wigcej
grup hydroksylowych, karbonylowych, karboksylowych i aminowych w chitozanie. Grupy
hydroksylowe reagujag z aldehydami, tworzac acetal, a grupy aminowe tworza zasade
Schiffa. Omawiany system jest mniej zdolny do tworzenia wielokrotnych wigzan wodorowych,
przez co zdolno$¢ pecznienia jest zmniejszona z powodu powstalych wigzan
miedzyczasteczkowych i wewnatrzczasteczkowych. Wyniki przeprowadzone w temperaturze
38°C mialy symulowa¢ temperature ludzkiego ciata. Hydrozele sg wrazliwe na temperature,
gdy maja odpowiednia réwnowage hydrofobowo-hydrofilows. Polimery charakteryzujace si¢
zdolnoscig do asocjacji/dysocjacji wigzania wodorowego pomiedzy grupami polarnymi sg
termoczute. W duzej mierze wlasciwosci te zalezg od liczby grup hydrofobowych w tancuchach
bocznych materiatéw. Podobnie jak w temperaturze pokojowej, w tym przypadku réwniez
najnizsze wyniki uzyskano dla probki bez srodka sieciujacego i wraz ze zmniejszajgcg sie
iloscig Van rosta ilos¢ pochtonigtej wody. Istotna w przypadku produktéw higienicznych jest
szybkos¢ wchlaniania cieczy. Badania pokazuja, ze wzrost temperatury determinuje
zwigkszenie predkosci absorpcji (CMS(1)/Ch(1)/Van(0,04) — 1216 s byla najszybsza, a
CMS(1)/Ch(1)/Van (0,10) — 1351 s byla najwolniejsza). Elastyczne lancuchy polimerowe i
wzrost temperatury spowodowal przerwanie oddzialywan wtérnych, tworzac wigcej miejsca na
wode w matrycy zelowej. Wyniki otrzymane w podwyzszonej temperaturze sa wyzsze,
poréwnujgc wartosci uzyskane ta sama metodg suszenia probek, niz te uzyskane w
temperaturze pokojowej. Cisnienie osmotyczne wewnatrz polimeru musi zostaé przewyzszone
przez dany rozpuszczalnik, zeby rozpoczaé¢ wzrost i absorpcj¢ rozpuszczalnika przez dang
molekule. Najtrudniej jest na poczatku procesu, gdy prébka jest Scisle usieciowana, twarda,
nieelastyczna. Dopiero z czasem, pod wplywem dzialania cieczy, lancuchy polimerowe
pecznieja, rozwierajg si¢ i zwigkszaja swoja objetosc. Struktura staje sie elastyczna i gabczasta,
co umozliwia penetracj¢ ptynéw az do osiggniecia stanu rownowagi. Probka z najmniejszg

ilodcig Van (0,04) zaabsorbowala najwigcej wody, natomiast najszybciej pochtongt ciecz
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CMS(1)/Ch(1) z sugerowana najluzniej wzajemnie przenikajacg si¢ struktura sieci
polimerowych, co przyspieszylo i ulatwilo penetracje plynu.

Dazono do otrzymania materialéw, ktore bedg charakteryzowaly si¢ zdecydowanie
najlepsza zdolnoscig absorpcyjng w 0,9 % roztworze chlorku sodu, poniewaz to on najlepiej
symuluje plyny fizjologiczne cztowieka. Podobnie, jak w poprzednich badaniach, w tym
przypadku réwniez wartoéci pochtonigtej cieczy sg kilkukrotnie nizsze niz te otrzymane w
wodzie dejonizowanej (Tabela 10 i 11). Powodem takiej sytuacji jest wprowadzenie do uktadu
dodatkowych jonéw w postaci kationow, ktore negatywnie wplywaja na oddzialywania
elektrostatyczne anionowo-anionowe. W wyniku czego nastepuje zmniejszenie interakcji
migdzy molekulami natadowanymi ujemnie i powstanie roznicy cisnienia osmotycznego
pomiegdzy siecig hydrozelu, a srodowiskiem procesu. Dochodzi do efektu ekranowania tadunku
[D5]. Wszystkie probki uzyskaly znacznie nizsze wyniki przepuszczalnosci cieczy, co moze
wynika¢ ze zdolnosci do kompleksowania grup karboksylowych i hydroksylowych. Powstale
kompleksy wewnatrzczasteczkowe i mi¢dzyczasteczkowe zwigkszaja objetosé i rozpietosé

fancuchéw polimerowych, co moze utrudnia¢ penetracje ptynu.

Tabela 11. Zdolnos¢ pecznienia superchlonnych polimeréw w roztworach NaCl po suszeniu réznymi metodami.

Qu ]
Suszone  Suszone
Nazwa polimeru w W SUSR
Suszone w suszarce prozniowej —200°C liofilizato ~ w —20°C
w temperaturze 50°C . . rze i prézni
! p:izm prozmiow 1076 Tr
10°Tr ym
Stezenie NaCl [%] 0,1 { 03 0,6 0,9
CMS(1)/Ch(1) 44 15 25 16 19 29 25
CMS(/Ch/Van) | 75 | 39 | 38 | 27 | 35 46 35
0,04
CMSY/ChD/Van(D) | ) 1 37 | 35 | 25 33 43 34
0,06
CMS()/Ch(ly/Van(D) | 55 | 37 | 34 | 24 30 41 30
0,08
OCII’(I)S(I)’C"(I)’V anM) i 54 127 | 28 | 2 27 40 29

Najwyzsze wyniki pecznienia uzyskano dla probki z najmniejsza iloscig $rodka
sieciujgcego CMS(1)/Ch(1)/Van(1) 0,04, czyli posiadajacej najwiecej wolnych przestrzeni i

poréw. Analizujgc wyniki otrzymane dla probek badanych w roztworach o réznym st¢zeniu
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NaCl mozna zaobserwowa¢ (Tabela 11), ze wraz ze zmniejszajaca si¢ iloscig jonéw Na™ i CI™
w srodowisku badanym, rosnie warto$¢ pochlonietej i zatrzymanej cieczy. Poréwnujgc wyniki
uzyskane dla 0,9% roztworu NaCl okazuje si¢, ze metoda suszenia w liofilizatorze prézniowym
jest najkorzystniejsza. Wszystkie probki suszone tym sposobem uzyskaly najwyzsze wartosci
pecznienia. Mimo, tego samego skladu surowcowego i procesu syntezy poprzez rézny tryb
suszenia mozna uzyskaé materialy o réznej strukturze i uformowaniu. W przypadku glebokiego
zamrozenia probek, a nast¢pnie w procesie sublimacji, czyli powolnego przejscia wody w stan
gazowy uzyskuje si¢ probki zdolne do pochfaniania nawet dwukrotnie wigcej cieczy niz
superabsorbent suszony w suszarce prozniowej. Cheac zastosowaé omawiang metodg suszenia
oraz uzyskane polimery biodegradowalne w przemysle, trzeba si¢ liczy¢ z duzo wyzszymi
kosztami procesu technologicznego i wydluzonym czasem suszenia [73].

Poprzez odpowiednie zmieszanie roztworéw 0,1 M NaOH i 0,1 M HCI przygotowano
mieszaniny, w ktorych przeprowadzono badanie pecznienia, uwzgledniajac zaleznosé
wanionowych” hydrozeli od ilosci dodanych kationow do medium peczniejagcego. Najwyzsze
wartosci pecznienia osiaga si¢ dla materiatéw hydrozelowych w zakresie pH od 4,30 do 9,70
(Rysunek 10, strona 14, [D5]). Produkt CMS(1)/Ch(1)/Van(0,04) zaabsorbowal najwi¢cej
cieczy w roztworze przy pH 7,0 (Tabela 12). Srodowisko badania ma bardzo istotny wptyw na
wlasciwosci absorpcyjne superchlonnych polimeréw. Gléwnie ze wzgledu na okreslone
interakcje, jakie zachodza pomig¢dzy grupami funkcyjnymi wystepujagcymi w budowie

materiahu, a jonami znajdujagcymi si¢ w roztworze.

Tabela 12. Zdolnos¢ pecznienia superabsorbentéw w roztworach o réznym pH.

Suszone w suszarce prozniowej w temp. 50°C

Nazwa polimeru

g

Qeq [g]
pH 148 30 43 70 97 124
CMS(1)/Ch(1) 13 19 35 44 39 25

CMS(1)/Ch(1)/Van(1) 0,04 26 31 49 52 51 33
CMS(1)/Ch(1)/Van(l) 0,06 21 30 45 48 48 29
CMS(1)/Ch(1)/Van(1) 0.08 18 29 43 49 47 30
CMS(1)/Ch(1)/Van(1) 0,10 18 28 39 47 43 28

W srodowisku kwasowym grupy NH» pochodzace od chitozanu ulegaly protonowaniu,
co powodowato odpychanie tancuchow polimeru. Zjawisko to nie zdominowato jednak catego

procesu, poniewaz to grupy anionowe (np. -COOH, —OH) pochodzace od Van i CMS moga
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dominowa¢ w $rodowisku, o czym $wiadczg uzyskane wyniki pgcznienia. W pH 7,0 grupy
aminowe, karboksylowe i hydroksylowe mogly ulegac¢ jonizacji (Tabela 12). W $rodowisku
alkalicznym nastgpowalo polaczenie, za pomocag wigzan wodorowych, grup aminowych z
hydroksylowymi, co moglo przyczynié si¢ do obnizenia zdolnosci absorpcyjnych. Najszybciej
punkt réwnowagi absorpcji osiagneta probka CMS(1)/Ch(1)/Van(0,04), natomiast najduze;j
trwato to w przypadku polimeru CMS(1)/Ch(1).

Wykonano badania dehydratacji hydrozelow w temperaturze 50°C, ktére ukazaly
zalezno$¢ wzgledem s$rodka sieciujacego. Zdolno$é odwadniania probek maleje wraz ze
wzrostem ilosci waniliny, natomiast wydtuza sie czas usuwania wody, co zostalo zobrazowane
w publikacji [D5] na Rysunku 11 (str. 15). Moze by¢ to zwigzane z mocnej usieciowang
strukturag hydrozeli zawierajacych wigksze ilosci Van. Co powoduje, ze jest dostgpna mniejsza
ilo$¢ wolnej przestrzeni do przenoszenia czasteczek wody dejonizowanej na zewnatrz probki.
Oznacza to, ze transport ptynu podczas procesu odwadniania jest ograniczony w polimerach z
dodatkiem srodka sieciujacego. Ponadto dodatek Van moze prowadzi¢ do powstania wigksze)
ilosci kretych kanaléw, ktoére moga dziala¢ jako fizyczna bariera przed odparowaniem cieczy
oraz dalszym przeptywem. Dlatego, mozna wnioskowa¢, ze im struktura mniej
skomplikowana, czyli posiadajaca najmniejsza ilo$¢ réznych monomeréw oraz bez dodatku
srodka sieciujacego i luzniej upakowana (CMS(1)/Ch(1)), tym proces przebiega szybcie;j.
Wzrost temperatury przyspiesza dehydratacje, ze wzgledu na wzrost wspélczynnika dyfuzji
cieczy oraz latwiejszg relaksacje tancuchow.

Dazono do otrzymania takich materiatéw i wyrobéw finalnych, ktére moglyby zostaé
umieszczone przez konsumentéw we wlasnych kompostownikach lub kompostowane
przemystowo, co stanowiloby znakomita warto$¢ dodang. Dodatkowo wpisywaloby si¢ w
obecne wymagania spoleczne i ekologiczne i przyczynitoby si¢ do zmniejszenia ilosci
odpadow. W srodowisku kompostowym (podwyzszona temperatura, wysoka wilgotnosc,
obecnos¢ drobnoustrojow) wystepujg dogodne warunki do wystgpienia dwéch mechanizméw
degradacji materiatéw polimerowych tj. degradacji hydrolitycznej (proces chemiczny
powodujagcy rozerwanie wigzan chemicznych w czasteczce polimeru) i1 degradacji
enzymatycznej (dzialanie mikroorganizmow). W praktyce rozktad polimeréw w warunkach
kompostowania jest zlozony, co uniemozliwia zidentyfikowanie tylko jednego mechanizmu
odpowiedzialnego za ten proces. Degradacja prowadzi do zmniejszenia masy czasteczkowej
wszystkich wysokoczasteczkowych sktadnikéw materiatlu polimerowego. Badania te zostaly
wykonane, aby sprawdzié, czy otrzymane polimery ulegaja rozkladowi w minimum 60% w

okresie nie dhuzszym niz 6 miesigcy. Proces kompostowania powstalych superabsorbentow
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prowadzono przez 12 tygodni. Spodziewano si¢, Ze w poczatkowej fazie nastapi zwickszona
absorpcja wilgoci z otoczenia, nastgpilo to w 2 i 3 tygodniu badania. W koncowym etapie
zaobserwowano sproszkowane pozostalosci surowej probki chitozanu w ilosci 0,089 g.
Kompostowalno$¢ materialow hydrozelowych nastapita w okoto 90% i probki zgodnie z norma
PN-EN 14995, PN-EN 13432 zdegradowaly na fragmenty mniejsze niz 2 mm w czasie
krotszym niz 12 tygodni. Otrzymane materialy spelniaja wiekszo$¢ wymagan odnoénie
kompostowalnosci i biodegradowalnosci. Podczas hydrolizy czasteczki wody reagujg z
grupami funkcyjnymi np. amidowymi i powodujg rozerwanie laficuchéw polimerowych. Z
kolei stopniowe rozrywanie tancucha powoduje pogorszenie wlasciwosci mechanicznych
poprzez zmniejszenie liczby elastycznych lancuchéw w sieci polimerowej. Rozerwanie
lancucha prowadzi do powstania krétkich tancuchéw oderwanych od glowne)j sieci
polimerowej, ktore sa uwalniane przez dyfuzje, prowadzac do utraty masy polimeru. Zaréwno
redukcja modulu, jak i utrata masy maja bezposredni wplyw na wlasciwosci absorpcyjne
polimeru. Pecznienie prébek doprowadzito do pekania weztow sieci i mostkow taczgcych
strukturalne tafncuchy weglowodorowe materialu polimerowego, a to spowodowato
destabilizacje trwatych wigzan kowalencyjnych.

Badanie procesu starzenia ozonem pozwolito na wyznaczenie indeksu karbonylowego
(CD), ktory jest miarg liczby grup karbonylowych w badanych prébkach powstatych podczas
kompostowania. CI pozwala wyjasni¢ mechanizm biodegradacji, w ktérym poczatkowo
nastepuje utlenianie tancucha polimeru w wyniku czego powstajg grupy karbonylowe, ktére
ulegaja oksydacji i degradacji, powodujac tworzenie dwutlenku wegla 1 wody. Omawiany

parametr obliczono zgodnie z rdwnaniem:

CI = <=2 1)

Ic-H

Gdzie:
- — intensywnos$¢ piku odpowiadajacego grupom karbonylowym C = O,

I-_y — intensywnos$¢ piku odpowiadajgcego alifatycznym tancuchom weglowym.

Z badan wynika, ze w tym przypadku wskaznik CI wzrasta w szeregu nast¢pujaco: CMS > Ch
>CMS(1)/Ch(1) > CMS(1)/Ch(1)/Van(0,04) > CMS(1)/Ch(1)/Van(0,08). Wyniki te pokrywaja
si¢ ze zwickszong polarnoscig ukladow, co prowadzi do zwigkszenia predkosci degradacji w
srodowisku hydrofilowym. Polimery CMS, Ch i CMS(1)/Ch(1) majg wigksze przestrzenie
miedzy lancuchowe niz superabsorbenty usieciowane waniling, dzigki czemu proces degradacji
i fragmentacji jest duzo szybszy w porodwnaniu z materialami zwigzanymi S$rodkiem

sieciujgcym. Powstale w trakcie procesu wolne rodniki, takie jak *C=C, "H, ‘O*" prowadzg do
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pogorszenia wlasciwosci mechanicznych, zmniejszenia ggstosci sieci, a tym samym do
szybszej dyspersji i rozpadu, a w konsekwencji zaniku materialu w §rodowisku naturalnym.
Przeprowadzono badania biologiczne bazujgc na nasionach siewnych, ktore sg
zaakceptowane przez Organizacje Wspdlpracy Gospodarczej i Rozwoju (OECD). Nasiona
umieszczono w doniczkach z odpowiednio przygotowang gleba i do kazdej z osobna dodawano
kolejno chitozan, CMS, CMS(1)/Ch(1), CMS(1)/Ch(1)/Van(0,04) oraz
CMS(1)/Ch(1)/Van(0,08), a materialem odniesienia byla probka ziemi bez zawartosci
polimeru. Eksperyment pokazal, ze na poczatku procesu ziarna wprowadzone do podtoza z
CMS(1)/Ch(1)/Van(0,04) rosty najwolniej, jednak mogto to by¢ spowodowane jakoscig nasion.
Wraz z czasem badania wzrost roslin postgpowal i w drugim tygodniu najwigksze dlugosci
zielonych lisci odnotowano dla probki z CMS(1)/Ch(1)/Van(0,08), a w trzecim i czwartym dla
CMS(1)/Ch(1), CMS(1)/Ch(1)/Van(0,08). Natomiast juz pod koniec czasu trwania analizy
najwicksze przyrosty lodygi osiggnely probki zawierajace w swoim skladzie chitozan i
CMS(1)/Ch(1)/Van(0,08). Rysunki S47 i S48 zamieszczone w Materiatach Uzupehiajacych
artykutu [D5] przedstawiajg szczegbétowo jak wzrastaly rosliny przez caty okres badania.
Przeprowadzono réwniez analize elementarng dla probek reprezentacyjnych w postaci CMS i
CMS(1)/Ch(1)/Van(0,04), aby okresli¢ wptyw dodanych polimeréw na toksycznoéé¢ podloza
badanego. Badania pokazaty (Materialy uzupelniajace publikacji [D5], Rysunek S49), ze takie
skladniki jak metale ciezkie w niewielkim procencie beda przenosily si¢ do gleby.
Wystepowaly rowniez pierwiastki, ktoérych otrzymane wyniki znajdowaty si¢ poza zakresem
oznaczen analizy pierwiastkowej probek gleby po umieszezeniu ziaren w doniczkach.
Nastepnie zbadano czeéci naziemne tzw. stomy dla wybranych probek. Analiza
przeprowadzona na probkach stlomy wykazata, ze pierwiastek Cu byl poza zakresem. Nieco

wiecej Zn i Mn bylo w prébce CMS(1)/Ch(1)/Van(0,04) w poréwnaniu z uktadem odniesienia.

Whioski

Niniejsza rozprawa doktorska jest efektem realizowanego doktoratu wdrozeniowego, w
ramach ktorego wykonywany byl projekt pod tytutem Opracowanie i wdrozenie do produkcji
biodegradowalnych uktadow polimerowych o wiasciwosciach chionnych i rozprowadzajgcych
ciecz. Koncepcja pracy odpowiada na wymagania rynkowe i jednoczesnie potrzeby firmy
Plastica Sp. z o.0., ktora wchodzi w skltad Grupy Torunskich Zakladéw Materiatéw
Opatrunkowych posiadajacej ponad 70-cio letnie doswiadczenie w produkcji wyroboéw

medycznych, higienicznych i kosmetycznych.
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Plastica Sp. z 0.0. jest najnowocze$niejszym producentem wyrobéw chlonnych dla
dzieci pod markg Happy i wyrobow dla osdb cierpigcych na problemy z inkontynencja pod
marka Seni. To, w tym miejscu powstajg najbardziej zaawansowane technologicznie wyroby,
ktore docierajg do coraz wiekszego grona klientéw i konsumentéw na calym $wiecie. Firma od
wielu lat prowadzi wlasng dzialalno§¢ naukows, wykonujac badania nad catkowicie
innowacyjnymi rozwigzaniami w przemysle wyrobow higienicznych i medycznych. Plastica
Sp. z 0. o. jest takze bardzo aktywna w obszarze badan i rozwoju innowacyjnych rozwigzan w
obszarze produkcji pieluch dla dzieci i dorostych.

Zadania, jakie zostaly postawione maja charakter innowacyjny, nie naruszajacy
wiasnodci intelektualnych oséb trzecich i stanowig kompleksowy proces eksperymentalny.
Dotyczacy on badania i opracowania technologii otrzymania nowego materiatu chlonnego,
ktory bedzie wykazywal wlasciwosci absorpcyjne, skladal si¢ z nowoczesnych,
biodegradowalnych surowcow. Majac na uwadze, iz polimer uwaza si¢ za biodegradowalny,
kiedy w calosci ulegnie rozkladowi przez bakterie w glebie lub w wodzie przez okres 6
miesi¢cy. Dlatego nalezalo znaleZé optymalne materialy, ktére beda spelialy przyjete
zalozenia oraz mogly zostaé uzyteczne w technologii produkcji wkladéw chlonnych
stosowanych w wyrobach higienicznych.

Zaplanowano opracowanie biodegradowalnego kompozytu, ktoéry bedzie spelniat
niezbedne wymagania prawne, w tym wytyczne rozporzadzenia REACH pod katem
bezpieczenstwa zastosowania w wyrobach chlonnych oraz odpowiednich norm dotyczacych
tego typu materiatow.

W ramach projektu przeprowadzone zostaly analizy i badania wlasciwosci materialow,
ktére maja zostaé¢ wykorzystane jako zaawansowane struktury rozprowadzajace ciecz.

Struktura projektu zostala tak zaplanowana, aby kazde z zadan bylo mozliwe do
zrealizowania w placowce naukowej, badZ miejscu pracy, co gwarantowalo odpowiednie
ukierunkowanie metodologii. Doprecyzowano badania tak, aby rezultaty wykonywanych prac
badawczych wdrozy¢ w przysztosci we wspomnianej wezesniej firmie produkcyjne;.

e Przeprowadzone badania pozwolily osiggna¢ zamierzone cele w zakresie syntezy i
badania nowych materiatow do zastosowarni w wyrobach higienicznych.

e Otrzymane polimery zostaly scharakteryzowane gltownie za pomocg nastepujgcych
metod badawczych FTIR, SEM i TA.

e Udalo sie w wyniku polimeryzacji szczepionej uzyskaé polimery bazujgce na skrobi i
kwasie akrylowym ((SS-g-PAA(12/CAN); SS(12)-g-PAA (CAN); SS-g-PAA (CAN);
SS-g-PAA (KPS); CS-g-PAA (CAN/U/NaOH); CS-g-PAA (KPS/U/NaOH)).
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W kolejnych badaniach otrzymano SS-g-P(AA-co-HEMA) na drodze polimeryzacji
szczepionej, ktory pochlanial najwigksze ilosci wody dejonizowanej oraz wykazywat
najbardziej urozmaicong morfologie.

PVA/PS-g-P(AA-co-AM) i PVA/PS-g-P(AA-co-AM-co-AMPS) wytworzono metoda
polimeryzacji w roztworze, gdzie poprzez dodatek PVA powstal produkt z wzajemnym
przenikaniem sie¢ sieci polimerowych (IPN).

Za posrednictwem sieciowania fizycznego uzyskano hydrozel CMS(1)/Ch(1)/Van(1)
pochodzenia naturalnego.

Na zdolnosci absorpcyjne wszystkich otrzymanych polimeréw istotny wplyw mialy sita
jonowa, stezenia roztworu soli, pH oraz wartosciowosci kationow obecnych w
roztworze badanym (Na*).

W zaleznosci od zastosowanego srodka sieciujacego (azotan amonu i ceru (IV) lub
nadsiarczan potasu) wyznaczono mechanizm polimeryzacji tych samych substratow
(kwas akrylowy i skrobia), w wyniku ktorej powstaja polimery o roznej strukturze
chemicznej.

Wartosciowos$¢ kationdw obecnych w pochlanianym roztworze ma istotny wplyw na
zdolno$¢ pecznienia otrzymanych materiatow. W testowanych probkach wraz ze
wzrostem ilosci kationéw obecnych w roztworze badanym (wraz ze wzrostem stezenia),
warto$¢ pochlonietej cieczy malala.

Srodowisko badania ma bardzo istotny wplyw na whasciwosci absorpcyjne
superchlonnych polimerow.

PVA/PS-g-P(AA-co-AM-co-AMPS) charakteryzuje sie najwyzsza absorpcja w stanie
réwnowagi w $rodowisku kwasowym.

Z punktu widzenia przyszlego zastosowania w wyrobach higienicznych istotng kwestia
jest kinetyka pecznienia superabsorbentoéw, na ktéra majg wptyw wielkos¢ granulek,
sklad materialu, zdolno$¢ pecznienia i powierzchnia wlasciwa.

Najwiecej wody dejonizowanej zaabsorbowaly probki suszone w liofilizatorze
prozniowym.

Réwnowagowa zawartos¢ cieczy oraz stopien pgcznienia polimeréw zmniejsza si¢ wraz
ze wzrostem zawartosci srodka sieciujgcego, poniewaz gestos$¢ usieciowania fancuchow
polimeru wzrasta.

Wzrost temperatury cieczy pochlanianej determinuje zwigkszenie ilosci

zaadsorbowanego plynu oraz predkosci absorpci.
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Zdolno$¢ odwadniania probek maleje wraz ze wzrostem ilosci $rodka sieciujacego,
natomiast wydtuza si¢ czas usuwania wody dejonizowane;.

Wzrost temperatury przyspiesza dehydratacje, ze wzgledu na wzrost wspoélczynnika
dyfuzji cieczy oraz latwiejsza relaksacje tancuchow.

Kompostowalnos¢ materiatow hydrozelowych nastapita w okoto 90% i prébki zgodnie
znorma PN-EN 14995, PN-EN 13432 zdegradowaly na fragmenty mniejsze niz 2 mm
w czasie krotszym niz 12 tygodni.

Otrzymane materialy spelniajg wigkszo$¢ wymagan odnosnie kompostowalnosci i

biodegradowalnosci.

Udalo sie osiagna¢ zatozone dgzenia prac badawczo-rozwojowych, jednak nie gwarantuje

to sukcesu rynkowego. Konieczne sg dalsze prace wdrozeniowe na hali produkcyjnej w firmie

Plastica Sp. z o0.0., ktore byé moze doprowadza do uruchomienia produkcji i sprzedazy

docelowych wyrobéw higienicznych.
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Streszczenie rozprawy doktorskiej

W ostatnich latach wzrosta §wiadomo$¢ na temat wielu istniejagcych problemow
srodowiskowych, takich jak na przyklad zanieczyszczenie wody i powietrza, nadmierne
zuzycie zasobow, globalne ocieplenie, zubozenie warstwy ozonowej, gromadzenie
niebezpiecznych odpadéw. Promowanie i przestrzeganie zrownowazonych praktyk produkc;ji i
konsumpcji jest jednym z kluczowych wyzwan wspélczesnego spoleczenstwa i dotyczy
wszystkich sektoréow przemystu i produktéw. Jednorazowe pieluchy dziecigce stanowig wazny
produkt na rynku pod wzgledem wielkosci produkcji, funkcji zapewnianej konsumentom. Na
pierwszy rzut oka wydaja si¢ tansze niz stosowane kilkadziesiat lat temu pieluchy wielorazowe
(tetrowe), ktore nalezy pra¢ i prasowaé. Od kilku lat zyskuja na popularnosci wyroby
biodegradowalne, ktore sg duzo bardziej przyjazne srodowisku.

Celem rozprawy doktorskiej bylo opracowanie i wdrozenie do produkcji
biodegradowalnych ukladéw polimerowych o wiasciwosciach chtonnych i rozprowadzajacych
ciecz, ktore beda spelniaé wymagania producentdbw i konsumentéw. Zaprojektowano
biodegradowalny wklad chlonny, ktéry bedzie kompatybilny z kompostowalnym pokrowcem
wielokrotnego uzytku. Wyroby higienicznych skladajg sie z kilku warstw ré6znych tworzyw
sztucznych, ukladanych jedna na drugiej, jednak najwickszy problem w utylizacji i recyklingu
stanowi syntetyczny superabsorbent, ktory jest zmieszany z pulpa celulozowa. Dlatego za
gléwny cel postawiono sobie uzyskanie biodegradowalnego polimeru superchtonnego, ktory
bedzie posiadat zblizone wlasciwosci absorpcyjne do tych bazujacych na poli(akrylanie sodu).
W wyniku polimeryzacji szczepione] szescioma réznymi $ciezkami udato sie zsyntezowad
nastepujace produkty: (SS-g-PAA(12/CAN); SS(12)-g-PAA (CAN); SS-g-PAA (CAN); SS-g-
PAA (KPS); CS-g-PAA (CAN/U/NaOH); CS-g-PAA (KPS/U/NaOH), ktore z powodzeniem
ulegly sieciowaniu, co zostalo potwierdzone za pomocg metod FTIR, SEM, TA. W kolejnych
badaniach udato si¢ uzyskaé¢ SS-g-P(AA-co-HEMA) w wyniku polimeryzacji szczepionej oraz
PVA/PS-g-P(AA-co-AM) i PVA/PS-g-P(AA-co-AM-co-AMPS) za posrednictwem reakcji z
wzajemnym przenikaniem sie¢ lancuchow (IPN). W ostatnich eksperymentach uzyskano
produkty sieciowania fizycznego w postaci CMS(1)/Ch(1)/Van(1), gdzie wanilina (Van)
postuzyla jako srodek sieciujacy, a jako monomery uzyto karboksymetyloskrobi¢ (CMS) i
chitozan (Ch). W celu potwierdzenia wlasciwosci absorpcyjnych zostaly wykonane badania
pecznienia w wodzie dejonizowanej w temperaturze pokojowej i 38°C (symulacja temperatury

ciata ludzkiego), w réznych stezeniach chlorku sodu, w réznych roztworach buforowych oraz
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sprawdzono réwniez mozliwosci dehydratacyjne powstatych superabsorbentow. Wykonano

réwniez badania biodegradacji, kompostowania, starzenia ozonowego oraz ekotoksycznosci.
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Summary of doctoral thesis

In recent years, awareness of many existing environmental problems has increased, such
as, for example, water and air pollution, excessive use of resources, global warming, ozone
depletion, and the accumulation of hazardous waste. Promoting and adhering to sustainable
production and consumption practices is one of the critical challenges of modern society and
concerns all sectors of industry and products. Disposable baby diapers are essential in terms of
production volume and consumer function. At first glance, they seem cheaper than the reusable
(cloth) diapers used several decades ago, which should be washed and ironed. For several years,
biodegradable, much more environmentally friendly products have been gaining popularity.

The doctoral thesis aimed to develop and implement the production of biodegradable
polymer systems with absorbent and liquid-distributing properties, which will meet the
requirements of producers and consumers. A biodegradable absorbent pad has been designed
to be compatible with the reusable compostable cover. Hygiene products consist of several
layers of different plastics stacked on top of each other. Still, the biggest problem in disposal
and recycling is a synthetic superabsorbent mixed with cellulose pulp. Therefore, the main goal
was to obtain a biodegradable superabsorbent polymer with absorption properties similar to
those based on poly(sodium acrylate).

As a result of grafting polymerization with six different pathways, the following
products were synthesized: (SS-g-PAA(12/CAN); SS(12)-g-PAA(CAN); SS-g-PAA(CAN);
SS-g-PAA(KPS); CS-g-PAA(CAN/U/NaOH); CS-g-PAA(KPS/U/NaOH) successfully cross-
linked, which was confirmed by FTIR, SEM, TA methods. Subsequent studies were able to
obtain SS-g-P(AA-co-HEMA) by grafting polymerization and PVA/PS-g-P(AA-co-AM) and
PVA/PS-g-P(AA-co-AM-co-AMPS) for mediated by reaction with the interpenetration of
polymer chains (IPN). As a result of grafting polymerization with six different pathways, the
following products were synthesized: (SS-g-PAA(12/CAN); SS(12)-g-PAA(CAN); SS-g-PAA
(CAN); SS-g-PAA(KPS); CS-g-PAA(CAN/U/NaOH); CS-g-PAA(KPS/U/NaOH)
successfully cross-linked, which was confirmed by FTIR, SEM, TA methods. Subsequent
studies were able to obtain SS-g-P(AA-co-HEMA) by grafting polymerization and PVA/PS-g-
P(AA-co-AM) and PVA/PS-g-P(AA-co-AM-co-AMPS) for mediated by reaction with the
interpenetration of polymer chains (IPN). In recent experiments, obtained physical cross-
linking products in the form of CMS(1)/Ch(1)/Van(1), where vanillin (Van) was used as a
cross-linking agent and monomers were applied as carboxymethyl starch (CMS) and chitosan

(Ch). In order to confirm the absorption properties, swelling tests were carried out in deionized
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water at room temperature and 38°C (simulated human body temperature), in various
concentrations of sodium chloride, in various buffer solutions. Also, they checked the
dehydration possibilities of the resulting superabsorbent polymers. Biodegradation,

composting, ozone aging, and also performed ecotoxicity tests.
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Biodegradowalne superabsorbenty

Elzbieta Andrzejewska, Jacek Nowaczyk
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ul. Gagarina 7, 87-100 Torun
email: elzbietaandrzejewskall@gmail.com

Streszczenie: Celem artykulu jest przeglad literatury dotyczjcej klasyfikacji i zasto-
sowan superabsorbentéw (SAP) biodegradowalnych, ktére stanowig innowacyjng
kategorie najnowszej generacji hydrozeli. Naturalne hydrozele zostaty stopniowo
zastapione materiatami syntetycznymi ze wzgledu na ich wigkszg zdolno$¢ absorp-
cji wody, lepszg stabilnos¢ i odpornos¢ chemiczng oraz szerokg game dostgpnych
monomerow pozwalajacych na projektowanie wlasciwosci produktu w szerokim
zakresie. Hydrozele pochodzenia naturalnego oraz biodegradowalne cieszg si¢ co-
raz szerszym zainteresowaniem $rodowisk zaréwno naukowych, jak tez przemysto-
wych. Superabsorbenty, okreslane rowniez jako inteligentne, s3 obecnie przedmio-
tem wielu badan naukowych ze wzgledu na ich potencjal.

Slowa kluczowe: polimery biodegradowalne, superabsorbenty, biopolimery, hy-
drozele

1. Wstep

Superabsorbenty hydrozelowe to hydrofilowe tréjwymiarowe sieci taficu-
chéw polimerowych zdolnych do pochlaniania duzych ilosci wody, setkido
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tysiecy razy wiekszych niz ich sucha masa. W wyniku pochfaniania sub-
stancje te nie rozpuszczaja sie, a jedynie ulegaja silnemu specznieniu.

2. Klasyfikacja superabsorbentow

W literaturze przedmiotu mozna znaleiz¢ kilka rodzajow klasyfikacji super-
absorbentéw. Podstawowy jest podzial pod wzgledem pochodzenia, tj. syn-
tetyczne, pélsyntetyczne, naturalne [1}. SAP syntetyczne w pelni s3 otrzy-
mywane z surowcéw sztucznych, gléwnie petrochemicznych. Do tej grupy
nalezy: poliakrylan, poli(kwas akrylowy-ko-akrylamid), poli(glikoletyleno-
wy). Superabsorbenty naturalne otrzymywane s3 z surowcéw naturalnych
lub pochodzenia naturalnego; w tej grupie mozna wymienic: alginian {2-4],
chitozan [2,5,6], agar | 7], karagen {8], dekstryn [9], celuloze [10,11], skrobie
[10], gume gellan [2,12], jak réwnieZ bialka, takie jak soja, kolagen [13].

Potsyntetyczne SAP to zwigzki otrzymywane przez chemiczng mody-
fikacje polimeréw naturalnych takich jak celuloza czy chityna; w tej grupie
wymieniane s3: kompozycje skrobia/poli(aktylamid}, karboksymetylocelu-
loza/kwas akrylowy.

Naturalne absorbenty obejmuja bawelng, miazge drzewng, a takze
widkna roslinne [14]. Polimery te naleza do duzej grupy polisacharydéw
i uzywane s3 do wytwarzania hydrozeli.

3. Glowne materialy

Wiele réznorodnych monomeréw, giéwnie akrylowych, jest wykorzystywa-
nych do produkcji SAP. Kwas akrylowy (AA) i jego sole potasowe i sodowe
oraz akrylamid (AM) s3 najczesdciej stosowane w przemyslowej produkcji
superabsorbentéw [13].

W skali laboratoryjnej do syntezy SAP stosuje sie monomery, takie jak:
kwas metakrylowy (MAA), metakrylamid (MAM), akrylonitryl (AN), me-
takrylan 2-hydroksyetylu (HEMA), kwas 2-akrylamido-2-metylopropano-
sulfonowy (APMS), N-winylopirolidonu (NVP), kwas winylosulfonowy
(VSA) i octan winylu (VAc).
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W zmodyfikowanych naturalnych SAP biopolimery takie jak celuloza,
skrobia, chitozan, zelatyna i ich pochodne stanowig taicuch glowny, kté-
ry jest poddawany chemicznej modyfikacji. N,N’-metylenobisakryloamid
(MBA) jest stosowany jako rozpuszczalny w wodzie czynnik sieciujgcy.
Nadsiarczan potasu (KPS) i nadsiarczan amonu (APS) s3 rozpuszczalnymi
w wodzie inicjatorami. Inicjatory redoks — Fe**-H O, (odczynnik Fentona)
i siarczyn sodu stosowane s3 szczegoélnie w metodzie polimeryzacji w roz-
tworze.

4, Superabsorbenty naturalne i syntetyczne

Typowe monomery stosowane w opracowaniu syntetycznego SAP obejmu-
ja miedzy innymi: kwas akrylowy (AA), akrylamid (AM), kwas metakrylo-
wy (MAA), metakrylan dimetyloaminoetylu (DMAEMA), metakrylamid
dimetyloaminopropylu (DMAPMA), kwas 2-akryloamido-2-metylopro-
panosulfonowy (AMPS). Pélsyntetyczne lub poéinaturalne SAP mogg byé
syntezowane poprzez dodanie syntetycznego skiadnika do naturalnego,
polimerowego tancucha gléwnego przez polimeryzacje szczepiong [15-17].
W tym drugim przypadku naturalny szkielet dziala jako srodek sieciujg-
cy dla syntetycznych monomeréw. Naturalne SAP obejmujg polisacharydy
i biatka.

5. Superabsorbenty na bazie polisacharydéw
Kazdy z superabsorbentéw naturalnych ma swoje specyficzne wlasciwosci,
ktore czynig je uzytecznymi w okreslonych zastosowaniach, np. rozpusz-

czalnoéé w wodzie alginianu, termoczulo$¢ chitozanu lub dostepnoéc celu-

lozy i skrobi.

13



Elzbieta Andrzejewska, Jacek Nowaczyk

Celuloza i jej pochodne

Gléwne zrédlo pochodzenia celulozy to drewno i wlokna roslinne, zwierze-
ta morskie, glony [18]. Jednostki powtarzalne w celulozie {czgsteczki gluko-
zy) s3 polaczone ze sobg za pomoca wigzan 1,4-p-glukozydowych. Celuloza
w polaczeniu z karboksymetylocelulozg pozwala otrzyma¢ SAP o obiecuja-
cych wlasciwosciach, ktére znalazly zastosowanie biomedyczne, umozliwia-
jac kontrolowane uwalnianie lekéw [19). Nanofibrylowana celuloza (NFC})
zostala juz polaczona z kwasem akrylowym podczas polimeryzacji inicjo-
wanej promieniowaniem UV. Znalazla zastosowanie w rolnictwie i materia-
fach sanitarnych [20].

Hydrozele na bazie celulozy mozna wytworzy¢ przez odpowiednie sie-
ciowanie wodnych roztwordw eteréw celulozy, takich jak: metyloceluloza
(MC), hydroksypropylometyloceluloza (HPMC), etyloceluloza (EC), hy-
droksyetyloceluloza (HEC) i karboksymetyloceluloza sodu (NaCMC).

Skrobia i jej pochodne

Skrobia pochodzi z korzeni roélin, lodyg i nasion upraw. Gléwnymi Zré-
dtami sg kukurydza, pszenica i ziemniaki [21]. Sklada si¢ z jednostek glu-
kozy potaczonych wigzaniami a-glukozydowymi. W przemysle jest stoso-
wana do produkgji alkoholi i biopaliw oraz jako $rodek zageszczajacy lub
klejacy. Stosunek amyloza/amylopektyna ma duzy wpltyw na wilasciwosci
skrobi. Wieksza ilo$¢ amylopektyny zwieksza lepkos¢, zmniejszajgc w ten
sposob ruchliwoéé tanicuchéw. Zwiekszenie zawartosci amylozy prowadzi
do zwiekszania wydajnoéci szczepienia i zdolnosci pecznienia [22].

Skrobia zostala modyhkowana z karboksymetylocelulozy, aby stwo-
rzy¢ nowe biodegradowalne kompozyty dla wielu nowych zastosowan [23].
Kompozycje SAP modyfikowana skrobia/poli(akryloamid) moga by¢ sto-
sowane do uzyZnienia gleby oraz utrzymania odpowiedniej jej wilgotno-
ici [24].
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Chitozan i jego pochodne

Chitozan to liniowy polisacharyd zlozony z blokéw budulcowych gluko-
zaminy. Glukozamina (aminokwas) ma taka samg strukture jak glukoza
z ugrupowaniem hydroksylowym w pozycji C, zastepowanej przez aming.
Chitozan jest wytwarzany z chityny, ktérg mozna wydoby¢ z egzoszkieletu
bezkregowcow. Calkowita deacetylacja jest trudna do osiggniecia, zasoby
handlowe zawsze podaja stopien deacetylacji (DDA). Chityna z DDA wyz-
szg niz 50% jest uwazana za chitozan [25).

Chitozan ma wiele zastosowan w sektorze biomedycznym: jako rusz-
towanie w inzynierii tkankowej, opatrunek na rany, do leczenia choréb
wlosow, dostarczania lekéw, oczyszczania $§ciekéw, w sektorze rolnictwa do
zaprawiania nasion, jako biopestycyd do zwalczania zakazen grzybiczych
i jako érodek konserwujgcy w produkcji wina [26-29].

Alginian i jego pochodne

Alginian sodu jest rozpuszczalnym w wodzie, nierozgalezionym anio-
nowym polisacharydem ekstrahowanym ze $cian komoérkowych brazo-
wych alg [30]. Jakoé¢ i ilo$¢ alginianu zalezy od rodzaju i wieku glonéw
oraz zastosowanej metody ekstrakgeji [2]. Jest to liniowy kopolimer zlozony
z B-D-mannuronianu i a-L-guluronianu, polaczonych kowalencyjnie
w réznych sekwencjach i blokach. Dostepny jest w handlu jako sél sodowa
(NaAlg) [31,32]. Alginian zawiera grupy karboksylowe, ktére jonizujj sie
anionowo w roztworach wodnych o pH > pK_meréw monosacharydowych,
co czyni je odpowiednimi kandydatami do zastosowail w SAP wrazliwych
na pH.

Alginian jest czesto stosowany w galezi materialéw biomedycznych:
kontrolowane uwalnianie leku, kapsutkowanie komérek, tworzenie odle-
wow zebow, opatrunki na rany [24,33,34], w bioplastikach jako opakowa-
nia, tekstylia [33], w przemysle spozywczym jako stabilizator, emulgator
i srodek zelujacy [2].
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W celu modyfikacji wlasciwosci fizykochemicznych na alginian szcze-
piono rézne polimery takie jak poli(akrylonitryl), poli(akrylan metylu),
poli{metakrylan metylu), poliamidy, kwas itakonowy i poli(kwas akrylowy-
-ko-akrylamid) [11,35-40].

Karagen i jego pochodne

Karagen jest rafinowany ze $cian komorkowych czerwonych alg. Sklada
sie z powtarzalnych jednostek B-D-galaktopiranozy i a-D-galaktopiranozy
[41]. Jest on stosowany szczegdlnie w przemysle farmaceutycznym i spo-
zywczym jako emulgator, stabilizator lub zageszczacz [11,42].

Zwigzek x-karageniny z CaCl, zmienia zdolno$¢ pecznienia zelu [43].
Zele karageniny hydrolizowane alkalicznie lub za pomoca mikrofalowego
promieniowania byly sieciowane lub szczepione za pomocy poli(akrylami-
du) [44,45], kwasu akrylowego [46] i metakrylanu metylu [47].

Agaroza i jej pochodne

Agar sklada si¢ z dwdch sktadnikow: agarozy i agaropektyny. Agaroza z ko-
lei sktada si¢ z B-D-galaktopiranozy i 3,6-anhydro-L-galaktopiranozy. Zele
agarozowe s3 czesto stosowane do elektroforezy zelowej DNA, RNA, pla-
zmid6w, chromosomoéw, w przemysle spozywczym jako wegetariafiski sub-
stytut zelatyny, w sektorze farmaceutycznym jako nosnik o przedtuzonym
uwalnianiu, do produkcji skomplikowanych odlewéw stosowanych w sto-
matologii i do produkcji barwnikéw [48].

Gléwna réznica miedzy agarozg a alginianem polega na obecnosci
ugrupowan kwasu karboksylowego w alginianie.
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6. Superabsorbenty inteligentne

Niektére SAP podlegaja wyraznym zmianom fizycznym wskutek nie-
wielkich zmian $rodowiskowych [49]. Te interesujgce, tzw. inteligentne
polimery [50] majg zdolno$¢ reagowania na bodzice srodowiskowe [51],
w tym zmiany pH [6,52-56], temperatury [57,58], $wiatta [59,60], ci$nienia
[61,62]. Majj one wiele zastosowan: jako material wspomagajacy uwalnia-
nie lekéw, skladowa soczewek kontaktowych, opatrunki hydrozelowe, jak
réowniez ze wzgledu na duze podobienistwo do tkanek w inZynierii tkan-
kowej.

Grupy reaktywne w sieciach polimerowych hydrozeli wrazliwe na zmia-
ne odpychaja sie lub przyciagaja wzajemnie. Niektore wrazliwe na pH SAP
s3 oparte na poli(kwasie akrylowym), poli(winylopirydynie) lub poli(winy-
loimidazolu) [56].

Termoczute SAP mogg mieé¢ niisza krytyczng temperature roztworu
(LCST), ponizej ktorej wszystkie skladniki s mieszalne, lub wyzszg kry-
tyczng temperature roztworu (UCST), w ktdrej materialy s3 w stanie rozpu-
$ci¢ sie powyzej okreélonej temperatury. Termoaktywne SAP s3 oparte na
chitozanie, celulozie, ksyloglukanie lub poli(N-winylokaprolaktamie) [56].
Syntetyczne przyklady to poli(N-izopropyloakryloamid), poli(2-oksazoli-
na) i poli(N, N-dietyloakryloamid) [52].

Swiatloczutoé¢ SAP jest bardzo interesujgca, poniewaz ta wlasciwosé
moze wplywa¢ na rozpuszczalno$é polimeru, do ktérego przylaczona jest
odpowiednia grupa. Hydrozele reagujace na elektrycznos$¢ sa podobne do
hydrozeli reagujacych na pH, poniewaz w obu przypadkach czulod¢ jest
zwigzana z obecnoscig grup jonowych. Niektére SAP wrazliwe na napiecie
elektryczne s3 oparte na poli(akrylamidach), poli(etyloksazolinie), politio-
fenie [58].

7. Podsumowanie

Ostatnio wiele sieci opartych na superabsorbentach zostalo zaprojektowa-
nych i dostosowanych do potrzeb roznych zastosowait. Superabsorbenty
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biomodyfikowane lub oparte na polimerach naturalnych sg interesujgce ze
wzgledu na rosngcg wrazliwo$¢ w zakresie ochrony $rodowiska.

Pélsyntetyczne SAP cieszg sie w ostatnich latach rosngcym zaintereso-

waniem. W przysztych pracach nalezy skoncentrowac sie na bardziej zréw-
nowazonych, biodegradowalnych naturalnych SAP, aby unikna¢ zwigksza-
nia ilosci tworzyw sztucznych w $rodowisku. Biorgc pod uwage wysokie
i rosnace ceny ropy naftowej, konieczno$¢ opracowania naturalnych SAP
wydaje sie bardziej oczywista.
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Abstract: Biopolymer-based superabsorbent polymers (SAPs) are being synthesized and investigated
as a biodegradable alternative for an entirely synthetic SAPs, particularly those based on acrylic acid
and its derivatives. This article focuses on the chemical modification of starch (S), and synthesis of new
potentially biodegradable polymers using acrylic acid (AA) as side chain monomer and crosslinking
mediator together with N,N’-methylenebisacrylamide (MBA). The graft co-polymerization was
initiated by ceric ammonium nitrate (CAN) or potassium persulfate (KPS), leading to different reaction
mechanisms. For each of the initiators, three different synthetic routes were applied. The structures
of new bio-based SAPs were characterized by means of IR spectroscopy. Thermogravimetric
measurements were made to test the thermal stability, and morphology of the samples were examined
using scanning electron microscopy (SEM). Physico-chemical measurements were performed to
characterize properties of new materials such as swelling characteristics. The water absorption
capacity of resulting hydrogels was measured in distilled water and 0.9% NaCl solution.

Keywords: starch; acrylic acid; superabsorbent; hydrogel; graft copolymerization

1. Introduction

The acrylic acid-based segment accounted for the largest share of 59.57% of the total volume in
2018. However, the polyacrylamide segment is expected to witness the fastest CAGR (Compound
Annual Growth Rate) of 6.08% and the baby diaper segment will achieve CAGR (Compound Annual
Growth Rate) of 6.01%, over the period of 2019 to 2024. The baby diapers segment accounted for the
largest share of 70.38% of the total volume in 2018 [1].

The biocompatibility and high absorption capacity of hydrogels favor their use in tissue
engineering [?], wound dressing [3], dental materials, cosmetics [4], drug delivery systems, and
proteins [5]. In the agricultural sector, hydrogels are widely used, e.g., in the form of slow release
systems for fertilizers [6], nutrients and water, or to fertilize the soil [7]. Additionally, hydrogels
have been used in wastewater treatment [8] to remove toxic arsenate and Cr (VI) from aqueous
solutions [9,10].

SAPs are three-dimensional polymeric networks capable of absorbing and holding an enormous
amount of water or aqueous solutions. An important feature of these polymers is their ability to soak
up water in relatively short time [3]. Superabsorbents have wide applications in a variety of fields,
such as personal care, agricultural, forestry, chemical industry, and drug-delivery systems [11-13].
Superabsorbents manufactured using natural polymers have recently been extensively investigated
due to their positive environmental impact. They are mainly based on polysaccharide hydrogels, and
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their most important advantage is biodegradability. Various SAPs based on natural polymers have
been synthesized using cellulose [14,15], starch [16], chitosan [17-19], alginate [20], and gelatin [21].
Biodegradable polymers can be degraded by the enzymatic action of the microorganisms or their
polymer chains can be broken down by processes such as chemical hydrolysis.

Starch is a natural polysaccharide, renewable, relatively cheap, abundant, and biodegradable
polymer produced by plants as a reservoir of stored energy [22]. Starch is a blend of amylose and
amylopectin, both consisting of x-p-glucose rings linked together via a a-p-(1,4) and/or «-p-(1,6)
bonds. Amylose consists of long linear chains having sporadic side chains, in contrast to amylopectin
molecules, which are heavily branched. Starch is found in staple crops such as potato, corn, rice, tapioca,
wheat and in plant roots, crop seeds, and stalks [23]. It is a hydrophilic polymer containing a multitude
of hydroxyl groups with a reactivity comparable to alcohols. Native starch shows a considerably low
absorption ability and cannot be used directly as an absorbent. To improve absorption, it is necessary
to modify native starch by introducing active groups with chelating and sorption abilities. Basically,
there are four kinds of modifications mentioned in the literature: physical, chemical, genetical, and
enzymatic [24,25].

Chemically modified starch shows a higher application potential and can be used more efficiently.
The most common modifications of this polymer concern the esterification of hydroxyl groups or
oxidative cleavage of C3-C4 bond of glucose ring. The modification is an important preliminary step of
further graft copolymerization. The copolymerization following the C3-C4 bond cleavage in the starch
polymers can be initiated with ceric salts and hydrogen peroxide. Further grafting reaction requires
monomers such as acrylonitrile, acrylic acid, acrylate, and acrylamide. Usage of multifunctional
(more than one C=C bond) acrylates will provide crosslinking necessary to the formation of 3D net
structure important in hydrogels.

The most common method of synthesizing starch graft copolymers is the formation of active sites.
Free radicals or ions are formed at a specific position in the polymer backbone. The network graft
polymerization of starch and acrylic acid started with the decomposition of the initiator, resulting in the
formation of free radicals [26]. The graft copolymerization of acrylic monomers onto natural polymers
is almost exclusively performed by free radical polymerization. Among the chemical initiators, the
ceric ion is the most selective initiator because it reacts directly with the starch backbone, forming
free radicals at the point of attachment of the graft polymer. Due to its high cost, this initiator is not
suitable for use on an industrial scale. In contrast, potassium persulfate decomposes on heating to
form sulfate anionic radicals. The final step is a cross-linking agent to bind the acrylic acid chain and
starch. Due to the presence of the cross-linking agent, a three-dimensional network was formed in the
superabsorbent polymer system.

In gels, acrylic acid causes the formation of hydrogen bonds between the hydroxyl and carboxylic
groups of starch. The reaction of acrylic acid with the initiator and gelatinized starch in water
is a homogeneous system due to the excellent solubility of the discussed monomer. This will be
advantageous in terms of responsiveness and ease of operation.

According to literature survey, most of the recent research in the field of biodegradable SAPs is
focused on synthesis and modification of cellulose based polymers [27]. In the majority of solutions
cellulose or modified cellulose chains are crosslinked and grafted using acrylic monomers [28].
Considerable interest in this approach turned our attention toward another abundant in nature
polysaccharide, i.e., starch. In contrast to cellulose based SAPs starch based SAPs are seldom
studied [29]. In the published studies concerning starch crosslinked with acrylic monomers, there is no
information giving insight into aspects of polymer morphology influence on swelling properties. In our
study, we have decided to emphasize on the part of material characterization concerning swelling
properties of similar materials differing in morphology. In the course of this investigation, nine new
SAP materials have been synthesized based on starch and acrylic acid. Application of nine different
synthetic routes yielded morphologically different polymers. New materials were characterized
structurally by means of infrared spectroscopy, structurally using electron microscopy technique and
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physio-chemically. The most important part of the characterization was the determination of swelling
characteristics in water and artificial body fluids, which is of particular interest from the point of
view of potential application as absorbent for hygiene products. The main goal of this investigation
is the development of a methodology for synthesis of biodegradable SAPs based on starch as an
alternative for non-degradable SAPs currently available. The study is part of a broader research of new
biodegradable SAPs.

2. Methods of Characterization of Superabsorbents

2.1. Materials

Soluble starch (SS) ACS reagent grade (Sigma Aldrich, Poznan, Poland); corn starch (CS) pure
(Sigma Aldrich, Poznati, Poland); acrylic acid (AA) pure (Sigma Aldrich); ceric ammonium nitrate
(CAN) pure (Sigma Aldrich, Poznafi, Poland); potassium persulfate analytical grade (Sigma Aldrich,
Poznan, Poland); N,N'-methylenebisacrylamide (MBA) pure (Sigma Aldrich, Poznaf, Poland); sodium
hydroxide (NaOH) (Sigma Aldrich, Poznari, Poland); nitrogen gas (N») technical grade; ethanol
96%y1. (Bioetanol AEG Ltd., Chelmza, Poland). The chemicals were used without further purification.
All solutions were prepared using deionized water.

2.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to identify the presence of specific
chemical groups in the materials. FTIR spectra were obtained using a Bruker Vertex 70V spectrometer
(Bruker Optoc GmbH, Ettlingen, Germany) in the wavenumber range from 4000 to 400 cm~!, for 16
scans with a resolution of 4 cm~!. FTIR spectra have been normalized and the main vibration bands
have been associated with corresponding chemical groups. All spectra were analyzed using OPUS 7.5
software (Bruker Optoc GmbH, Ettlingen, Germany).

2.3. Thermal Analysis

Analyzes were carried out using a Simultaneous TGA-DTA thermal-analyzer type SDT 2960
Simultaneous TGA-DTA from TA Instruments, Champaign, IL, USA) at temperatures ranging from
20 °C to 1000 °C, at a heating rate of 10 °C-min~!, under atmospheric air with samples of ca. 24 mg.
The total mass loss of the sample is equal to the peak area on the DTA curve. Recorded thermograms
were analyzed using TA Universal Analysis Software.

2.4. Scanning Electron Microscopy

Surface topography and size of superabsorbent particles were tested using a scanning electron
microscope manufactured by LEO Electron Microscopy Ltd. Cambridge, UK, model 1430 VP. Scanning
electron microscopy was used to determine the shape, size, morphology, crosslinking density, and
porosity of superabsorbents.

2.5. Preparation of Graft Polymerization with Ceric Ammonium Nitrate

The superabsorbents were obtained by graft polymerization of starch in aqueous solution using
ceric ammonium nitrate as an initiating agent (Figure 1). Starch solution was prepared in a three-neck
flask equipped with a magnetic stirrer, a condenser, and a thermometer. All processes were carried out
under nitrogen atmosphere. The starch was prepared by stirring of 4.013 g starch powder in 100 mL
deionized water at 95 °C. Afterwards, the starch solution was cooled down to room temperature.
Then, 2 mL of CAN solution (0.005 mol/dm3) was poured into the solution in order to activate reactive
sites in the starch backbone and initiate free radical polymerization of acrylic monomers [30,31].
AA (5.998 g) monomer neutralized beforehand with NaOH was added as grafting monomer and after
that 0.05% (relative to monomer) of MBA was added as crosslink agent. The mixture was stirred and
kept for 2 h at 70 °C. Afterwards, the system was cooled down to room temperature. The product
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was washed with ethanol and distilled water and dried in a vacuum oven (40 °C) to constant weight.
This product has been given an abbreviated name SS-g-PAA(CAN).
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Figure 1. Mechanism of the crosslinking reaction of starch and acrylic acid initiated by ceric IV ions as
a crosslinking agent.

Another superabsorbent was made in the same way, except that this time the gelatinized starch
obtained by seasoning the solution for 12 h at 4 °C and later used in the synthesis yielded with a
product called SS(12)-g-PAA(CAN).

The third superabsorbent was made in the same way, with the difference being that the precipitated
end product was left in the dark for 12 h in a solution of deionized water and ethanol and later
separated from post reaction mixture. The product was called 55-g-PAA(12/CAN).
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2.6. Preparation of Starch Graft Copolymer Using Potassium Persulfate Initiator

Another set of superabsorbents was obtained by graft polymerization of starch using KPS as
an initiating agent (Figure 2). The starch solution was prepared according to the same procedure
as in previously described examples. After cooling to room temperature, KPS was added followed
by addition of AA neutralized with NaOH and then MBA [32]. The system was cooled to room
temperature and pH was adjusted to 10 with acetic acid. The mixture was stirred for 3 h under N,
atmosphere and at 70 °C. The product was washed with ethanol and deionized water and then dried.
This product was named as SS-g-PAA (KPS).
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Figure 2. Mechanism of the crosslinking reaction of starch and acrylic acid with potassium persulfate
as a crosslinking agent.
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2.7. Preparation Synthesis with Urea/NaOH

The graft copolymerization was performed in beaker equipped with stirrer. Corn starch (1.509 g)
was dispersed in 27 mL of deionized water, and then 18 mL of 4.509 g NaOH solution was added
dropwise. After the starch was fully gelatinized, 12 mL of 3.007 g urea solution and 0.153 g KPS or
0.300 g CAN in aqueous solution was added subsequently and stirred for 30 min at room temperature.
Then, 0.063 g MBA and 4.498 g AA dissolved in 4.5 mL of deionized water were added in sequence
into the stirred mixture and finally capped and maintained at 65 °C for 5 h. The reaction mixture was
cooled to room temperature, and a hydrogel was precipitated and washed with ethanol-water mixture
(7:3 wt) [33]. Subsequently, it was dehydrated by 95% and anhydrous ethanol and then dried at 40 °C
for 48 h under vacuum oven. The regenerated starch was ground [34]. These products were named as
CS-g-PAA (KP5/U/NaOH) or CS-g-PAA (CAN/U/NaOH), respectively.

The polymer sample codes related to different synthesis methods are summarized in Table 1.

Table 1. Explanation of polymer sample codes.

Samples Code Description
5SS Soluble starch
CS Corn starch
CAN Ceric ammonium nitrate
KPS Potassium persulfate
MBA N,N’-methylenebisacrylamide
Soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate and the
SS-g-PAA(12/CAN) precipitated end product was left in the dark for 12 h in a solution of

deionized water and ethanol and later separated from post reaction mixture.
Soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate and the
superabsorbent was cooled for 12 h at 4 °C and then precipitated.
Soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate and the
product was washed with ethanol and distilled water immediately.
Soluble starch-g-poly(acrylic acid) with potassium persulfate and the product
was washed with ethanol and distilled water immediately.
Corn starch-g-poly(acrylic acid) with ceric ammonium nitrate and the product
was prepared in deionized water and NaOH solution.
Corn starch-g-poly(acrylic acid) with potassium persulfate and the product
was prepared in deionized water and NaOH solution.

SS(12)-g-PAA (CAN)
SS-g-PAA (CAN)
SS-g-PAA (KPS)
CS-g-PAA (CAN/U/NaOH)

CS-g-PAA (KPS/U/NaOH)

2.8. Swelling Properties

To determine the gel content values, 0.100 g of dried sample was dispersed in double distilled
water to swell for 72 h. After filtration, the extracted gel was dewatered by ethanol, dried for 24 h at
40 °C, and then reweighed. Gel content (gel %) was calculated using following formula Equation (1):

Gel [%] = % x 100, Q)

where, m and m stand for final and initial weight of sample, respectively.
The equilibrium water absorption of the superabsorbent was calculated using following
equation (Equation (2)):

S| _ Ws— Wy
0 [£] - 2522, @)

where Q; [g/g] is the equilibrium water absorption calculated as grams of water per gram of sample,
w,; and w; are the weights of the dry sample and water swollen sample, respectively.

2.9. Swelling Kinetics and Effect of Particle Size on Swelling

Water absorption and water retention of superabsorbent hydrogels with different particle sizes
were determined according to methods widely described in the literature. The study of absorbency rate
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of the synthesized hydrogels, approximately (0.100 + 0.001 g) with various particle sizes were poured
into weighted tea bags (270 mesh) and immersed in 250 mL distilled water. The water absorbency (Q;)
was measured as a function of time (t). The swelling behavior of SAP samples were studied by using
salt solutions (0.9 wt% NaCl solution).

3. Results and Discussion

3.1. Analysis of the Synthesis Mechanism

Two main reactions for the production of polysaccharide-based hydrogels can be distinguished:
graft copolymerization of vinyl monomers on a polysaccharide in the presence of a cross-linking
agent and a direct cross-linking reaction of the polysaccharide. The first of these methods is used in
this publication.

OH groups derived from saccharide units interact with Ce** ions to form complexes based on
redox pairs. The next step is the cleavage of C;-C3 bonds of the saccharide units as a result of the
action of carbon radicals formed as a result of the dissociation of the complexes. The resulting free
radicals initiate the graft polymerization of the crosslinker and vinyl monomers on the starch chains.
The formation of hydrogels by graft copolymerization of acrylic acid on corn starch was also analyzed
in Athawale et al. [30]. The publication by Dragan and Apopea presents the results of the research and
the mechanism of grafting acrylamide onto starch with Ce** as a free radical initiator [35]. The same
mechanism was proposed for the grafting reaction of acrylic acid onto starch in Figure 1.

As a result of the action of potassium persulfate as an initiator on polysaccharide chains, free
hydrogen radicals from OH groups are detached. In this method, it is important to maintain a
certain temperature (much higher than in the case of Ce**) because a thermal initiator was used.
As a result of the action of potassium persulfate as an initiator on polysaccharide chains, free
hydrogen radicals from OH groups are detached. In this method, it is important to maintain a
certain temperature (twice as high as for Ce**) because a thermal initiator is used. In the publication
of Pourjavadi et al. ammonium persulfate was used as an initiator of the graft copolymerization
reaction of acrylic acid with kappa-carrageenan in the presence of a cross-linking agent in the form of
N,N’-methylenebisacrylamide [36]. The persulfate initiator decomposes on heating to form the sulfate
anion. The radical cleaves hydrogen from the starch hydroxyl groups, forming alkoxy radicals on the
starch chains.

In the case of direct cross-linking of polysaccharides, polyfunctional or polyvinyl compounds are
used, however, this method will be described in subsequent papers, as research is currently underway.

3.2. FTIR Analysis

FTIR spectra of all monomers grafted on starch (corn starch, soluble starch) were quite similar
to each other. In the spectrum of starch, the transmittance bands at 3312 cm™L, 573 cm™!, 528 cm™!
are attributed to the OH group and a smaller band at 2928 cm™! to C-H stretching vibration [37].
The pattern of the signals changes after polymerization, which indicated that graft copolymerization
occurred between the AA monomer and the molecules SS and CS. The PAA-grafted chains showed a
new band at about 1700 cm™! characteristic for C=O stretching. The most significant notion derived
from juxtaposition of the FTIR spectra of four grafted starch gels in Figure 3 is the presence of several
peaks at the same position, which indicates that the resulting materials contain moieties derived from
starch, acrylic acid, and MBA included in its structure. Moreover, FTIR spectra of the gels show no
signals indicating the presence of C=C groups, which proves that the AA in free form is not present in
the material, and all the monomer undergone graft copolymerization. All spectra with designated
characteristic peaks were situated in the Supplementary materials (Figures 523-534).
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Figure 3. FTIR spectra of SS, 5S-g-PAA (12)(CAN), 55(12)-g-PAA (CAN), SS-g-PAA (CAN), S5-g-PAA
(KPS), CS, CS-g-PAA (KPS), CS-g-PAA (U/NaOH/CAN), AA and MBA.

Analyzing the spectra of superabsorbent obtained in presence of urea, no significant differences
in spectra were observed in comparison with that of starch-AA without urea. Peaks appeared at
3303 cm™!,2922 cm™!, 1704 em™, 1558 cm™, 1447 cm™!, and 1405 cm™!. Additionally, in comparison
with the IR spectrum of native starch, similar absorption peaks appeared in 1151 cm~!, 1078 cm™},
993 cm™?, and 930 cm™?, which are the characteristic peaks of starch structure. The C-O-C symmetrical
stretching, C-OH bending and the skeletal vibration of the pyranose ring are characterized by peaks
at 928 cm™1, 851 cm™!, and 573 cm™! [33]. The intensities of all characteristic bands decreased after
the polymerization process, which proves that the copolymerization between AA and starch was
successful [38]. A remarkable change in FTIR spectra of starch-based copolymers was the appearance
of the peak at 1700-1728 cm~!, which is regarded to C=0 vibrations in aldehyde groups [39].

The largest changes were observed for material prepared instantly after initial solution preparation
(SS-g-AA (CAN)), while the smallest differences were noted for the product obtained from the starch
solution seasoned by 12 h (SS-g-AA (12) (CAN)).
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3.3. Scanning Electron Microscope

The pore size of the superabsorbents mainly depends on the many factors affecting the swelling
and micromorphology of hydrogels. The large differences in the surface morphology of starch
copolymers are shown in Figure 4 (original size SEM images are included in Supplementary Materials).
The starch copolymers prepared in urea/sodium hydroxide solution: CS-g-PAA (CAN/U/NaOH) (c)
and CS-g-PAA (KPS/U/NaOH) (d) presents the largest variation in morphology and pore size compared
with the other compositions. These polymers form agglomerates resembling bushes. Their structure is
looser and highly porous with irregular voids appearing between agglomerates. The average diameter
of the holes or interstices is ranging from 11 to 136 um and the average is 57 um.

Figure 4. SEM images at 1000x magnification of substances: (a) corn starch, (b) solvent starch,
(c) CS-g-PAA (CAN/U/NaOH), (d) CS-g-PAA (KPS/U/NaOH), (e) SS-g-PAA (CAN), (f) S5(12)-g-PAA
(CAN), (g) SS-g-PAA (12/CAN), (h) SS-g-PAA (KPS).

The hydrogels containing low crosslinking density generally form structures with wider pores.
Those containing high crosslinking density are randomly aggregated and exhibit more granular-like
structure. This is due to the differences in the expansion of polymer network and in the magnitude of
the affinity of the polymer network for water. Additionally, the decrease in pore size can be attributed
to the increase in the elasticity of the hydrogels related to crosslinking density.

In the literature, it was found that CS and SS hydrogels occur in the form of variable size irregular
granules having smooth surface [30,40]. After binding acrylic acid into the starch backbone, the
surface roughness increased, and some folds can be observed (Figure 4c—g). The material has a
higher specific surface area when the surface of the hydrogel composite is folded. These folds may be
regions where water or other external stimuli can interact with the hydrophilic groups of the grafted
copolymers and permeate, which facilitated the permeation of water into the polymeric network [41].
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Regarding micrographs e) S5-g-PAA (CAN), (f) SS(12)-g-PAA (CAN), g) SS-g-PAA (12/CAN), and
h) 55-g-PAA (KPS), all materials were found to be granular, with divergent particles size and shape.
The majority of the granules showed oval shape and rather smooth surface. Observed occasionally
truncations and slight erosion marks can be attributed to either mechanical damage of the granules
during the extraction process or partial oxidation of the surface.

The granule size distributions for both starch kinds revealed a bimodal feature with a lot of small
and large particles, but not many medium-sized. The small-size granules had diameters ranging
between 6 to 10 pum. Starch (CS and SS) particles have oval shapes with smooth surfaces, unlike acrylic
acid modified products. The modification not only changes the surface, but also leads to the formation
of particles of larger size with diameter between the 250 and 600 um.

In the case of CS-g-PAA (CAN/U/NaOH) (c) and CS-g-PAA (KPS/U/NaOH) (d), more compact and
porous structures were found in the micrographs that can be attributed to the granules’ agglomeration.
The presence of spacious pores guarantees a reduction in transport resistance and an increase in the total
water sorption capacity [41,42]. The channels, cracks, and pores in the copolymers create accessible
spaces for the extensive hydration of hydrophilic groups of the material responsible for swelling.

3.4. Thermogravimetric Analysis

TGA methods were used to investigate thermal behavior of starch and copolymers obtained by
grafting acrylic monomers. All the recorded thermograms are included in Supplementary materials
and only the most important data are shown in the Tables 2 and 3. Starch shows a typical two-steps
thermogram. The first step shows weight loss at about 5.0%, in 70.62 °C for CS and 59.24 °C for SS.
In the second step, the main weight loss occurs for CS (54.88%) at 313.85 °C, and for S5 (77.82%) at
229.49 °C [43]. Based on this data, we can assume that corn starch is more thermally stable than soluble
starch. The thermogram of AA show a multi-step degradation process with the lack of weight loss up
to 100 °C except for a modest weight loss between 80 and 100 °C found for each sample investigated in
this study. There are three to seven decomposition stages on the thermograms of (SS-g-PAA(12/CAN),
CS-g-PAA(CAN/U/NaOH)), and (S5-g-PAA(CAN)). The loss of water captured in the polymer network
can be attributed to the weight loss below 200 °C. The maximum weight loss was recorded in the
temperature range between 250 and 500 °C, which may be explained by the degradation of starch
backbone of the superabsorbent. The weight loss found above 500 °C, can be ascribed to degradation
of the polymer chains and acrylate crosslinked grafts, which shows that the thermal stability of the
starch copolymers is higher than that of native starch. Additionally, the addition of AA and other
synthetic monomers to starch improves its thermal stability.

Table 2. The mass loss results derived from thermogravimetric analysis (TGA).

Samples TGA (5wt % Loss) [°C] TGA (10 wt % Loss) [°C] TGA (50 wt % Loss) [°C]

ss 59.24 105.44 35592

cs 70.62 28023 315.80

~  ¢caN 209.77 21197 2087
KPS 29548 47 -

- MBA 19850 21074 250.24

 55-g-PAA(12/CAN) 139.04 244.64 328.84

Ss(12}gPAA 14225 232.38 362.80

55-g-PAA (CAN) 97.26 174.90 451.69

CS-g-PAA (CAN/U/NaOH) 118.26 25435 315.37

© S5-g-PAA (KPS) 112.73 214.19 38457

CS-g-PAA(KPS/U/NaOH) 137.02 193.60 340.02
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Table 3. The specific decomposition temperatures read from DTA plots of the polymers.

Sample Code Decomposition Temperature [°C]

Step 1 Step 2 Step 3 Step 4 Step 5 Step6  Step7

SS 59.00 229.49 361.80 - - - -

cs 60.77 313.85 - - - - -

CAN 200.03 221.88 257.04 - - - -

KPS 237.48 294.32 321.84 532.30 590.91 805.81 -

MBA 187.76 239.26 333.39 348.48 364.47 - -

S5-g-PAA(12/CAN) 121.16 290.76 451.49 - - - -

S5(12)-g-PAA (CAN) 128.26 259.68 288.99 44794 91237 - -
SS-g-PAA (CAN) 66.99 273.00 291.65 34493 452.38 73210  814.69

CS-g-PAA 88.30 292.54 452.38 - - - -

55-g-PAA (KPS) 67.88 267.68 29343 356.43 448.83 787.16 -

CS-g-PAA(KPS/U/NaOH)  193.08 296.09 340.49 432.84 804.92 - -

Analyzing SS-g-PAA (CAN) and SS-g-PAA (KPS) one can notice an additional weight loss stage
(~10%) at 260-270 °C, which is caused by the breakdown of starch. The next stage of decomposition in
the temperature range between ~260-340 °C is ~35-45% weight loss associated with the degradation
of the starch backbone in each sample. Starch pyrolysis is the main cause of weight loss, which is
associated to the formation of ether segments and dehydration of its chains, elimination of CO and
CO; and random chain scission [44]. The greater the ratio of amylopectin to amylose improves the
thermal stability of starch-based superabsorbents, because the resulting additional glycosidic bonds
in the amylopectin molecule increase the thermal stability of the copolymers compared to the linear
structure of amylose [45]. For CS-g-PAA (CAN /U /NaOH) and CS-g-PAA (KPS /U / NaOH) the
highest weight loss (45%) was observed at the decomposition temperature of 292.54 and 340.49 °C.
These peaks are attributed to oxidation and thermal decomposition, but peaks at 452.38 and 432.84 °C
may be due to carbonate formation. The product with the addition of urea has better thermal stability
due to nitrogen.

3.5. Swelling Properties of Superabsorbents

In personal hygiene products, the important feature is the swelling ability in salt solutions.
The grafting of acrylic acid onto starch produces polymer chains with a large number of negatively
charged groups, e.g., -COO". Although carboxyl groups are accompanied by cationic counter-ions, the
negative charge groups repel each other yielding in chains stretching. This provides extra space in the
polymer network that can occupied by water or aqueous solution entering the polymer network to
level the osmotic pressure. Consequently, polymer absorbs and retains a large volume of water or
aqueous solutions. The insolubility of superabsorbent in aqueous solutions is achieved by cross-linking
with N,N-methylenebisacrylamide.

The screening effect of positive cation charges is the reason for the decrease in the degree of
swelling of superabsorbents in salt solutions compared to the absorption of pure water (Figure 5.).
Electrostatic repulsion between anions present in the system leads to a decrease in the osmotic pressure
between the hydrogel internal solution and the external solution. Salt solutions with polyvalent cations
reduce the swelling of hydrogel more than univalent cations, moreover, multivalent cations can cause
so called ionic crosslinking of the polymer matrix. In consequence, the gel absorption significantly
decreases with increase of cations valence [46,47].
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The increase in the ionic strength of the salt solution reduces the absorption of deionized water.
Therefore, the experimental results abide by Flory’s equation [45,49] (Equation (3)):

(2-x)

4}

Mc )"1 , 3)

Swellinggz (v M) -1 (M
where

v—the specific volume of the polymer [m3®kg™!],

M_.—the chain length between crosslinks [n],

M—primary molecular mass [u],

x1—the Flory solvent-polymer interaction term [-],

v3—the volume fraction of the polymer [-].

The addition of urea to the mixture during synthesis has a significant impact on the water
absorption capacity of polymers, as is the case with NaOH. At the presence of water in elevated
temperature urea molecules can undergo hydrolysis, liberating NH;* and CNO™ ions [50]. The main
purpose of adding urea was to increase the extent of the starch molecule chains in the solution.

The high swelling ability is of great importance in the practical application of a hydrogel, while the
swelling speed is particularly important in superabsorbent applications. The swelling kinetics of
superabsorbents are significantly influenced by factors such as swelling capacity, powder particle size
distribution, specific surface area, and polymer composition [51,52]. The plots in Figure 6 show the
dynamics of swelling of a superabsorbent sample with certain particle sizes (larger than 40 meshes,
40-60 meshes and smaller than 60 meshes) in water. Initially, a sharp increase in swelling rate was
noted, while the longer, the more flattened the line until the process equilibrium value was reached.
The initial swelling rate can be calculated using an equation based on Voigt [51] (Equation (1)),

S=5.(1-¢71), 4)

—
—

where: S; ( %) - swelling at time ¢ (min), S, (%) - equilibrium swelling, t (min) — time, T (min) - “rate
parameter”.
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Figure 5. Swelling capacity of superabsorbents in 0.9 wt% NaCl,q solution {(A) percentage of gel in
all samples, (B) saline absorbency of samples prepared with potassium persulfate in a given time for
different grain sizes, (C) saline absorbency of samples prepared with ceric ammonium nitrate in a given

time for different grain sizes.
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Figure 6. Swelling capacity of superabsorbents in dejonized water: (A) percentage of gel in all samples,
(B) water absorbency of samples prepared with potassium persulfate in a given time for different grain
sizes, (C) water absorbency of samples prepared with ceric ammonium nitrate in a given time for
different grain sizes.

Table 4 presents the rate parameters for superabsorbents with different particle sizes. Since 7 is
a measure of the resistance to water permeation, the lower the 7 value, the higher the rate of water
uptake will be. The lower the particles size, the higher the rate of water uptake, which is closely related
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to superabsorbent surface area to volume ratio. Since the uptake rate depends on the diffusion process
it is obvious that the increase of the contact area will improve the diffusion rate [53]. Another important
aspect is of structural nature and involves the degree of crosslinking, which influences both the swelling
capacity and sorption rate. The crosslinking is important to prevent the polymer dissolution, however
a high crosslinking degree makes the polymer more compact and less susceptible to swelling.

Table 4. The rate parameters for superabsorbent with different particle sizes.

T [{min] for SS-g-PAA (KPS) T [min] for $S-g-PAA (CAN)
<60 mesh 40-60 mesh >40 mesh <60 mesh 40-60 mesh >40 mesh
17.04 23.42 30.03 11.83 15.80 18.73

The complex kinetics of SAP swelling is related to a specific interaction between the swelling
medium molecules and the polymer side groups and the structural topology of the polymeric 3D
network responsible for susceptibility to formation of voids that can be filled with the medium [54].

According to the results presented in this article, hydrogels based on acrylic acid and starch show
good absorption properties, high thermal capacity, and reusability. These properties require further
improvement, which should be considered in future research works. The presented work includes
preliminary studies for a large research project with the main goal of developing a biodegradable
superabsorbent for use in the hygiene sector. Low cost, biodegradable properties, and non-toxicity
make starch hydrogels attractive subjects of investigation due to their ability to absorb large amounts
of water as well as heavy metals and dyes. Hydrogels are widely used in everyday products, although
their potential has not yet been fully explored. These materials are known in the market for wound
dressings, contact lenses, and hygiene products. Commercial hydrogel products in tissue engineering
and drug delivery are still limited, despite numerous publications, projects and patents that have
been produced. The high cost of production is a major limitation in the production of the discussed
hydrogels on an industrial scale.

There are preliminary studies, so for us the most important conclusion is that the synthesis process
should be modified and improved, and a better superabsorbent composition should be developed so
that the degree of liquid absorption is much higher.

4, Conclusions

Significant research effort is underway around the world to obtain new materials, that will
combine raw material obtained from natural, renewable sources and, biodegradability. This is
extremely important for new superabsorbent materials for personal hygiene products such as
disposable diapers, which are responsible for serious environmental issues. Several starch-based
superabsorbent co-polymers using acrylic acid were prepared by copolymerization via free radical
grafting. The syntheses were carried out in different medium including deionized water, sodium
hydroxide solutions, and urea solutions. Potassium persulphate and ceric ammonium nitrate (IV)
were used as initiators, while hydrophilic N,N’-methylenebisacrylamide was used as the crosslinking
agent. Comparing the effect of discussed initiators, it can be concluded that the persulfate oxidation
capacity is weaker, the reaction rate is lower, the reaction time is longer, and the reaction temperature
is higher. FTIR analysis and thermogravimetric analysis revealed that AA monomers were grafted to
macromolecular chains of CS or SS. The swelling capacity of hydrogels depends on the concentration
of crosslinker (MBA) and the monomer ratio, such that swelling is reduced by increasing the MBA
concentration. The decrease in absorption capacity in salt solutions compared to distilled water can
be attributed to the effect of screening charge and ion crosslinking for mono and multivalent cations
respectively. The obtained results confirmed the assumptions that the smaller the particle size, the
faster the liquid absorption rate. Materials synthesized with sodium hydroxide and urea solution
showed the best absorption of salty water.
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The synthesized materials can be considered as an effective alternative to improve the moisture
content of various soils for agricultural use. Moreover, in the future, such materials can be used as ion
exchangers to increase their efficiency in wastewater treatment. Efforts to improve the property profile
of cross-linked hydrogels are still ongoing, and we hope that the overall performance in terms of water
absorption capacity and aqueous solutions will further improve.

Supplementary Materials: The following are available online at htip:

Figure S1: TGA of N,N’ -methyleneblsacrylarmde (MBA), Figure 52: DTA of N, N’-methyleneblsacrylamlde
(MBA), Figure 53: TGA of ceric ammonium nitrate (CAN), Figure 54: DTA of ceric ammonium nitrate (CAN),
Figure 55: TGA of potassium persulfate (KPS), Figure S6: DTA of potassium persulfate (KPS), Figure S7: TGA
of corn starch (CS), Figure S8: DTA of corn starch (CS), Figure 59: TGA of soluble starch (SS), Figure S10:
DTA of soluble starch (SS), Figure S11: TGA of soluble starch-g-poly(acrylic acid) with potassium persulfate
(SS-g-PAA (KPS)), Figure S12: DTA of soluble starch-g-poly(acrylic acid) with potassium persulfate (S5-g-PAA
(KPS)), Figure S13: TGA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (5S-g-PAA(12/CAN)),
Figure S14: DTA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55-g-PAA(12/CAN)),
Figure 515: TGA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55(12)-g-PAA(CAN)),
Figure 516: DTA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55(12)-g-PAA(CAN)),
Figure S17: TGA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55-g-PAA (CAN)),
Figure 518: DTA of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55-g-PAA (CAN)), Figure 519:
TGA of corn starch-g-poly(acrylic acid) with ceric ammonium nitrate, urea and NaOH, Figure 520: DTA
of corn starch-g-poly(acrylic acid) with ceric ammonium nitrate, urea and NaOH, Figure 521: TGA of corn
starch-g-poly(acrylic acid) with potassium persulfate, urea and NaOH, Figure 522: DTA of corn starch-g-poly(acrylic
acid) with potassium persulfate, urea and NaOH, Figure 523: FTIR spectra of ceric ammonium nitrate (CAN),
Figure 524: FTIR spectra of potassium persulfate (KPS), Figure 525: FTIR spectra of N,N’-methylenebisacrylamide
(MBA), Figure 526: FTIR spectra of acrylic acid (AA), Figure 527: FTIR spectra of corn starch (CS), Figure 528:
FTIR spectra of soluble starch (SS), Figure 529: FTIR spectra of soluble starch-g-poly(acrylic acid) with potassium
persulfate (SS-g-PAA/KPS), Figure S30: FTIR spectra of soluble starch-g-poly(acrylic acid) with ceric ammonium
nitrate (SS-g-PAA(12/CAN)), Figure 531: FTIR spectra of soluble starch-g-poly(acrylic acid) with ceric ammonium
nitrate (55(12)-g-PAA (CAN)), Figure 532: FTIR spectra of soluble starch-g-poly(acrylic acid) with ceric ammonium
nitrate (55-g-PAA (CAN)), Figure 533: FTIR spectra of corn starch-g-poly(acrylic acid) with ceric ammonium
nitrate, urea and NaOH (CS-g-PAA/U/NaOH/CAN), Figure 534: FTIR spectra of corn starch-g-poly(acrylic acid)
with potassium persulfate, urea and NaOH (CS-g-PAA/U/NaOH/KPS), Figure 535: SEM images at 10,000x
and 25,000x magnifications of corn starch (CS), Figure S36: SEM images at 200x and 10,000x magnifications
of corn starch (CS), Figure S37: SEM images at 200x and 10,000x magnifications of corn starch-g-poly(acrylic
acid) with ceric ammonium nitrate, urea and NaOH (CS-g-PAA/U/NaOH/CAN), Figure 538: SEM images
at 200x and 10,000x magnifications of corn starch-g-poly(acrylic acid) with potassium persulfate, urea and
NaOH (CS-g-PAA/U/NaOH/KPS), Figure 539: SEM images at 200x and 10,000x magnifications of soluble
starch-g-poly(acrylic acid) with ceric ammonium nitrate ((S5-g-PAA (CAN)), Figure 540: SEM images at 200X
and 10,000 magnifications of soluble starch-g-poly(acrylic acid) with ceric ammonium nitrate (55(12)-g-PAA
(CAN)), Figure 541: SEM images at 200x and 10,000x magnifications of soluble starch-g-poly(acrylic acid) with
ceric ammonium nitrate (SS-g-PAA (12/CAN)), Figure 542: SEM images at 200X and 10,000x magnifications of of
soluble starch-g-poly(acrylic acid) with potassium persulfate (SS-g-PAA/KPS).
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Abstract: The size of the global market for biodegradable superabsorbent materials has been estimated at USD 120.64
billion. It is expected to register Compound Annual Growth Rate (CAGR) at 6.2% in 2018-2025. Superabsorbent
polymers (SAP) are most frequently used in the hygiene products industry in the form of non-biodegradable poly
(sodium acrylate). Most personal care products end up in landfills where decomposition times are estimated to be up to
half a thousand years due to the synthetic polymers. Simple replacement of poly (sodium acrylate) with biodegradable
superabsorbent polymer is a challenging task that includes several stages of scientific investigation. In this paper, the
sorption of water and electrolyte solutions are discussed. Biodegradable superabsorbent polymers were obtained from
polysaccharides, while a proportionally varying amount of the cross-linking agent was used. The absorption properties
of deionized water and sodium salt solution were tested and the influence of polymer drying was discussed. The
superabsorbent polymers were dried as follows: dM1-the sample was frozen at -20°C for 48 hours and was dried in
vacuum (107 Tr) at room temperature for 48 hours; dM2-the sample frozen to -200°C for 2 hours and was vacuum (107
Tr) dried at room temperature for 48 hours; dM3-the sample was dried in a vacuum dryer (~10 Tr) at 50°C for 24 hours,
dM4-the sample was frozen to -80°C for 24 hours and then freeze dried for 78 hours.

Keywords: biodegradable superabsorbent polymer, swelling properties, sodium chloride solution, distilled water

1. Introduction

The size of the global market for biodegradable superabsorbent materials has been estimated at USD 120.64 billion.
It is expected to register CAGR at 6.2% in 2018-2025." The increase in demand for disposable diapers, incontinence
products for adults and hygiene products for women is expected to fuels the development.

Superabsorbent polymer (SAP) is a special class of polymers with three-dimensional hydrophilic networks that
retain and absorb large amounts of aqueous solution or water. While the swelling or absorption capacity of hydrogels in
water is less than 100% (1 g/g). SAP can absorb much larger amounts of water from 1000 to even 100000% (10-1000
g/g).” Superabsorbent materials are one of the key products used in the production of baby diapers. Poly (itaconic acid),
polysaccharides, polyacrylamide and poly (vinyl alcohol) are the main product segments because they have excellent
absorption rates and biocompatibility as well as easy degradation. Usually, when polymers are removed in the wild. they
remain degraded for a long time. One solution to this polymer problem after use is to develop biodegradable polymers.
Biodegradable polymers can ultimately be biodegradable by microorganisms in the natural environment to carbon
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dioxide (CO,) and water (H,0). Various types of biodegradable plastics have been developed.’

The swollen superabsorbent polymer is considered to be in thermodynamic equilibrium with its environment. The
important factor defining its efficiency is the capacity of the polymer network to contain the external solution. This
feature is directly related to the equilibrium degree of swelling. In the swelling abilities of polymer networks crucial
role play topological barriers such as cross-links, branches, and crystallites present in the network. The density of
these barriers influences the swelling properties on one hand and the diffusion coefficients of solute components on the
other. It is common knowledge now, that the equilibrium degree of swelling of the polymer network decreases as the
cross-linking density increases. This is accompanied by a decrease in the value of apparent diffusion coefficients in the
system. In other words, increasing the cross-linking density will decrease both the solute capacity of the superabsorbent
polymer and the swelling rate.

The aim of the recent study concerns the investigation of the physical properties of biodegradable superabsorbent
polymer related to different post-synthesis treatment. In general, obtained through synthesis the polymer was exactly the
same but it occurred that a simple process such as drying can highly influence the swelling properties of the end product.
In this context, four different drying techniques have been applied. In the following, the reader will find the detailed
description of drying applied to polymers consisting of polysaccharides cross-linked with natural crosslinker.

Recently, much emphasis has been placed on reducing the amount of production and the impact of synthetic
polymers on the natural environment. Many laws have been introduced to reduce carbon dioxide emissions into
the atmosphere, which is to force entrepreneurs to change their sustainable development policy. Hygienic products
consist of a comfortable, flexible and thin layer of various types of synthetic polymers at the expense of biodegradable
properties. The products are becoming thinner due to the use of poly (sodium acrylate). In the article, we investigate the
swelling properties of a biodegradable and natural polymer-based alternative to synthetic superabsorbent polymers. The
replacement of synthetic polymers in this application seems inevitable to reduce the environmental impact of hygiene
products.

2. Research methodology

The detailed description of biodegradable superabsorbent polymers synthesis is recently encrypted and can’t be
given in full detail. In the course of this study, four SAP polymers based on polysaccharide molecular skeleton were
obtained from starch (St) and chitosan (Ch) substrates. The polymers differ in the content of the biobased crosslinker
used in the synthesis. As a reference material, interpenetrating network (IPN) hydrogel of Ch and St without crosslinker
was taken as (Polymers E). The polymer samples denoted with consecutive capital letters A to D represent polymers
with different crosslinker content explained in Table 1. The effectiveness of crosslinking was studied by means of IR
spectroscopy. Crosslinking bridges give a unique new band at about 1700 cm™.’ The band is not present in the Polymer
E spectra and its intensity increases with the crosslinking degree. It is shown in Figure 1 and selected data are gathered
in Table 1.

Table I. Description of investigated polymer samples

Amount of crosslinker

Sample code (g per g of polymer) Location of ¥, ;, band (cm™) Intensity of v,y band (a.u.)
A 0.02 1715 0.0016
B 0.03 1705 0.0034
C 0.04 1702 0.0058
D 0.05 1700 0.0085
E 0.00 - -
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Figure 1. FTIR spectra of polymer samples obtained with different amount of crosslinking agent: 2% (a), 3% (b), 4% (¢) and 5% (d)

Polymers were synthesized in aqueous solution and then precipitated from reaction mixture with acetone, followed
by rinsing with deionized water and then ethy! alcohol. The resulting material was split into four batches and introduced
to four different drying routes. In the first drying method (abbreviated as dM1) the sample was placed in a freezer and
kept at -20°C for 48 hours, then transferred to a vacuum chamber under pressure 10” Tr where it was left to dry over
CaCl, at room temperature for 48 hours. The second method (dM2) was similar to the first except the sample was frozen
using liquid nitrogen and transferred to a vacuum chamber directly from the nitrogen bath. In the third method (dM3) a
sample liberated from the reacting mixture after purification was dried in a vacuum dryer (p = 10 Tr) at 50°C for 24 hours.
In the fourth method (dM4) the sample was frozen to -80°C for 24 hours and then placed in a freeze dryer for 78 hours.

Samples of the synthesized polymer material were structurally identified by means of Fourier transformation
infrared spectroscopy (FTIR). In the recorded spectra. specific bands reflecting the degree of crosslinking were found.
The fragment of IR spectra, showing the region of most significant changes caused by the crosslinker is shown in Figure |.
The spectra for the intensity considerations were standardized taking the band at 1371 cm™ cotresponding to amine-like
C-N stretching vibrations overlapping with CH, symmetrical deformations (1370 and 1430 cm™) that do not undergo
changes during synthesis.’

The swelling was studied by means of absorption of water and aqueous 0.9% wt. NaCl solution. Polymer samples
that were dried using different methods were tested using the “Tea-bag method™. For the swelling test, bags were
produced from two 70 x 150 mm sheets of a 270-mesh tissue paper. The bags before use were stored in a desiccator
under silica gel. For the absorption test, a polymer sample (0.1000 + 0.01 g), stored after drying in a desiccator under
silica gel for at least 10 days, was closed inside the bag sealed along the fourth edge. The bag containing the sample was
weighed and then placed in the testing liquid (H,O or NaCl solution) for 24 hours. Afterwards, the bag was removed
from the liquid, it was allowed to hang for about 0.5 min and then placed on a piece of filtrating paper to remove the
excess liquid before being weighed again.® The liquid absorption was calculated as equilibrium sorption capacity (ESC)
defined by mass of liquid in grams per | g of dry polymer according to the equation:

I/Vi_nfe_uld

ESC [g/g]=
[g/g] W,

where: W, is the weight of the wet sample and bag, W, is the weight of the dry bag, and W, is the weight of the dry
polymer sample obtained by the given drying method.
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3. Results and discussion

Samples A to D shown to be superabsorbent samples, where the content of the cross-linking agent increases
proportionally, while sample E is reference non-crosslinked hydrogel. Actually, sample E consists of a mixture of two
bio-based hydrogels crosslinked physically by intermolecular interactions and chains entangling. The swelling behavior
of a superabsorbent polymer is influenced by various factors, such as the presence of hydrophilic group, the elasticity
of polymer network, the size, the nature of polymer network, crosslinking density, the composition of the absorbent,
the surface area and pH and temperature of the swelling medium.” Crosslinking is necessary to form a superabsorbent
polymer in an aqueous environment and to prevent the breakdown of the hydrophilic polymer chains. According to the
data in Table |, crosslinker concentration in synthetic mixture corresponds to a degree of crosslinking in the resulting
polymer. The influence of crosslinking degree on the water absorbency expressed as ESC was examined in the context
of different drying techniques. As it could be foreseen, the increase in the crosslinking degree causes the drop of ESC
in all studied samples. The trend is seen in the data collected in Table 2. The increase of crosslinking degree leads to a
decrease of the volume of free space between the polymer chains® and, in consequence, less solvent can be contained
in the polymer matrix. On the other hand, sample E composed of the mixture polymer chains that are not bounded by
crosslinker shows the lowest ESC which seems to be in contrary to the expected trend.”* However, sample E contains
physical kinds of crosslinks, which although weaker occur more frequently along the chains. In consequence, the
material in sample E has different swelling characteristics.

‘Fable 2. Water equilibrium sorption capacity (ESC)

Sample ESC in water [g/g]
Characteristics A B C D E
et (i ane aMm1 219 733 116.9 68.1 32.6
dried in a vacuum oven aM2 121.9 119.6 112.0 105.6 515
2 v 0 o dM3 2140 2126 21001 2083 1589
Dricdin afreeze dryerat -80°C  dM4 2514 2357 2049 1964 999

The data in Table 2 can be interpreted in the context of gel chemistry. In the case of non-crosslinked material,
the structure of the polymeric chains is loose and does not support stable solute absorbency. Binding chains in a more
compact structure triggers the gel formation ability and so the solute absorbency. This ability increases with stabilization
of the structure by crosslink bridges, however at some point further crosslinking results in decrease in space available
for solute in polymers 3D matrix.

Another aspect, crucial for the aim of this study is the influence of post-reaction treatment on solute absorbency.
In the case of water ESC, the smallest values were found for the dM1 method, the values are close to those obtained for
method dM2 in common vaccum dryer and vaccum oven. Apparently, freezing the samples with liquid nitrogen (dM3)
or dry ice (dM4) yield significantly higher ESC characteristics.

Looking for a relevant superabsorbent polymer for industry (agriculture, hygiene products), it is necessary to
investigate the absorption properties not only in pure water but also in salt solutions. lons present in the electrolyte
solution interact with the ionogenic groups in the polymer backbone and this has a significant impact on the swelling
properties. In our study, we have investigated the swelling of studied superabsorbent polymers in solution mimicking
body fluids (0.9% NaCl solution), the results are shown in Table 3.

A screening effect of the additional cations from the salt solutions caused a non-efficient anion-anion electrostatic
repulsion. This led to the reduction of the osmotic pressure difference between the hydrogel network and the external
solution.'™"" And then, the decreasing swelling driving force induced a decrease in the water absorbency. The
combination of additional effects including osmotic pressure and ionic interactions inside the SAP cavities disturb
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the unequivocal relationship between the degree of crosslinking and 0.9% NaCl,, ESC. A general conclusion can be
drawn from the data in Table 3 is that the highest ESC values reveal samples dried in a vacuum freeze dryer (dM4).
This method makes it possible to increase the space availability for solvent particles and the contact area between the
polymer layer and the solvent which causes the swelling of the polymer chains. The materials dried in a vacuum dryer
shows the lowest ESC values, which may be caused by treatment in elevated temperature (50°C). This conclusion
corresponds with the observations of the characteristics of water absorbency. It can be explained by the fact that deep
freezing of the polymer after synthesis results in the formation of ice microcrystals in the polymer network. When ice
is evaporated by sublimation in vacuum the material preserves the cavities formed by ice crystals and is capable of
containing more solute in the gel (higher ESC). On the contrary, then the water present in the polymer matrix evaporates
while in liquid state, it gradually decreases the volume of liquid clusters and cavities filled with it continuously subside.
Consequently, the polymer chains approach and more inter-chain interactions may build up physical crosslinking that
is further difficult to break by subsequent water sorption. Comparing our finding to corresponding results obtained for
purely synthetic polymers it noteworthy to mention the data published by Castrillon N., Echeverria M., Fu H. et al.”
In the case of “Sodium polyacrylate”, they have obtained ESC from 100 to 1000 g.g” of deionized water absorption.
On the other hand, for “Gellan gum with Jeffamine”, a value of 77 to 145 g.g" was achieved for deionized water, while
for “PGA with L-lysine” deionized water absorption was in the range from 900 to 2750 g.g”. These are polymers that
could be used in hygiene products, i.e. the industry that interests us the most. Guan H.. Li J., Zhang B. et al." developed
a biodegradable polymer containing cellulose, acrylic acid and acrylamide as monomers, Span-80 as a dispersant and
potassium persulfate as initiator. The maximum absorption rate for salt water and water reached 72.48 g.g”' and 706.14
g.g”, respectively. After modification with various cross-linking agents, the superabsorbent polymer achieved higher
water absorption results ranging from 836 to 903 g.g”'. Referring to the publications of other scientists and their data on
the absorption properties of their superabsorbent polymers, it can be seen that the results of the swelling properties of
our polymer samples are rather typical for bio-based superabsorbent polymers.

‘Table 3. Electrolyte solution equilibrium sorption capacity (ESC)

Sample ESC in 0.9% NaCl_ [g/g]

Characteristics A B C D E

Frozen to -20°C and N n -
vacuum (107 Tr) dried dM1 34.7 34.3 29.5 28.7 254
dried in a vacuum oven dM2 21.6 205.4 19.9 184.6 12.3

Frozen to -200°C and

avacuum (107 Tr) dried dM3 348 325 299 274.5 18.6
Dried in a freeze dryer at -80°C dM4 459 432.1 409.5 3955 28.6

The material porosity and the swelling capacity are not always directly correlated with each other; however, the
microarchitecture of the porous network can play a significant role in controlling water sorption by the superabsorbent
polymer.' Increasing the number and size of the pores increases the volume of the absorbed liquid (Figure 2). It
also depends on the number of interconnections of individual channels and the shape of the pores. The maximum
degree of swelling for cross-linked hydrogels is obtained in deionized water, since increasing the ionic strength of a
solution minimizes the repulsion between functional groups by screening negative charges. The degree of swelling
is significantly reduced in presence of salts. A less porous scatfold would present a lower swelling ratio.”™' It can be
concluded that the samples prepared without the use of vacuum were compact, hard, without microporosity, while
those in which a vacuum dryer or freeze dryer was used were characterized by increased volume, lightness, “meringue”
structure and high porosity.

The adsorption process takes place on the adsorbent/adsorbate surface and the interactions between the components
are complex processes through ion exchange and chelation between ionized and non-ionized functional groups of the
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superabsorbent and positively charged metal ions.'” Before reaching equilibrium conditions, adsorption takes place
in three stages: external diffusion, intramolecular diffusion and adsorption. In order to determine the predominant
adsorption step, an intramolecular diffusion model can be used to describe the adsorption process. In kinetic studies, the
sorption of metal ions in hydrogels follows a pseudo-second order model, which indicates that chemical sorption is the
rate controlling step.”® Chemical sorption is characterized by valence forces resulting from the sharing and exchange
of electrons between the superabsorbent and metal cations. lons with a larger radius of jons generate more electrostatic
interactions with adsorbing materials because they are more electropositive and more difficult to diffuse than structures
with smaller pores."

3
HV  mode) WD pressure mags 10 N ——— HV  mode WD | pressure | mag 10 jum
10.0kV © SE (9.1 mm 126e-3Pa 10000 « | Pracownia Analiz Instrumentalnych 100KV~ SE 103 mm 1 Ge=3Pal 10000 « | Pracowma Analiz Ingrmentalnveh

Figure 2. Porosity of sample E (without crosslinking agent) and sample A {containing the smallest amount of crosslinking agent)
both dried using dM4 method

4. Conclusions

In the case of hydrogel, superabsorbent polymers post-synthetic drying is crucial for the sorption characteristics of the
material. It was shown that the best drying methods include freezing of water contained inside the polymer network and
its further sublimation. The porosity largely depends on the size of the ice crystals inside the frozen channels, so it can be
concluded that when ice sublimation occurs more rapidly at a lower freeze pressure, the internal structure of the scaffolds
is more open. During the drying step, the rate of sublimation can be influenced by two parameters: the ambient temperature
and the pressure in the chamber facilitate sublimation by controlling the thermal transfer between the frozen product and
the environment.” The higher is the pressure applied during drying, the longer is the sublimation process, which leads to
the formation of a network of smaller pores. This conclusion is in line with the results of the swelling experiments.
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Abstract: Three polymers with excellent absorption properties were synthesized by graft polymeriza-
tion: soluble starch-g-poly(acrylic acid-co-2-hydroxyethyl methacrylate), poly(viny! alcohol)/potato
starch-g-poly(acrylic acid-co-acrylamide), poly(vinyl alcohol)/potato starch-g-poly(acrylic acid-co-
acrylamide-co-2-acrylamido-2-methylpropane sulfonic acid). Ammonium persulfate and potassium
persulfate were used as initiators, while N,N'-methylenebisacrylamide was used as the crosslinking
agent. The molecular structure of potato and soluble starch grafted by synthetic polymers was
characterized by means of Fourier Transform Infrared Spectroscopy (FTIR). The morphology of the
resulting materials was studied using a scanning electron microscope (SEM). Thermal stability was
tested by thermogravimetric measurements. The absorption properties of the obtained biopolymers
were tested in deionized water, sodium chroma solutions of various concentrations and in buffer
solutions of various pH.

Keywords: semi-interpenetrating network hydrogel; biomaterial; superabsorbent polymer; hydrogel;
graft copolymerization

1. Introduction

In 1976, the United States Department of Agriculture introduced polymers with water
absorbency called superabsorbent polymers (SAPs) [1], which have found wide application
in many industries including: gardening, agriculture, cosmetics, controlled drug release,
hygiene products, and wastewater treatment [2,3]. These extraordinary polymer materials
consist of weakly cross-linked chains having hydrophilic moieties, allowing them to retain
water up to thousands of times their own weight [4]. Most of the SAPs industrially available
are produced from synthetic polymers, mostly by the copolymerization of vinyl monomers
specifically including acrylic or methacrylic acid derivatives [3]. Therefore, the market of
SAPs is dominated by petroleum-based synthetic polymers having a long decomposition
time, which inflicts a negative impact on the environment [5}].

The vast majority of SAPs produced recently are used in disposable products and
subsequently dumped in landfills or utilized by incineration; in both cases they are not
safe for ecosystems [6]. Nowadays, many people care about their own physical and
mental health, thus they become increasingly aware of environmental protection and the
diversified development of natural resources. Consequently, the industry tends to deliver
more ecological and biodegradable products in order to fulfill consumers’ expectations.
The increasing interest in the polysaccharides as an excellent renewable raw material fits
this trend. Polysaccharides have more advantages; they are cheap, nontoxic biodegradable,
and easy to modify. However, in the field of SAPs polysaccharides did not meet the
requirements in terms of absorption and mechanical properties [7]. For this reason, a lot of
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research effort had been employed both in academic and industrial institutions to solve the
problem [¢].

There has been a lot of research on the chemical modification and cross-linking of
cellulose. However, starch modification was also tested with various synthetic monomers,
e.g., acrylic acid [9-15], acrylamide [16-18], methacrylamide [19,20], acrylonitrile [21], viny]
alcohol [22], 2-acrylamido-2-methylpropanesulfonic acid [23,24], styrene [25], vinylimida-
zole [26].

Starch is a very popular source material for the production of biodegradable goods
and for years was an important subject of research [27]. It is the second most abundant
natural carbohydrate with many advantages including low price, nontoxicity, ease of
chemical modification and processability. Obtained from renewable sources such as potato,
corn, wheat and rice and capable of being processed in water-based solvents, starch is
definitely a green material considered as a potential alternative to some petroleum-based
polymers [28]. Morphologically, starch consists of nearly spherical granules of diameter
between 1 and 150 um. Chemically, it is composed of two similar polysaccharides—
amylose and amylopectinboth—built of glucose rings connected by x-glycoside bonds.
The former forms mostly linear chains composed of «-D-(1-4) glucan units. In contrast,
amylopectin is a highly branched version of x-D-(14) glucan chains linked together with
o-D-(1-6) glycosidic linkages at branch points. Starch is completely soluble in water above
130° and in alkali solutions at lower temperatures. The rapid cooling of concentrated
starch solutions results in formation of hydrogel, while slow cooling of dilute solutions
can lead to crystallization of amylose components. Long amylose chains as well as long
amylopectin branches can crystallize, adopting helical conformation with hydrophilic core
and helix twist formed of about six glucose units. Strong hydrogen bonding between
glucose OH groups from neighboring chains or chain segments prevents the polymer from
easy swelling and dissolution. Dry starch granules absorb little water, retaining their initial
crystallinity and hydrogen bonding structure. It requires significantly elevated temperature
to loosen the compact basic structure and let the solvent inside granules. Therefore, starch
gelation occurs in high temperatures when the interchain forces are weakened enough to
allow water molecules to penetrate the interchain space. As a result, nonmodified starch
cannot be used as an efficient water absorbent.

Despite the abovementioned drawbacks, starch still remains in the hot-spot of sci-
entific interest as a promising biodegradable absorbent polymer. The main reason is the
ease of the chemical modification of starch, allowing researchers to tailor its properties
according to specific needs. In the case of superabsorbents, the polymer is expected to
easily absorb high amounts of water and water-based solutions at room temperature. Other
requirements are the preservation of a shape—in other words, a polymer cannot dissolve
in the solvent releasing fluids. To change starch into such a material it is necessary to
modify its chemical structure to facilitate the penetration of the interchain space by the
water molecules. Polysaccharides are modified in this direction by grafting hydrophobic
side-chains to the carbohydrate main chain. The technique has been extensively studied in
the case of cellulose [29]; however, recently one can also find numerous studies of starch
modification [30]. Another approach employs the formation of an interpenetrating network
(IPN) of starch and nonionic or ionic hydrogel [31]. Recently semi-interpenetrating network
hydrogels (SIPNH) are often studied as a combination of both previous approaches [32].
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In the present study, we investigated the synthesis and usefulness of the modification
of starch in order to obtain a semi-interpenetrating network hydrogel utilizing graft copoly-
merization of acrylic acid (AA), 2-hydroxyethyl methacrylate (HEMA), acrylamide (AM),
and/or 2-acrylamido-2-methylpropane sulfonic acid (AMPS) for starch backbones. Addi-
tionally, we studied the effect of poly(vinyl alcohol) (PVA) addition. The polymerization of
acrylic acid [33] and acrylamide [34] leads to formation of hydrophilic chains, improving
the water absorption properties of the system [35]. Linear poly(vinyl alcohol) possesses
a flexible structure, excellent permeability of fluids, and low interfacial tension [36,37]
due to the presence of the hydroxyl pendant groups. PVA has many advantages, such as
including good swelling capacity and nontoxicity; however, it forms unstable hydrogels
because their structure is maintained by weak hydrogen bonds [38]. Nevertheless, PVA
was found to be a good additive to other, more stable hydrogels, improving their sorption
effectiveness. Typically, adding PVA to other water swollen polymers led to the formation
of IPN hydrogel.

In the present study, we have achieved the synthesis and characterization of the three
starch-based superabsorbents schematically depicted in Figure 1. The schemes presented
represent possible reaction products based on the literature. One is a crosslinked graft
copolymer of starch modified with AA and HEMA (Figure 1A). The second comonomer
was used to increase the hydrophilicity of the resulting network [20]. The other two
schemes are of SIPNH type superabsorbent materials with graft-modified starch as the
main component and PVA as a linear hydrophilic counterpart. Similar studies have already
been published but mostly in the context of the synthesis route. In our study, we have
undertaken the effort to investigate and compare three different gel systems. Although
the methods of starch modification with acrylic monomers are known in the literature, the
products usually suffer from poor sorption abilities and water retention. Addressing this
issue, we have chosen an original combination of monomers and compared three different
structural modes. For the sake of comparison, the simple and widely published starch-g-
poly(acrylic acid-co-2-hydroxyethyl methacrylate) was synthesized and subjected to similar
tests. In our study SS and PS starch were modified by the combination of the following
monomers: AA and AM (Figure 1B); AA, AM and AMPS in the second case (Figure 1C).
The AMPS was used to introduce a large number of ionizable groups -COO~ and -SO3~,
which can increase the swelling capacity [39]. The presence of different comonomers in the
polymer chain provides different hydrophobicity, leading to a pH-sensitive material [40].
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Figure 1. Schematic representation of synthesized grafted starch counterparts of superabsorbent
polymers: soluble starch-g-poly(acrylic acid-co-2-hydroxyethylmethacrylate) SS-g-P(AA-co-HEMA)
(A), potato starch-g-poly(acrylic acid-co-acrylamide) PS-g-P(AA-co-AM) (B), and poly(vinyl alco-
hol)/potato starch-g-poly(acrylic acid-co-acrylamide-co-2-acrylamido-2-methylpropane sulfonic
acid) PS-g-P(AA-co-AM-co-AMPS) (C).
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2. Experimental Methods
2.1. Materials

In the recent work we have used polymer substrates such as potato starch (PS) ACS
reagent grade (Sigma Aldrich, Poznari, Poland), soluble starch (SS) pure (Sigma Aldrich,
Poznar, Poland), and poly(vinyl alcohol) (PVA) pure (Sigma Aldrich, Poznan, Poland).
We have used acrylic acid (AA) pure (Sigma Aldrich, Poznan, Poland); 2-hydroxyethyl
methacrylate (HEMA) pure (Sigma Aldrich, Poznan, Poland), and 2-acrylamido-2-methylp-
ropane sulfonic acid (AMP5) pure (Sigma Aldrich, Poznari, Poland) as grafting monomers.
Potassium persulfate (KPS) analytical grade (Sigma Aldrich, Poznan, Poland) was used as
the reaction initiator. N,N'-methylenebisacrylamide (MBA) pure (Sigma Aldrich, Poznan,
Poland) was applied as crosslinking reagent. Besides, we have also used other auxiliary
reagents such as sodium hydroxide (NaOH) (Sigma Aldrich, Poznar, Poland); nitrogen
gas (N) technical grade; ethanol 96 vol% (Bioetanol AEG Ltd., Chelmza, Poland). All
these compounds were used as obtained. Necessary solutions were prepared using deion-
ized water.

2.2. Infrared Spectroscopy

The identification of reaction products was conducted by means of Fourier transform
infrared spectroscopy (FTIR). Dry pot material was analyzed at room temperature in hori-
zontal attenuated total reflectance (ATR) mode with a diamond crystal. FTIR spectra in the
range between 4000 and 400 cm~! were collected using a Bruker Vertex 70 V spectrometer
(Bruker Optoc GmbH, Ettlingen, Germany). For each sample for 16 scans with a resolu-
tion of 4 cm ™! was recorded and averaged using built-in machine routine. The resulting
spectra have been normalized analyzed using OPUS 7.5 software (Bruker Optoc GmbH,
Ettlingen, Germany).

2.3. Thermal Analysis

Thermal properties of materials were analyzed using a Simultaneous TGA-DTA
thermal-analyzer type SDT 2960 Simultaneous TGA-DTA from TA Instruments, Cham-
paign, IL, USA) at temperatures ranging from 20 °C to 1000 °C. For all studied samples
of ca. 2-4 mg a heating rate of 10 °C/min was applied and tests were carried out under
atmospheric air. The device was specified with a dynamic temperature precision within the
limits of +0.5 °C and a calorimetric accuracy /precision of £2% (based on metal standards).
Recorded thermograms were analyzed using TA Universal Analysis Software. The analysis
was employed to investigate a pristine polymer as well as a polymer after 10 cycles of
swelling /drying.

2.4, Scanning Electron Microscopy

Surface topography and size of superabsorbent particles were tested using a scanning
electron microscope manufactured by LEO Electron Microscopy Ltd. Cambridge, UK,
model 1430 VP. The sample was tested as dry granules (not milled) with gold coating.
The apparatus was working in SE mode under the following conditions: accelerating
voltage 10 kV, working distance about 11 mm (exact WD values are given in the figures).
The surface of the granules was analyzed at three sites. The test samples were dried
immediately before the analysis under vacuum at the temperature of 50.0 °C & 0.1 °C for
24 h. Scanning electron microscopy was used to determine the shape, size, and morphology
of superabsorbent polymers.

2.5. Preparation of Soluble Starch-G-Poly(Acrylic Acid-Co-2-Hydroxyethylmethacrylate)

We mixed 2.0149 g of soluble starch and 35 mL of deionized water in a 250 mL round
bottomed flask. The system was heated to 80 °C by the heating mantle and stirred with a
mechanical stirrer at a speed of 195 rpm for 30 min. Once the starch was gelatinized, the
flask with its contents was transferred to a water bath and a nitrogen inlet was mounted.
The temperature was adjusted to 60 °C, and then 0.092 g/mol KPS solution was added.
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After 15 min, a mixture of monomers containing 1.512 g AA and 1.514 g HEMA was added
to the continuously stirred mixture. After another 15 min crosslinker was introduced to
the mixture (0.067 g/mol MBA). The flask content was stirred for 3 h under a nitrogen
atmosphere using a mechanical stirrer at the temperature of 60 °C. Afterwards the system
was cooled to room temperature and the mixture pH was adjusted to 9.5 with solution of
NaHCO;3 0.5 g/mol and 10 wt% NaOH solution. The resulting gel was washed thoroughly
with ethanol, which was filtered off after 4 h. The product was dried in a vacuum oven
for 48 h at 50 °C. After drying, the obtained product was ground in a laboratory mill
(IKA A-10) and stored in a desiccator, away from moisture, light, and heat. The synthesis
mechanism scheme is given in Figure 2, showing subsequent stages of the process. This
mechanism is similar in all cases studied here.

1. free radical generation from initiatior
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Figure 2. Possible mechanism of the grafting/crosslinking reaction of starch, acrylate monomers and
MBA crosslinker.
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Starch

2.6. Preparation of Poly(Vinyl Alcohol)/Potato Starch-G-Poly(Acrylic Acid-Co-Acrylamide)

A three-necked round-bottom flask 250 mL was filled with 3.020 g of potato starch,
18 mL of distilled water and 0.9 mL, of 40 wt% NaOH solution. The flask was placed in
a water bath at the temperature of 40 °C under a nitrogen atmosphere and stirred with
a mechanical stirrer. When the starch was gelatinized, to the mixture was added: 10 mL
of 2.817 g/mol AM solution and 17.992 g AA neutralized with NaOH solution. After
30 min, the temperature was raised to 50 °C and 0.015 g of KPS was added as initiator and
15 min later 20 mL of PVA aqueous solution (2006 g PVA) was added. The mixture was
stirred for 30 min and a solution of crosslinking agent (0.068 g/mol MBA) was iniroduced.
Afterwards the mixture turned into a thick gel and was stirred for 4 h using a mechanical
stirrer. The obtained product was removed from the flask and cut into pieces 5 x 5 mm.
The pieces were dried for 120 h at ambient temperature, and then transferred to a vacuum
oven at 50 °C for 24 h. After drying, it was ground into small pieces in an IKA A-10 basic
laboratory mill. The mechanism of semi-interpenetrating network hydrogel formation
according to this synthesis is schematically depicted in Figure 3.

Poly(vinyl alcohol)

grafted starch / PVA
solution

R (o]
N7
. =
acrylic monomer o™ \o'
+ + =
T 2
/\|re\/e\ﬂ/\
o o
MBA starch/PVA
semi-interpenetrating
hydrogel

Figure 3. Possible mechanism of a semi-interpenetrating network hydrogel formation from crosslinked starch and linear PVA.
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2.7. Preparation of Poly(Vinyl Alcohol)/Potato Starch-G-Poly(Acrylic
Acid-Co-Acrylamide-Co-2-Acrylamido-2-Methylpropane Sulfonic Acid)

Firstly, a solution consisting of 1.0631 g PVA dissolved in 50 mL of deionized water
was poured into a three-necked, round bottomed flask. Then, 1.0764 g of potato starch,
pregelatinized in 50 mL of deionized water was added and the mixture was stirred using a
mechanical stirrer under nitrogen atmosphere at 60 °C. After about 30 min, 0.343 g/mol
KPS solution was added and during 15 min, the temperature was decreased to 40 °C. Then,
we poured 30 mL of monomer solution containing 3.339 g A, 3.600 g AM and 3.600 g
AMPS into the mixture and stirred it. Finally, a solution of crosslinker 1.503 g/mol of MBA
was added. The content of the flask was alkalinized to pH 11 using NaOH solution. The
mixture was kept for 3 h at 70 °C to complete the reaction. The product obtained was
washed with 80 vol% ethanol and dried in a vacuum oven at 50 °C for 48 h. After drying,
it was ground into small pieces in an IKA A-10 basic laboratory mill.

2.8. Swelling Characteristics

The swelling characteristics including properties such as degree of swelling (Q),
equilibrium swelling (Qeq) and swelling rate, have been determined for starch and all new
SAP materials. To determine the equilibrium swelling, expressing maximal mass of water
per 1 g of superabsorbent, about 0.1000 g of dried polymer sample was dispersed in double
distilled water to swell for 24 h. After filtration, the extracted gel was reweighed and Qeq
was calculated using following formula:

Wg — Wq

Qeq = (1

Wq

where wy and wy are the weights [g] of the dry sample and water swollen sample, respectively.
The degree of swelling was determined in the similar way but the sample was removed

from the solvent (water, NaCl soln., or buffer) at certain time dried form the excess of

surface water weighted and then returned to the solvent. The degree of swelling (also

referred to as water absorbency) was determined using following formula:

_ Wi — Wy
Wd

Q 2)
where wy is the weights [g] of the swollen sample at a given time. The pH-dependent
swelling experiments were carried out by immersing about 0.1000 g of dried superabsorbent
in solutions with a defined pH at 25 °C for 24 h. Defined pH buffer solutions were prepared
from 0.1 M HCl and 0.1 M NaOH solution (controlled by a pH meter by ChemLand, model
7011-01. Weight of swollen samples was measured after surface drying with filter paper.
We usedl wit%, 2 wt%, 4 wt% and 8 wt%. NaCl solutions were t test the ionic strength on
the samples.

2.9. Swelling Dynamics

The swelling properties of superabsorbent hydrogels, such as water absorption and
fluid retention, were studied according to common methods described in the literature [41].
The absorbency rate of the studied absorbents was measured for ground particle samples of
approximately 0.100 + 0.001 g. Dry absorbent powder was inserted into weighted teabags
and then dipped in 250 mL of distilled water. The kinetics of swelling is complex process,
which is usually described mathematically using empirical models. Description of this
process is often narrowed to investigation of initial swelling rate, i.e., when the swelling is
significantly below 60%. Initial swelling rate is determined from the formula derived from
Voigt viscoelasticity model combining a spring with dashpot. The equation allows us to
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manage a fast transition from a high initial rate toward a very slow rate near the end of the
process [12]. Using this approach, one comes to following equation:

@-au(1-en(-)

where T is so-called “rate parameter”, which in the original Voigt model is referred to as
the “retardation time” and as such determines the influence of the dashpot.

There are a number of factors that may influence the swelling characteristics and
kinetics in particular. Among the most notable are pH, temperature, solvent properties,
and structural parameters of polymer network. In this work we have found that the Q; = f(t)
plot can be described using simple power law equation in the following form:

Q = A exp(—b-t-%) @)

where A and b are empirical coefficients. However, detailed analysis revealed that these
parameters could be given specific phenomenological explanation. Thus, A is an estimate
of the equilibrium swelling (Qeq) while b corresponds with the diffusion rate of the solvent
in polymer interchain spaces. The model accuracy is expressed by R? and Fit Standard
Error (FSE) provided in tables together with equation coefficients.

3. Results and Discussion
3.1. Analysis of the Synthesis Mechanism

Various types of monomers, such as AA, AM, AMPS, and HEMA, have been used
in a homogeneous medium to graft starch backbone. The reaction was initiated by KPS
and the graft chains were crosslinked using MBA. The reaction mechanism is visualized
in Figures 2 and 3, indicating the most important reaction stages and the phenomenology
of the IPN formation. Initially, the thermal dissociation of KPS results in the formation of
sulfate radical anion, which is assumed to extract the hydrogen atom from the hydroxyl
group of starch’s glucose unit at position two or three, which forms a radical. The monomer
molecules close to the macroradical sites scavenge the unpaired electron attaching to
polysaccharide backbone. This mechanism of initiation is fundamentally different from the
oxidative radical initiation by Ce** ions, which form radical sites by the cleavage of the
C2-C3 bond of the glucose unit. The influence of initiation on the structure and properties
of the resulting hydrogel was discussed in our previous paper [12]. Since the monomer
attached to glucose unit has a radical site it starts the chain growth process according to
propagation reaction of chain polymerization. The monomers employed in the graft chain’s
formation possess ionophore groups, thus, the resulting network is rich in hydrophilic,
ionizable groups such as anionic -COO~, -SO5~, and cationic—*NH;-improving aqueous
liquids” absorption. The use of inert monomers (acrylamide, 2-hydroxyethyl methacrylate)
may facilitate the control of swelling, and sensitivity to pH of the environment. The
system PVA /P5-g-P(AA-co-AM) is formed by partially interpenetrating polymer networks
schematically depicted in Figure 3. The linear PVA polymer chains penetrate the 3D
network of amylase and amylopectin, which undergo grafting. Grafted and crosslinked
starch introduce chemically crosslinked polymer network that is additionally physically
crosslinked by hydrogen bonding with PVA. This kind of interaction between the chains
improves the stability of the hydrogel in a highly swollen state. On the other hand, the
presence of PVA increases the swelling capacity of the system.

3.2. FTIR Analysis

The superabsorbent polymers obtained during this study are based on starch and
acrylic acid, to which additional monomers have been added (AM, HEMA, AMPS). The
authors analyzed the FTIR spectra of the products and main reagents (collected in Figure 4)
based on the recent literature data and IR spectra interpretation handbooks [42]. From the
obtained results one can notice that there are no noticeable differences between potato starch
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(PS) and soluble starch (SS), which was already discussed in the literature [12]. Both kinds of
starch have spectra that show the same characteristic peaks and similar signal patterns. The
peaks at 3300 and 2900 cm ™! are due to OH bonds and CH, deformation, respectively [43].
The peaks at 1650 cm~! can be assigned to flexing vibrations of water molecules absorbed
in the amorphous regions of starch. The wavelength for about 1410 cm™! is characteristic
for the bending vibrations of C-H bonds in methy] groups, while the band about 1140 cm ™!
indicates the presence of glycosidic C-O-C bonds. The peaks at about 1070 cm™! and
1000 cm™! can be assigned to starch crystalline and amorphous regions, respectively. The
binding at about 930 cm~! was attributed to the skeletal oscillation of the & 14 backbone
linkages. The peak found at 760 cm~! was assigned to the stretching of C-C bonds and
the one at about 570 cm ™! was assigned to the skeletal vibration of the pyranose ring. All
spectra with designated characteristic peaks are present in the Supplementary Materials.
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Figure 4. FTIR spectra of AMPS, PVA, AA, MBA KPS, PS, AM, PVA /PS-g-P(AA-co-AM-co-AMPS),
PVA /PS-g-P(AA-co-AM) and S5-g-P(AA-co-HEMA).
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The spectrum of the superabsorbent network SS-g-P(AA-co-HEMA) shows a char-
acteristic peak of carboxyl group at 1713 cm ! for the carboxylic group from acrylic acid
and the ester group derived from 2-hydroxyethyl methacrylate [44]. The band in question
results from the disappearance of the sharp peak at 1635-1633 cm~! and 818-815 cm ™!
(Supplementary fields, Figures S2, 510 and S12), which correspond to the bending vibration
of the C=C and C-H bonds in the vinyl group of the monomer [20,45]. The bands found at
wavelengths 1417 and 760 cm ™, correspond with the bending and rocking modes of CH,,
respectively. These bands are characteristic of acrylic polymers and confirm the successful
formation of polyacrylane carbon backbone. The MBA cross-linker in the FTIR spectrum
shows the signals characteristic for N-H groups at the wavelength of 3365 cm™!, the peak
at the wavelength of 1654 cm~! shows the C=O group, and the peak at 1338 cm~! confirms
the presence of the C=C groups.

The superabsorbent polymer abbreviated as PVA/PS-g-P(AA-co-AM) consists of
polycarbonate backbone and grafts containing combination of two mers—AA and AM-
crosslinked by MBA and from additional free PVA chains penetrating the acryl-starch
network. The Oraw spectra of this system are included in the Supplementary Materials
(Figures S52-54, S6, S7 and S9). Figure 4 presents the spectra with the important bands
idicated, where a broad band at 3309 cm ™! and it is attributed to the presence of a hydroxyl
group that is hydrogen bonded to various degrees. The band at about 2927 em™! can
be attributed to the variety of -CH, stretching vibrations. The bands at the wavelengths
1683 and 1419 cm™! indicate carboxyl groups. The peaks appearing at 1237 cm™! in the
spectrum can be attributed to the presence of the C-O-C moieties. The band at 1031 em™!
can be assigned to a C-O stretching vibration [46]. The spectrum of the superabsorbent
polymer shows the absorption peaks characteristic both of starch and of graft copolymer-
ized acrylic acid and acrylamide. The peak at 1134 cm™! for poly(vinyl alcohol) attributed
to crystalline parts of the polymeric chains was shifted to a lower wavenumber [47]. This
shift indicated the formation of hydrogen bonds between poly(vinyl alcohol), and hydro-
gen bond acceptors in moieties derived from acrylic acid and acrylamide. The C-O-C
bond vibration absorption peak at 1147 cm~! wavelength in starch was significantly re-
duced due to cross-linking [30]. The spectra presented confirmed the cross-linking of the
PVA/SS-g-P(AA-co-AM) polymer.

In the spectrum of PVA /PS-g-P(A A-co-AM-co-AMPS) system peaks corresponding
with characteristic groups present in the monomers are observed on polymer spectra
with varied intensity, which confirm the incorporation of these monomers in the poly-
mer network. The NHj stretching band can be found at 3541-3221 cm~!. The band at
1652 cm™! can be attributed to C=0 stretching mode, bands at 1539 cm~!, and 1444 cm™!
are characteristic for NH, groups. Antisymmetric vibrations of 5~O bonds in 5O, group
can be found at 1294 cm~! and are accompanied by a band at 1031 cm~! corresponding
to symmetrical vibration for SO, group [40]. The characteristic absorption bands of the
sulfonate group at 1156, 1031 and 612 cm~! can be observed in more details on spectra
included in the Supplementary Materials (Figures 51-54). In the spectra in Figure 4 also
show the characteristic bands for aliphatic methylene moieties: 2932, 1539, 1414 cm ™!
corresponding with the asymmetric stretching, asymmetric deformation and symmetrical
deformation modes [48]. The presence of these characteristic bands confirms the graft
copolymerization of AA, AM and AMPS to starch backbone.

3.3. Scanning Electron Microscope

Scanning electron microscopy (SEM) was used to study the morphology of the syn-
thesized samples. Photos a, d, g in Figure 5 show PVA /PS-g-P(AA-co-AM-co-AMPS) at a
magnification of 150, 1000 x, 15,000 x, respectively. The recorded samples show dense
irregular granules with few cracks typical for polymers comminuted in a grinder. The pho-
tos show altered surface morphology compared to the samples of raw starch (smooth, oval
pots) [12]. This proves that grafting polymerization significantly alters starch morphology.
It is worth noting that most of the superabsorbent polymers reported in the literature have
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pores and spherical cracks, while our samples show linear cracks in seemingly compact
grains. This suggests that the obtained systems are micro- and mesoporous. This kind
of superabsorbent polymer is more mechanically stable than those having an extensive
microporous structure. Microporous SAPs can be used in those industries where high
mechanical strength is required. A good application could be agriculture, where polymers
are placed deep into the soil and should withstand the associated pressure [49].

Figure 5. SEM images at 150 x magnification of substances: (a) PVA/PS-g-P(AA-co-AM-co-AMPS), (b) PVA/PS-g-P(AA-co-
AM), (c) SS-g-P(AA-co-HEMA), 1000 x magnification of substances (d) PVA/PS-g-P(AA-co-AM-co-AMPS), (e) PVA/PS-
g-P(AA-co-AM), (f) SS-g-P(AA-co-HEMA), 50,000 x magnification of substances (g) PVA /PS-g-P(AA-co-AM-co-AMPS),
(h) PVA /PS-g-P(AA-co-AM), (i) SS-g-P(AA-co-HEMA).

In the case of the PVA/PS-g-P(AA-co-AM) sample (photos b, e, h in Figure 5, enlarged
by 150x, 1000, 15,000 x respectively), irregular, tightly bound granules have a porous sur-
face with interconnected pores, which can guarantee excellent liquid absorption properties.
The pores are culite-shaped with long channels extending into the sample. Presumably, the
lattice is more flexible, which allows the liquid to expand more into a larger pore volume.
The elongated pores indicate the direction of gas escape during foaming.

The three-dimensional network in the case of the polymer 55-g-P(AA-co-HEMA),
shown in Figure 5¢,f,i at a magnification of 150x, 1000, 15,000 %, respectively, is char-
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acterized by the most porous structure. The surface of the superabsorbent polymer is
rough with numerous folds and micrograined aggregates. This polymer system, in contrast
to that previously discussed, is not a SIPN kind of superabsorbent. The superabsorbent
polymer obtained by the modification of starch with AA and HEMA monomers has a
very rough structure with microscale interstitial spaces and numerous warts. The surface
of the polymer shaped in this way helps to increase the size of the channels, folds and
spherical pores, which will facilitate the diffusion and absorption of liquids and increase the
speed of moisture penetration into the network, which will consequently ensure excellent
swelling properties. All the images shown in Figure 5 are available in their original size in
Supplementary Material Figures 538-546.

By adjusting several factors, pores of a certain size can be produced, including porosity,
type and amount of surfactant, amount of solvent, type and amount of inert gas. In the
case of superabsorbent polymers, the size and number of pores play a key role in the
water absorption and sorption capacity and the rate of liquid absorption by reducing the
transport resistance [50]. Three methods are used to create a porous structure: water-
soluble porogens [51], foaming [52] and phase separation [53]. In this article, the pores
formed are the result of heating in a vacuum.

3.4. Thermogravimetric Analysis

Thermal stability is one of the basic features of hygienic materials. This is important
not only during use or storage, but also when materials come into contact with the human
body. This makes sense especially when a new component with different thermal properties
is added to enhance an already used material. Thermogravimetric analysis is the most
commonly used technique to study thermal stability. In our work, it was applied to analyze
the influence of the chemical composition of the grafts attached to starch on the thermal
stability of the starch-based superabsorbent polymers. Thermogravimetric analysis of the
superabsorbent polymers and their starting components was performed to assess their
degradation profile and thermal stability (Tables 1 and 2 and Figure ¢). In Figure 6B-D
are shown juxtapositions of the TG plots obtained for pristine material and material after
10 swelling/drying cycles. The presented plots indicate that periodic swelling and drying
does not influence thermal stability of the synthesized materials. This aspect is important
in the context of their future application as component of hygienic materials, which may
be subjected to high temperature treatment (e.g., during sterilization). The components
of the individual superabsorbent polymers were also tested for comparative purposes
on the basis of the initial decomposition temperature, the percentage of weight loss at
various stages of decomposition, and the percentage of residual mass at the maximum
decomposition temperature.

Table 1. The mass loss results derived from thermogravimetric analysis (TGA).

TGA TGA TGA
Sample Code (5 wt% Loss) (10 wt% Loss) (50 wt% Loss)
() (&) O
S5 59.2 105.4 355.9
PS 70.6 280.2 315.8
KPS 295.5 472.7 —
MBA 198.5 210.7 250.2
AMPS 190.5 193.1 243.6
PVA 251.2 260.2 2974
AM 107.4 119.6 282.1
PVA/PS-g-P(AA-co-AM-co-AMPS) 198.4 2420 377.9
SS-g-P(AA-co-HEMA) 105.6 226.7 387.2

PVA /PS-g-P(AA-co-AM) 141.3 223.6 386.0
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Table 2. TG data for monomers and superabsorbent polymers.

Temperature of the First Sharp Decomposition Maximum Maximum
Sample Code Thermal Event after Temperature in the Second Decomposition Weight Loss
Water Evaporation (°C) Decomposition Stage (°C) Temperature (°C) (%)
SS 229.5 361.8 229.5 78
PS 313.9 - 3139 55
KPS 237.5 294.3 2943 95
MBA 187.8 239.3 239.3 62
AMPS 194.0 2259 193.4 89
PVA 268.6 431.1 2689 80
AM 152.2 2437 152.2 68
PVA /PS-g-P(AA-co-AM-
co-AMPS) 1359 235.6 3794 49
SS-g-P(AA-co-HEMA) 289.5 3722 3722 55
PVA/PS-g-P(AA-co-AM) 2132 2419 356.9 60
1009 o 100 4
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Figure 6. TG curves of studied substances superabsorbent polymers SS-g-P(AA-co-HEMA), PVA /PS-
g-P(AA-co-AM-co-AMPS), PVA /PS-g-P(AA-co-AM) and selected starting compounds soluble starch,
potato starch, AMPS and PVA (A). Comparison of polymer TG curves before swelling and after
10 swelling/drying cycles for SS-g-P(AA-co-HEMA) (B), PVA /PS-g-P(AA-co-AM) (C) and PVA/PS-
g-P(AA-co-AM-co-AMPS) (D).

Soluble starch (SS) showed a characteristic three-stage thermogram (Supplementary
material, Figure 535), where the main weight loss (78%) occurred in the second stage. On
the other hand, the potato starch (PS) shows the maximum decomposition temperature at
the second stage, about 313.9 °C. However, the third stage of degradation for the SS was
relatively slow; the degradation was almost complete at 361.8 °C.
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Thermogravimetric analysis of SS5-g-P(AA-co-HEMA) (Figure ¢A, Tables 1 and 2)
reveals that the weight loss occurs in five steps. The first stage in the temperature ranges
from 45 °C to 190 °C and corresponds with 3% weight loss, which can be explained by a
loss of adsorbed remains of residual water and water bound physically (hydrogen bonds).
The next stage shows loss of 21.88% of the weight and span from about 200 °C to 330 °C.
This stage can be attributed to the breaking of C—O-C bonds in the starch main chain
and dehydration of saccharide rings [54,55]. The third and fourth steps ranging from
335 °C to 520 °C characterize the terminal degradation of the various structure of the
graft branches composed of the carboxyl groups and the acrylic chains of poly(acrylic
acid) and 2-hydroxyethylmethacrylate [45,55]. The appearance of these steps indicates
successful modification of the structure of the soluble starch chains, due to the grafting of
the AA and HEMA chains [56]. The resulting polymer showed less weight loss than pure
starch (Table 2). This means that starch grafting increases the thermal stability of the starch
cross-linked products to some extent.

The degradation of PVA /PS-g-P(AA-co-AM-co-AMPS) has five steps (Figure 6B and
Supplementary material, Figure $35). The first decomposition step represents a water
evaporation process with a weight loss of 3 wt% ranges from 35 °C to 180 °C. The next
phase shows a weight loss of 9 wt% and occurs in temperature range from 190 to 245 °C.
This stage is characterized by dehydration of the saccharide rings and breaking the C-O-C
bonds in the starch chain [54]. The third stage with a weight loss of 25 wt% was found
in the temperature range from 250 °C to 330 °C and may be caused by the oxidation of
PVA vinyl backbone to CO, and might be acceptable evidence for the decomposition
of PVA [57]. The next step with the greatest weight loss of 51 wt% at 379.4 °C can be
attributed to thermal degradation of acrylic graft branches and the removal of the water
molecule from adjacent carboxyl groups. This process results in the breaking of the grafted
chains and the formation of an anhydride accompanying the destruction of the cross-linked
polymer structure [58]. The fifth step occurring at 810.7 °C with a weight loss 78 wt% may
be the result of the removal of the SO, molecule from AMPS counterparts of the outer
chain attached to the polymer network [6].

The thermal properties of the PVA /PS-g-P(A A-co-AM) superabsorbent were shown in
Figure 6C and assessed by means thermogravimetric analysis (TGA/DTA). The hydrogel
thermogram shows the greatest number of decomposition steps, as many as ten. A weight
loss of 5 wt% is attributed to the evaporation of absorbed and bound water (Table 1). The
degradation of the polymer in the first five steps showed an approximate weight loss of
16 wt% over the temperature range from about 30 °C to 280 °C, which can be attributed to
the dehydration and breakdown of the starch particles [59]. The next steps correspond to
the degradation of the starch polymer chain, observed in the range of 290 °C-500 °C with a
total weight loss of about 66 wt%. A decay above 500 °C giving 80 wt% weight loss can
be attributed to the degradation of the polymer chains and acrylate cross-linked strains,
showing that the thermal stability of the starch copolymers is higher than that of the native
starch [12]. The addition of synthetic monomers to the starch improves its thermal stability.
This may be attributed to the generation of the new chemical bonds [55].

On the basis of the discussed TGA thermograms, it was found that the temperature
at which 5 and 10 wt% weight loss (Table 1) occurred increased for the obtained super-
absorbent polymers as compared to the data for individual monomers. These results
show that the thermal stability of the superabsorbent composites, at this point, was lower
compared to the single monomers. In the case of 50 wt%, the decomposition temperatures
for the superabsorbent polymers are much higher than for the reference materials, which
proves a better thermal stability of the samples obtained. This improvement in the thermal
stability of the polymers can be attributed to the marked interaction between the monomers
concerned and the polymer matrix.

The thermal stability of the superabsorbent polymers can be determined from the
initial decomposition temperature (Tonset) given in Table 2. All the polymers obtained show
a lower Tonget compared to the starting monomers. The results of the TG show that there



Int. ]. Mol. Sci. 2021,

22,4325

16 of 24

100

20 4

was an increase in the thermal stability of the materials obtained, which confirms the cross-
linking of the chains. All the results for the superabsorbent polymers in Table 2 confirm
that the obtained materials show better thermal stability than the reference materials, which
may increase the use of the resulting products.

3.5. Swelling Properties of Superabsorbent Polymers
3.5.1. Analysis of Water Absorbency

Superabsorbent polymers used in hygiene products, and especially in disposable
diapers, must be characterized by high water retention capacity and high water reten-
tion [60,61]. These properties increase when the material has the ability to draw water into
the polymer matrix, which means a porous structure with many fractures, capillaries and
space for the absorbed fluid. To investigate the effect of structural variability on the water
absorption efficiency of the produced hydrogels, the amount of water absorbed at equilib-
rium was studied. The equilibrium swelling Qeq (g/g) of hydrogel was measured based
on the temporal evolution of swelling degree Q; (g/g) deionized water (pH = 6.9 & 0.1) at
25 °C. Based on the plot Q; = f(t) (Figure 7) the mathematical model described by Equation
(4) was fitted by means of the least squares technique and the value of retardation time
(t) was calculated using the transformed form of Equation (3). A similar procedure was
applied to interpret the swelling data in other media. The results of the analysis are shown
in Table 3.
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Figure 7. Water absorbency plot of studied polymers in water (A) and in different NaCl solutions plotted separately for
each polymer: §5-g-P(AA-co-HEMA) (B), PVA /PS-g-P(AA-co-AM) (C) and PVA /PS-g-P(A A-co-AM-co-AMPS) (D).



Int. J. Mol. Sci, 2021, 22, 4325

17 of 24

Table 3. The collection of the results of fitting the experimental data to Equation (4) and values of
parameter T calculated from Equation (3).

. A b T Q
Solut R2 FStdE F eq
R - I ) SR [s] [g/g]
S$S-g-P(AA-co-HEMA)

Water 15886 2358 0.965 486 4995 1000.0 97.60
N;tc/l L 1515 7.16 0.999 084 132131 2083 93.30

0
N‘zg/loz 112.66 7.95 0.992 192 2400.7 2222 90.11
N;S/lf 96.19 7.69 0.988 2.00 1614.1 27.3 76.07
N‘f‘f/l 8 9139 8.20 0.984 221 1181.3 243.9 7311

PVA/PS-g-P(AA-co-AM) o
Water 99.78 33.78 0.970 257 842.1 588.2 50.30
N;f/l b 6136 7.78 0.990 1.20 1866.1 153.9 475
ijf/] 2 o7 11.79 0.994 0.89 3071.1 196.1 4248
ijf/l L gy 11.98 0.993 0.73 2770.8 208.3 32.04
N;SLS 30.33 16.07 0.983 0.70 11285 227.3 17.99
PVA/PS-g-P(AA-co-AM-co-AMPS)

Water  107.23 18.17 0.973 3.03 756.3 3333 69.60
N;S/lol 92.00 1150 0.99 0.93 34327 2381 64.96
N;tc/l 2 815 11.52 0.999 152 16655 2499 60.67
Nvf‘,tco/lo’* 79.13 1154 0.984 176 11454 256.4 56.34
N;f/l 8 27 11.73 0.999 1.10 1579.6 277.9 53.17

(1]

Qeq—is experimentally estimated equilibrium swelling.

The water absorption characteristics of all superabsorbent polymers with different
monomer content are shown in Figure 7A. Based on the collected data, it can be observed
that the water absorption increases with the immersion time of all samples. The water
absorption curves increase quickly during the first few minutes then equilibrate over
time and the line flattens out. This type of plot is characteristic for swelling dynamics
and indicates a fast uptake of water at the start of the dive, then slowing down near
the saturation.

Based on the graph, we can observe that the highest uptake rate and Qeq are in case
of SS-g-P(AA-co-HEMA). This polymer consists of chemically crosslinked graft modified
starch without physically interpenetrating additive. The other two polymers have a
structure of interpenetrating network of modified starch and PVA. The latter occupies free
spaces in a crosslinked starch-acrylane network preventing the system from reaching a
high degree of crosslinking. Theoretically, when the crosslinking degree is lower, the water
absorbance is higher. In our case, the SAPs composed of interpenetrating networks show
significantly lower Qeq as well as swelling rate at initial stage. This could be explained
assuming that the physical interactions between grafted starch chains and PVA are so
strong that they prevent easy water uptake.

Comparing the obtained results of the equilibrium swelling for potato starch (Qeq = 0.25
[g/g]) and soluble starch (Qeq = 0.90 [g/g]) with the results obtained for the resulting su-
perabsorbent polymers, it can be concluded that, as expected, the starch samples do not
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swell at room temperature and do not retain deionized water. The native starch is insoluble
in cold water and most organic solvents, which is especially related to the presence of an
insoluble or sparingly soluble amylose fraction (one of which is water). Swelling is an
exothermic process during which water molecules are absorbed into the amorphous zone
where they are hydrogen bonded to free hydroxyl groups of glucose units in the polymer
chains. However, if the aqueous starch suspension is heated above a certain temperature,
the starch grains swell spherically and become amorphous. The above thermal transfor-
mation is called starch gelatinization and the temperature of this transition is called the
gelatinization temperature.

In our previous research it has been confirmed that starch-based superabsorbent
polymers can be modified using acrylic acid and this strengthens polymer networks [12].
One can assume that the deionized water absorption mechanism in recent materials is
similar to the one described previously. Starch’s glucose units contain three hydroxyl
groups capable of interacting with water molecules, but are also susceptible to hydrogen
bond formation. The second property is responsible for the denser dry state of the polymer
but it can also slow down the water absorption process. The graft chains play two important
roles in these polymers. Firstly, they substantially increase the interchain distances between
amylose and amylopectin chains. The importance of this effect is vital because densely
packed polysaccharide chains form strong interchain interactions preventing the system
from swelling. Increasing interchain distances facilitates the migration of the solvent
through the material. The second aspect concerns the presence of a large number of
hydrophilic functional groups, i.e., -COOH, -NH;, ~SO3H, -CO(NH;)-. These groups
have to be solvated. The ion solvation process requires a large amount of water inside
polymer network. Moreover, since some of these ions are fixed to the polymer network,
they cannot leave the polymer through leaking. These ions need to be accompanied by
relevant counter ions with their solvation spheres. Summing up, ions produced through
this dissociation result in an increase in water absorption [62]. Increasing the cross-link
density can limit the molecular movement of the SAP chains, which limits the penetration
of liquids into the polymer system and thus reduces the deionized water absorption
capacity [63].

Figure 7A shows the swelling kinetics of all analyzed superabsorbent polymers in
deionized water. The amount of water absorbed by each polymer increased gradually over
time until the maximum value was obtained. The swelling increased over time, but after
some time it reached its maximum value. This stage is known as equilibrium swelling.
Upon contact of the sample with deionized water, the sample swells due to the solvation of
ionic groups and hydroxyl groups at the polymer chain. When the hydrogel sample comes
into contact with water, the water diffuses into pre-existing or dynamically formed spaces
between macromolecular chains and interacts with specific parts of polymer network
increasing interchain distances. The water diffusion mechanism in the hydrogel system is
significant because it controls the rate of water transfer from environment to superabsorbent
where it can be adsorbed. It is important in the hygienic industry, agriculture, biomedicine
and environmental protection.

The results obtained for the rate parameter for the analyzed superabsorbent poly-
mers show that deionized water absorption rate decrease in series PVA /PS-g-P(AA-co-
AM-co-AMPS) (333.33 s), PVA /PS-g-P(AA-co-AM) (544.28 s), and 55-g-P(AA-co-HEMA)
(1000.00 s). The data indicate univocally that semi-interpenetrating network hydrogels
formed by incorporation of PVA chains to the system reach the saturation level of swelling
faster than that composed only of graft modified starch [64]. The swelling kinetics are
complicated due to the number of variables that need to be considered. A few of the most
important to mention include the complex three-dimensional structure of the polymer
network, the specific interaction between the ionophore groups and both the polymer
pendant groups and the swelling medium modules, and the conformational freedom of
the polymer chains [65]. In deionized water, polymer-water interactions predominate over
polymer—polymer interactions, which allows for the swelling. However, the formation of
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polymer water adducts usually requires the breaking down of the initial polymer-polymer
adducts. This process has a significant influence on swelling kinetics.

3.5.2. Effect of Various pH Solutions on Swelling Behaviors

An important issue in the swelling of superabsorbent polymers is their sensitivity to
the ionic strength and pH. This comes from a large number of ionogenic groups present in
the acrylic graft chains. The carboxylic group at low pH are associated and their degree of
dissociation increases with pH. Dissociated ionophere groups attract more water to create
solvation spheres, stabilizing the ion charge. This process strongly influences water uptake.
Another important aspect is related to ions’ interchange between the gel polymer matrix
and the surrounding medium, which is closely related to the ionic strength of the latter.
In the study, the pH of the solvent was controlled with a pH meter by ChemLand, model
7011-01, with conductivity electrode and adjusted with 0.1 M NaOH and HCl solutions.
All three samples of polymers swelling showed a clear sensitivity to a change in pH, which
is demonstrated on Figure 8B.
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Figure 8. Dependence of hydrogels swelling on ionic strength (A) and pH (B).

Based on the obtained results, presented in Figure 8A,B, we can observe the increasing
equilibrium swelling with higher pH. Moreover, it is evident that at lower pH (below 7) the
influence is weak, while in the alkalic region Qeq steeply raises. This can easily be attributed
to influence of pH on the dissociation of ionic groups. When the pKa for a given ionic group
is higher than the pH of the solution, the group is associated and does not contribute largely
in the water uptake process [40]. In all the polymers the carboxylic group are present in
large amounts and their attribution is significant at higher pH. However, there are also
-SO3H groups present in AMPS counterparts of PVA /PS-g-P(AA-co-AM-co-AMPS) and
they are responsible for higher water absorption compared to PVA /PS-g-P(AA-co-AM).
Additionally, the acidic environment causes the stiffening of the polymer chains and as a
result, of the protonation of sulfonic and carboxylic anions and the formation of hydrogen
bonds between carboxylic carbonyl oxygen and the amide group of the acrylamide moieties,
which causes the superabsorbent to contract. The anion-anion interaction (repulsion)
increased the absorption properties (increased space between the chains) and the degree
of ionization of the -COOH and -SO3;H groups with the increase in the acidity of the
solution [66]. The increase in anion density itself improves the absorption properties of the
material, which results in an increase in the hydrophilicity of the superabsorbent polymers,
facilitating the diffusion of the solution into the molecule [67].
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3.5.3. Effects of Saline Solutions on Swelling Behaviors

When developing materials for potential applications in hygienic products, the ab-
sorption of different concentrations of salt solutions is a very important parameter. In this
section the superabsorbent polymers’ absorbency of NaClaq solutions of 1 wt%, 2 wt%,
4 wt% and 8 wt% were analyzed. The properties of the external solution, such as charge
valence and salt solution concentration, have a great influence on the swelling of super-
absorbent polymers [68]. Figure 8A,B show the results of the liquid absorption and it can
be seen that the equilibrium absorption of the salt by the superabsorbent polymers in the
NaCl,g solution clearly decreases with increasing concentration. The shrinkage of the prod-
ucts is largely due to the fact that with an increase in the concentration of the external salt
solution, the difference in osmotic pressures decreases, and the influence of the penetrating
Na* counterions on the anionic groups (COO~, SO3 ™) weakens the anion-anion repulsion
between the carboxylate groups, thus reducing the swelling capacity [69]. The highest
absorption values of the NaCl,4 solution were recorded for SS-g-P(AA-co-HEMA) reaching
Qeq of 93.3 (see Table 3) in 1 wt% NaCl,q solution. For all three polymers the sorption of
the NaCl,q solution is lower than the sorption of pure water, and it decreases with the salt
concentration. This is clearly seen from the graphs in Figure 7B-D, where the swelling
dynamics is plotted for each polymer in every NaCl concentration. Additionally, in Table
the numerical parameters of the swelling curves and the experimental estimation of Qeq
are shown.

The research confirms the conclusion that all monovalent cationic forms with the same
concentrations have a similar effect on the acrylate-based SAP capacity. The absorption
capacity decreased several times (three to four times less) in the presence of salt ions
compared to the absorption in deionized water. As already mentioned, the decrease in
absorbency could result from a decrease in the osmotic pressure difference (ionic pressure)
between the polymeric gel and the external solution, as the concentration of mobile ions
between the gel and the aqueous phase decreases [70].

In order to investigate the effect of NaCl concentration on the swelling kinetics of the
superabsorbent polymers in question, the increase in adsorbed mass over time was mea-
sured, and the swelling kinetics of the samples were plotted in Figure 7. As with deionized
water, there was a sharp increase in sample swelling in the initial few minutes, and over
time the line flattened approaching the equilibrium value. The superabsorbent polymers
show sensitivity to NaCl solution concentration, due to the ionic strength influence on the
dissociation equilibrium of both the deprotonable -COOH and protonable -NH; groups.
The influence of ionic strength on the equilibrium swelling is shown in Figure SA. The
presented points correspond to the experimental value, while the lines show only a general
trend and do not reflect any reasonable theoretical model. The general trend is the same
for all studied absorbents, i.e., the absorbency decreases with the increase in the solution’s
ionic strength. The highest Qeq values were found for polymer without additive of inter-
penetrating PVA (S5-g-P(AA-co-HEMA)). In the case of polymers with additional PVA,
the system PVA /PS-g-P(A A-co-AM-co-AMPS) shows better swelling parameters due to
presence of -SO3H groups.

4. Conclusions

Every day, research is carried out in many research centers to create a biodegradable
superabsorbent that will meet the requirements of laws, regulations, and the demands of
producers as well as consumers for disposable hygiene products. The biggest challenge
is to obtain the products’ excellent absorption properties, which is not easy when they
must also be biodegradable. The presented research is part of a large project whose main
goal is to obtain a disposable hygiene product to reduce the amount of plastics ending up
in landfill.

By grafting polymerization, two superabsorbent polymers were synthesized based
on starch: SS-g-P(AA-co-HEMA), and starch + PVA interpenetrating polymer networks:
PVA/PS-g-P(AA-co-AM-co-AMPS), PVA /PS-g-P(AA-co-AM). The polymers were grafted
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using a set of acrylic monomers such as acrylic acid (AA), 2-hydroxyethylmethacrylate
(HEMA), poly(vinyl alcohol) (PVA), acrylamide (AM), and 2-acrylamido-2-methylpropane
sulfonic acid (AMPS). The reactions were initiated with potassium persulfate and N,N’-
methylenebisacrylamide was used as a crosslinker. Fourier Transform Infrared Spec-
troscopy (FTIR) and thermogarvimetric analysis (TA) confirmed the formation of the
expected products and the cross-linking of chains. The examination of the morphology
of the separated polymer grains using the scanning electron microscope (SEM) method
confirmed that the obtained materials had a porous structure, which had a decisive influ-
ence on the absorption properties of individual polymers. SS-g-P(AA-co-HEMA) showed
the greatest number of channels, spaces between layers and pores. Their positive impact
on water uptake was confirmed by the results of swelling for deionized water. The pH
has a significant influence on the swelling capacity; the more alkaline the environment,
the higher the liquid absorption rate for all superabsorbent polymers tested. The highest
value of Qeq at pH 9.5 was found for the sample PVA /PS-g-P(AA-co-AM-co-AMPS) due
to presence of sulfonic groups. The swelling capacity of the materials decreased with
the increasing concentration of the Na®* ions. It can be assumed that the ionic repulsion
between the charged groups incorporated into the gel matrix by external pH modulation is
the main driving force responsible for the observed swelling characteristics. Analyzing
the deionized water absorption rate parameter, the following series of absorbency was
established: SS-g-P(AA-co-HEMA) > PVA/PS-g-P(A A-co-AM-co-AMPS) > PVA/PS-g-
P(AA-co-AM), and the same absorbency decrease series was preserved in the salt solutions.
Efforts to improve the swelling profile of superabsorbent polymers are still underway and
we hope that the overall performance in terms of water absorption capacity and aqueous
solutions will be improved by the further modification of similar hydrogel systems.
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Abstract: Due to the growing demand for sustainable hygiene products (that will exhibit biodegrad-
ability and compostability properties), the challenge of developing a superabsorbent polymer that
absorbs significant amounts of liquid has been raised so that it can be used in the hygiene sector in the
future. The work covers the study of the swelling and dehydration kinetics of hydrogels formed by
grafting polymerization of carboxymethyl starch (CMS) and chitosan (Ch). Vanillin (Van) was used
as the crosslinking agent. The swelling and dehydration kinetics of the polymers were measured in
various solutes including deionized water buffers with pH from 1 to 12 and in aqueous solutions of
sodium chloride at 298 and 311 K. The surface morphology and texture properties of the analyzed
hydrogels were observed by scanning electron microscopy (SEM). The influence of this structure
on swelling and dehydration is discussed. Fourier transform infrared (FTIR) analyses confirmed
the interaction between the carboxymethyl starch carbonyl groups and the chitosan amino groups
in the resulting hydrogels. Additionally, spectroscopic analyses confirmed the formation of acetal
crosslink bridges including vanillin molecules. The chemical dynamics studies revealed that new
hydrogel dehydration kinetics strongly depend on the vanillin content. The main significance of
the study concerns the positive results of the survey for the new superabsorbent polymer material,
coupling high fluid absorbance with biodegradability. The studies on biodegradability indicated that
resulting materials show good environmental degradability characteristics and can be considered
true biodegradable superabsorbent polymers.

Keywords: carboxymethyl starch; chitosan; biodegradation; hydrogel; superabsorbent polymer;
polysaccharide; biomaterial

1. Introduction

Superabsorbent polymers (SAPs) found their large-scale industrial application in the
mid-1970s as an active additive to the absorbent core of hygiene products. Since then,
the development of the hygiene products industry was coupled with the evolution of
superabsorbent materials. The term superabsorbent is attributed to substances capable of
absorbing fluids in amounts exceeding 100 times their dry mass [1]. The ability to absorb
large amounts of liquid and bind it inside the polymer network is a common feature of
most polymeric hydrogels, making these polymers an obvious source of SAP candidates.
The most efficient SAPs were those with a polyacrylate polymeric backbone. They are
now widely used and studied as hydrogel polyelectrolytes owning their properties to the
presence of ion genic side groups. The solvation process (usually hydration) of ions fixed to
a polymer network results in the enormous swelling of the material. The solvent trapped
in the solvation spheres of those ions is bonded strong enough to prevent leakage from the
swollen material.
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The application of SAPs as active additives to the absorbent core of the hygienic
product allowed the design of goods, such as superabsorbent disposable diapers and
hyper-thin hygienic pads, which became important parts of modern life in developed
countries. At the beginning of the SAPs evolution, two factors played the leading role in
controlling the direction of further innovations. They were, increased sorption capacity
and sorption stability. Recently, however, those factors have been overwhelmed by another
related to the increasing environmental awareness of consumers, the biodegradability of
postconsumer waste. Consequently, the important task driving the innovations in the
hygiene products industry is the development of biodegradable SAPs [2]. It seems an irony
because following the history of SAP development one can notice that the first patent on
the use of SAPs as an absorbent in diapers concerned chemically crosslinked starch and
cellulose, i.e., biodegradable polymers [3].

The trends of contemporary society to buy eco-friendly goods together with depleting
crude oil resources, motivate scientists and research centers to increase their interest in
biopolymer-based materials [4—6]. As part of a large group of natural polymers, starch plays
an important role due to its positive characteristics: non-toxicity, biocompatibility, renew-
able, easy availability, and low price, which makes it widely used in many industries [7,5].
Native starch suffers; however, from several drawbacks, such as difficulty to control vis-
cosity after gelation, the tendency to retrogradation, insolubility in cold water, clouding of
gels/water solutions, unsatisfactory mechanical properties, and rapid degradation. In order
to minimize the negative properties of native starch, a variety of chemical modifications
are increasingly being used [9].

According to the literature, carboxymethyl starch (CMS) is one of the most important
starch derivatives. The first scientific report on CMS was published in 1924 by Chowdhury
and has been of great interest ever since [10]. Carboxymethylation of cassava, corn, and
potato starch already belonged to the most common methods of CMS synthesis. The process
involves the etherification of free hydroxyl groups of starch with carboxymethyl groups
(-CH,~COOH) [11]. Carboxymethyl starch is a water-soluble derivative with an ion genic
group bearing a negative charge after dissociation. It can be treated as a green polymer that
is useful in many industries, such as environmental protection, cosmetics, medicine, phar-
macy, food industry, and many others [12]. The degree of substitution of glucoside units
determines the properties of the synthesized CMS, such as pH, gelatinization temperature,
the viscosity of aqueous solutions, stability during storage, and dissolution rate [13-15].

Chitosan is a linear polysaccharide that is commonly available and partially acetylated
(1-4)-2-amino-2-deoxy-f3-glucan [16,17]. It is obtained from mushrooms, shrimp shells, and
crustaceans and commercially produced by the deacetylation of chitin [18] with various
degrees of deacetylation (DDA) and molecular weight (Mw). Chitosan is a weak base
polyelectrolyte, biocompatible, biodegradable, and biofunctional; it is insoluble in water
and common organic solvents. On the other hand, it easily dissolves in aqueous solutions
of organic acids at a pH below 6.3, due to the conversion of glucosamine units into a
protonated form NH;z* [19]. Solvation of these cations results in significant chain separation
and a decrease in the intermolecular forces preventing dissolution in water.

The evolution of SAPs focused on mastering their performances lead through the
introduction of acrylic monomers bearing ion genic groups. This includes the introduc-
tion of crosslinkers with multiple vinyl moieties. Recently, increasing attention has been
paid to green and natural chemistry and so scientists are searching for natural cross-
linking factors that will eliminate toxic and nondegradable vinyl compounds. In this study,
vanillin was used as a cross-linking agent due to its aldehyde group. Vanillin (4-hydroxy-3-
methoxybenzaldehyde) produced from sugar beet and vanilla pods has many applications
in the pharmaceutical, perfumery, beverage, and food industries. The aim of the study
was to obtain a biodegradable superabsorbent derived only from natural substrates. The
obtained products with different content of cross-linking agents were analyzed by ther-
mogravimetric analysis (TGA), scanning electron microscopy (SEM), and infrared Fourier
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spectroscopy (FTIR); the swelling properties in the water, sodium chloride solutions, and
various aqueous solutions with different pH were examined.

2. Results and Discussion
2.1. Chemical Structure of the Products

Due to the specific properties of the polymers obtained in the course of the study,
particularly the insolubility in common solvents necessary for most analytical methods,
the only reasonable way to investigate their chemical structure was infrared spectroscopy.
However, this is not the best way for chemical structure determination; it is widely used and
generally accepted as a common way of insoluble polymeric materials’ characterization [20]
The analysis of reaction mechanisms and the possible structure of products was based on
the general knowledge of reagent properties and similar reports in the literature [21].

Both chitosan and CMS are members of a polysaccharide family characterized by
repeating units derived from glucopyranose rings. The repeating units of chitosan differ
from basic glucopyranose in one amine group at position 2 and CMS in the carboxymethy-
lated OH group at C6. Apart from the above-mentioned features, the structures are similar,
with the presence of two hydroxyl groups susceptible to the formation of hydrogen bonds.
The initial polymers are water-soluble and form a compatible polymer blend. Accord-
ing to the literature, chitosan blends are mainly prepared through solution mixing of the
polymers [22]. Chitosan amine groups present on the main chain introduce specific reactiv-
ity to the polymer. In practice, they mainly serve as hydrogen bond donors or acceptors.
These amine groups can also serve as Lewis bases, controlling the polymer dissolution
dependence on pH and taking part in specific reactions, i.e., with carbonyl groups. In
the aqueous environment, the competition with abundant water molecules decreases the
likelihood of reaction between -NH;, and >C=0 but this kind of interchain bonding be-
tween CMS and chitosan results in the formation of a 3D polymer network regarded as
an interpenetrating network. In order to verify the formation of amide linkages between
chitosan’s amine group and CMS'’s carbonyl substituent, the analysis of adequate infrared
spectra was conducted according to the following procedure. First, the spectra of initial
polymers and chitosan/CMS mixture were recorded and normalized with respect to a
band at 2912 cm~!. The band corresponds with antisymmetric C-H stretching that was
found to be invariant in the studied systems. After normalization, the spectra of initial
polymers were numerically added using software delivered with the apparatus. Then the
simulated spectrum was overlapped with the corresponding spectrum of polymer mixture
and their juxtaposition is presented in Figure 1. As shown in the graph, the simulated
spectrum (blue line) is similar to the real spectrum (black line) of the mixture. Apart from
some intensity fluctuation that can be attributed to the differences in data manipulation
necessary to obtain simulated spectra, a few differences can be pointed out as significant.

In the spectrum of reagents (blue), there are visible bands at 1664, 1590, and 1510 cm~l,
absent in the spectrum of the mixture (black) in this region, though, a broadband with a
maximum at 1555 cm ™! can be found. The explanation of these changes seems straight-
forward since the bands at 1664 and 1590 cm ! can be attributed to SMS’s carboxyl group
and the bands at 1510 cm ™! correspond with the primary amine group in chitosan, their
disappearance indicates the reaction involving these groups. Such a reaction results in the
formation of an amide junction. The spectroscopic proof of amides is the occurrence of the
band with a maximum at 1555 cm ™~ in the spectra of the mixture and a small new signal at
1321 cm™*. Both the bands correspond with amide group vibrations. To achieve conditions
convenient for this kind of crosslinking the polymer coils need to be untangled and separate
counterpart chains should occupy neighboring space. Observed spectroscopic features
prove that the situation occurs frequently enough to be noticed on the FTIR spectra.

To promote the crosslinking necessary for an appropriate hydrogel that can be further
dried to obtain a superabsorbent gel, a crosslinking agent was added. In our case, the role
was given to vanillin having a reactive carbonyl group attached to the phenyl ring. The
low-molecular-weight molecules of vanillin can easily penetrate the interior of swollen coils



Int. J. Mol. Sci. 2022, 23, 5386

40f 28

of the polymers and interact with amine and/or hydroxyl groups. The aldehyde group
of vanillin can react with amine groups on chitosan chains forming imine links -N=CH-
(see Figure 15) [21,23] the loose end of the vanillin residue has a hydroxyl group serving
as a hydrogen bond donor or acceptor. This hydroxyl group can form strong hydrogen
bonds with hydroxyl groups of glucose residues on other chains or other parts of the same
chain, preferably with the -OH group attached to C-6 since it has less spherical hindrances
than the other hydroxyl groups in a chitosan repeatable unit. This leads to crosslinking
between chitosan chains. Alternatively, the end could be blocked by a hydrogen bond with
acetic acid present in the mixture. Another possible crosslinking of chitosan by vanillin
according to literature involves the reaction of the aldehyde group from vanillin with a
hydroxyl group on the chain-forming hemiacetal, a further reaction with another hydroxyl
group affords an acetal bridge between the two chains. The mechanism of this reaction is
given in the literature [21]. Although this kind of reaction is not discussed in the literature
as a typical chemical modification of polysaccharides [23], the spectroscopic analyses seem
to support the occurrence of this reaction. Acetal bridges are characterized by a specific
band at about 1005 cm ™! and in the case of polysaccharides it will overlap with the variety
of C-0O-C bonds present in the polymer chain. Nevertheless, a thorough analysis of FTIR
spectra recorded for the Chitosan/CMS/Vanillin system containing increasing content of

the last has shown a significant increase of the band centered at 1005 cm ™.
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Figure 1. FTIR spectra of Chitosan/CMS mixture (black) vs. pure polymers’ spectra superposition (blue).

The investigation of this mechanism is based on the infrared study of vanillin con-
tent influence on the polymer spectrum. In order to study the effect of a set of polymers,
Chitosan/CMS/Van with different content of vanillin was prepared and studied spectro-
scopically. The recorded spectra of these polymers were qualitatively similar as shown in
the original spectra included in Supplementary Materials Figures $1-510. The spectra were
transformed into absorption curves and normalized with respect to a band at 2912 cm~!.
The intensity of the most prominent bands was tabularized and subjected to correlation
analysis. The collection of specific intensities is shown in Table 1.

Based on the specific peak intensity the correlation analysis was conducted and the
corresponding correlation matrix is given in Table 2.

It was found that the highest correlation with vanillin content was with bands at
1064 and 1005 cm ™}, which are correlated with each other since they correspond with the
vibration of the same family of bonds C-O-C. There is also a significant correlation with the
band at 3011 cm ™! corresponding with the C-H stretching vibration of the benzene ring,
which is characteristic of vanillin as the only aromatic compound in the system. Figure
shows the plots of respective relationships.
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Table 1. The intensity of important bands in the FTIR spectra of studied polymers.
Peak Position Ch(1)/ Ch@@)/ Ch(@)/ Ch(1)/ Ch(1)/ Ch(1)/ Ch(1)/
(cm™1) CMS1Y CMS@)/ CMS@1Y/ CcMSs@ay CMS@)/ CMS@)/ CMS((1y/
Van(0) Van(0.01) Van(0.02) Van(0.04) Van(0.06) Van(0.08) Van(0.10)
3352 0.2503 0.1948 0.3605 0.2992 0.7009 0.6933 0.3780
3011 0.0000 0.0016 0.0006 0.0034 0.0088 0.0086 0.0062
2912 0.0291 0.0322 0.0306 0.0306 0.0321 0.0292 0.0287
1639 0.0585 0.0432 0.0581 0.0592 0.0888 0.0864 0.0752
1558 0.0973 0.0701 0.0909 0.1172 0.1674 0.1603 0.1482
1406 0.0749 0.0525 0.0583 0.0818 0.1161 0.1159 0.1205
1375 0.0721 0.0558 0.0693 0.0780 0.1108 0.1154 0.1232
1317 0.0605 0.0469 0.0579 0.0738 0.0998 0.0924 0.0967
1259 0.0187 0.0148 0.0222 0.0194 0.0321 0.0432 0.0332
1150 0.0983 0.0767 0.0844 0.1164 0.1366 0.1408 0.1397
1064 0.2399 0.2700 0.3240 0.3524 0.4180 0.4440 0.5197
1005 0.3025 0.4207 0.5099 0.6001 0.6603 0.7202 0.7501
Namiltin 0.0000 0.0100 0.0200 0.0400 0.0600 0.0800 0.1000
content
Table 2. Correlation matrix of FTIR peaks and vanillin content.
3352 3011 1639 1558 1406 1375 1317 1259 1150 1064 1005
3352 1
3011 0.774 1
1639 0.875 0.813 1
1558 0.760 0.872 0.951 1
1406 0.578 0.806 0.857 0.943 1
1375 0.573 0.779 0.843 0.902 0.966 1
1317 0.639 0.835 0.888 0.975 0.965 0.941 1
1259 0.759 0.758 0.836 0.784 0.758 0.827 0.725 1
1150 0.566 0.800 0.829 0.947 0.972 0.918 0.959 0.730 1
1064 0.391 0.686 0.594 0.702 0.762 0.862 0.792 0.680 0.748 1
1005 0.463 0.742 0.567 0.681 0.655 0.733 0.732 0.652 0.697 0.925 1
Van 0.399 0.726 0.606 0.726 0.806 0.885 0.803 0.724 0.799 0.983 0911 1
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Figure 2. The intensity of the band at 1005 cm™! (A) and 3011 cm~! (B) vs. vanillin content
in polymers.

The intensity of bands corresponding with aromatic ring C-H vibrations are small
and partially disturbed by the noise which explains the not ideal correlation. On the other
hand, the strongest band in the spectra at 1005 cm ™! shows logarithmic dependence of
C-O-C absorbance and crosslinker concentration. According to this, one can conclude that
although the acetal crosslinking increases with the vanillin content, at some point it will
reach its maximum and further addition of crosslinker would not affect the polymer.
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Apart from acetal links, vanillin forms also amide bonds with the amine groups of
chitosan which is evidenced by the significant correlation between vanillin content and
amide bands (especially the so-called amide III band at 1375 cm™1).

It is important to remember that hydrogen bonds play important role in such systems
and these bonds are relatively stable at low temperatures and can be easily broken by small
polar molecules, e.g., acids and ethanol. Too many hydrogen bonds in the system lead to a
reduction of the elasticity of the polymer. Therefore, small molecules of vanillin competing
in hydrogen bond formation with neighboring chains can act as plasticizers. Chitosan has a

“rigid” structure of chains, which hindered the diffusion of liquids; the use of vanillin and

its combination with carboxymethyl starch caused the chains to relax. Appropriate free
mobility of polymer molecules and an appropriate amount of free amino groups contribute
to increasing the absorptive properties of this hydrogel.

2.2. Infrared Spectra Discussion

The FTIR technique was used to identify the structural features of obtained materials
(Figure 3 and Supplementary Materials: Figures $1-514).

Vanillin

— S
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Figure 3. FTIR spectra of polymer samples with different amounts of crosslinking agent and raw
materials used for syntheses.

In the FTIR spectrum of carboxymethyl starch, there is a broad peak between 3000
and 3500 cm™~!, which corresponds to the O-H stretch vibration. Another band at about
2927 cm™~! can be attributed to the stretching vibrations of C-H bonds [9,24]. The carboxyl
group in the CMS shows intense absorption peaks at 1589 cm ™! and 1411 cm ™}, resulting
from symmetric and asymmetric vibrations, respectively [25,26]. The spectrum of chitosan
shows a broad absorption band ranging from 3000 to 3500 cm !, which results from over-
lapping signals of stretching vibrations of N-H and O-H bonds in -NH; and “OH groups,
respectively. Similar to the previous case, the two bands at 2926 cm~! and 2873 cm™!
correspond to the stretching modes of C-H bonds [27]. The bands located at the 1665 and
1638 cm~! correspond to the stretching vibration of the C=0 bonds of the acetylated units
(so-called amide I vibrations of N-C=0), usually reported in the range of 1649—1667 cm™?
The peak at about 1588 cm™! can be assigned to the antisymmetric deformations of the
amine -NH, group (the same band is suspected to occur in protonated primary amines) [28]
characteristic of non-acylated units [2]. The skeletal vibrations including the C-O stretching
typical for saccharide structures occur at 1022 and 1062 cm ™! [28,29]. Synthesized polymers
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differ in the content of natural counterparts (chitosan and carboxymethyl starch) and the
amount of biological crosslinker (vanillin).

2.3. Thermal Analysis

When planning to obtain excellent hygiene products, the thermal properties of the
materials should be taken into account. This is important due to the various conditions of
storage and use, and most importantly, when the product comes into contact with the body
of an adult or a child. The thermal analysis method was used to investigate the thermal
stability and degradation profile of simple polymers (chitosan and carboxymethyl starch)
and their superabsorbent polymers cross-linked with vanillin. Numerical values of the
tests are collected in Table 3.

Table 3. TG data for samples composed of chitosan and carboxymethyl starch with different
vanillin content.

Weight Change [%)] at Temperature
Name Sample B [°C] a}t 50% Temperature of Con:plete
120 °C 9275 °C Weight Decomposition [°C]
(W 13p-¢) (W 275°C) Change

Chitosan 6.86 52.95 271.27 264.95
CMS 7.56 45.58 283.27 262.59
CMS(1)/Ch(1)/Van(0.10) 10.53 26.15 335.69 286.85
CMS(1)/Ch(1)/Van(0.08) 12.91 28.67 321.13 288.46
CMS(1)/Ch(1)/Van(0.06) 11.95 26.81 327.35 291.34
CMS(1)/Ch(1)/Van(0.04) 10.32 28.82 327.70 285.05
CMS(1)/Ch(1) 13.35 23.90 317.34 302.12

The five percent weight loss for all samples at about 120° C represents the amount
adsorbed by hydroxyl and amine groups and bound water. When analyzing the ther-
mal decomposition of CMS, it can be seen that the main decomposition stage occurs at
about 263 °C with about a 35% weight loss. The degree of substitution (DS) of acetylated
starches influences their thermal stability. The higher the DS, the lower the thermal sta-
bility due to the hydrophilic nature of the carboxymethyl groups which facilitate thermal
decomposition [30]. The TGA curve of pure chitosan shows the main degradation step at
about 265 °C with a weight loss of about 44%, which may be related to chain breakdown
depolymerization and cleavage of glycosidic bonds [31]. The TGA /DTG curves of raw
materials and obtained polymers are rather similar. The main stages of decomposition
occurred in similar temperature ranges, which indicates that crosslinking with vanillin
does not influence the thermal properties of these biodegradable materials significantly.

The mass change results collected in Table 3 show that the moisture content of car-
boxymethyl starch is lower than that for chitosan. This may be explained by the higher
hydrogen association of chitosan chains. The data presented in Figure 4 and in Table
clearly show that the thermal stability parameters, in particular, the Tsoy, values, depend
on the amount of vanillin contained in the superabsorbent polymers. The addition of
vanillin increases the decomposition temperature of the samples and reduces the weight
loss compared to the raw polymers.

Chitosan and carboxymethyl starch materials with varying vanillin concentrations
had a higher decomposition temperature, with one major weight loss at around 288 °C,
compared to pure polymers, which showed several stages of weight loss (Supplementary
Materials: Figures 526 and 528). However, the most thermally stable turned out to be the
superabsorbent without the addition of vanillin (Table 3).

The obtained results confirm the good compatibility between carboxymethyl starch
and chitosan, showing a strong interaction between the chains of these two polymers.
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Figure 4. TG curves for complex superabsorbent polymers Ch and CMS in the ratio 1:1 with the
addition of 0.04; 0.06; 0.08; 0.10 Van and without Van with curves for raw monomers (Ch and CMS)
in various temperature ranges (A) the entire temperature range (0-1000 °C), (B) in the temperature
range 20-250 °C and (C) in the temperature range 200-500 °C.

2.4. Scanning Electron Microscopy

The microstructure of a polymer made of carboxymethyl starch and chitosan cross-
linked with varying amounts of vanillin cross-linker was observed by scanning electron
microscopy (Figure 5). Carboxymethyl starch (CMS) is present in granules with sharp
edges and a compact, rough structure that is responsible for absorbing water. They can
be compared with the structure of native corn starch, but CMS has holes and cracks that
increase the surface area and absorption capacity [25]. When analyzing the SEM images
of the resulting CMS polymers, an altered structure of the material with a large number
of cracks, holes, and channels was observed. This fact confirms the assumption that the
crosslinking described in Section 3.1 significantly changes the morphology of the reaction
products. The magnification (Figure 5b,d,f,h,j,]) illustrates the inhomogeneous distribution
of small pores, which can contribute to increasing the diffusion of fluids into the interior of
the particle and demonstrates the formation of a continuous and stable three-dimensional
lattice structure. The structure of vanillin is completely crystalline [26]. The resulting
polymeric materials do not show significant crystal structures, indicating that vanillin is
evenly distributed in the polymer matrix and does not separate from it. Larger pores may
be the result of a low cross-link density, while densely cross-linked pores are selectively
aggregated and assume a granular structure. The reasons for this may be the different
degree of penetration and the degree of affinity of the liquid to the polymer network.
Smaller pores can also result from an increase in the flexibility of the polymer, which is
dependent on the degree of cross-linking. A polymer network with less cross-linking
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agent is more flexible and allows more liquid to be adsorbed because the pores are able to
expand. Figure 5a,b shows the polymerization product of interpenetrating carboxymethyl
starch and chitosan chains. This structure has a smoother granule surface than those with
added vanillin.

Figure 5. The SEM micrographs of (a) 1000x magnification of CMS(1)/Ch(1) without the
addition of vanillin; (b) 50,000x magnification of CMS(1)/Ch(1) without the addition of
vanillin; (c¢) 1000x magnification of CMS(1)/Ch(1)/Van(0.04); (d) 50,000x magnification of
CMS(1)/Ch(1)/ Van(0.04); (e) 1000x magnification of CMS(1)/Ch(1)/Van(0.06); (f) 50,000 % magnifi-
cation of CMS(1)/Ch(1)/Van(0.06); (g) 1000 x magnification of CMS(1)/Ch(1)/Van(0.08); (k) 50,000 %
magnification of CMS(1)/Ch(1)/Van(0.08); (i) 1000x magnification of CMS(1)/Ch(1)/Van(0.10);
(j) 50,000 magnification of CMS(1)/Ch(1)/Van(0.10); (k) 1000x magnification of CMS; (1) 50,000
magnification of CMS. Original full-scale images are included in the Supplementary Materials.

The presented SEM images show pores and spherical cracks as in most of the polymers
described in the literature. There are rope cracks representing meso- and microporous
systems. Such superabsorbent polymers are characterized by increased resistance to me-
chanical damage and can be used in agriculture. The pores with a linear structure may
indicate the direction of gas escape during drying, the discussed samples were dried in
a vacuum oven. All images shown in Figure 5 are available in their original size in the
Supporting Materials Figures $29-540.

2.5. Swelling Properties
2.5.1. Swelling Properties in Deionized Water Depend on the Amount of Crosslinker Used

Absorption and retention properties are very important in hygiene products; therefore,
these parameters were checked in the materials. Analyzing the results presented in Figure 6,
it can be seen that after 60 min of immersing the samples in deionized water, the largest
amounts of adsorbed liquid were displayed by the CMS(1)/Ch(1)/Van(0.10) (98 g-g™1)
sample with the highest amount of cross-linking agent, while the smallest were displayed
by CMS(1)/Ch(1) (36 g-g~!) without the addition of vanillin. Obviously, the longer the
samples were in solution, the higher the results. However, these values vary with time
depending on the cross-linking agent used. After 180 min, it can be observed that the
highest values of adsorbed deionized water were recorded for CMS(1)/Ch(1)/Van(0.08)
(138 g-g~!), while the lowest results were still obtained for the sample without the use of
vanillin. The equilibrium state was recorded for the polymers after 760 min, and in this case,
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the results also showed a different distribution than at the beginning of the analysis. This
time, the highest results were recorded for the CMS(1)/Ch(1)/Van(0.04) sample, i.e., with
the lowest amount of crosslinking agent used. It should be taken into account that in some
samples the outer layer initially adsorbed larger amounts of liquid, while the longer the
absorption process lasted, the deeper and deeper it went into the structure of the material
and only then were significant amounts of the solution absorbed.

CMS(1)/Ch(1)/

Van(0.10) 720 e
CMS(1)/Ch(1)/

Van(0.08) .E-. 180 b= ——= ~ =

CMS(1)/Ch(1) & =

Van(0.06) % 120 comr——

= CMS(1)/Ch(1)/ 60 |

= CMS(D/Ch(l) 0 50 Q, [g/g] 10 150 200

Figure 6. Swelling of the CMS5(1)/Ch(1) polymer with a different amount of vanillin used in
deionized water.

It is well known that the equilibrium liquid content, or the degree of swelling of
polymers, decreases with increasing cross-linker content, since the cross-link density of
the polymer chains increases. The space between the individual networks, these channels,
and spaces is reduced, thereby reducing the amount of adsorbed liquid. It should also be
noted that as the concentration of vanillin increased, more hydroxyl, carbonyl, carboxyl,
and amine groups in chitosan were consumed as a result of the cross-linking reaction.
The hydroxyl groups react with aldehydes to form an acetal, and the amino groups, as
mentioned earlier, form a Schiff base with aldehydes. The system in question is less capable
of forming multiple hydrogen bonds, whereby the swelling capacity is reduced due to the
resulting intermolecular and intramolecular bonds. I speculate that as the chitosan content
increases, the absorption properties of the future product may improve.

2.5.2. Swelling Kinetics at Room Temperature

In order to compare the results of the materials obtained so far, it was necessary to
determine the swelling speed, based on which accurate conclusions can be drawn. A certain
amount of polymer has been immersed in deionized water and begins to take up some
liquid in proportion to the soaking time. It was assumed that the first-degree equation best
describes the swelling rate 7:

_dQ
dt

T= = k(Qeq - Qt) (1)
where k is the rate constant of the first-order equation; Qg is the amount of water at swelling
equilibrium at 25 °C, and Q; is the amount of water adsorbed by the given polymer sample
at time . The integral equation above can be converted to:

1n(1 éft) = —kt )

By ordering the plot — In{1=t) as a function of t, a line with a slope of k was determined.
y gthep ey P

Analyzing the graphs, it can be observed that in the beginning, the increase of the adsorbed
liquid is large until the values started to increase slower and slower until the process
equilibrium was achieved.

A very important issue is the osmotic pressure inside the gel, which must be overcome
by a specific liquid. Therefore, at the beginning of the swelling process, when the polymer
was inelastic, hard, and compact, the pressure was low and the swelling rate was high.
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However, the longer the material stayed in the fluid, the greater its elasticity, the higher
the sponginess, and the greater the expansion of the polymer chains. As a result, the given
liquid had to overcome a greater osmotic pressure, which resulted in a decrease in the
absorption rate until it reached equilibrium.

On the basis of the presented results in Figure 7, it can be observed that the swelling values
were the highest for the hydrogel with the lowest amount of vanillin CMS(1) /Ch(1)/Van(0.04).
It can be concluded that this sample was the most porous, with larger spaces for the
penetration of deionized water. Additionally, this equilibrium quantity Q.; was the highest
for this sample. Depending on the amount of cross-linking agent, the liquid was absorbed
in such proportions by the individual samples. By analyzing the equilibrium times for
individual gels, it can be noted that the liquid was absorbed the fastest by a polymer
sample of the internally permeating CMS(1)/Ch(1) networks without the use of a cross-
linking agent (1706 s). Apparently, these interchain spaces were the loosest and widest
there, which improved the diffusion of the liquid. According to the calculations, it was
the CMS(1)/Ch(1) sample with 0.06 amount of vanillin that absorbed deionized water the
slowest (2513 s), so here the pore size could be the smallest, although theoretically, it should
not be the case. It may also be due to the greater amount of free COOH, and OH groups that
form hydrogen bonds with water. The remaining samples achieved the following liquid
absorption times: CMS(1)/Ch(1)/Van(0.04)—2203 s, CMS(1)/Ch(1)/Van(0.08)—2000 s,
CMS5(1)/Ch(1)/Van(0.10)—2123 s.

220 n
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. '
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120 '
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®CMS(1)/Ch(1)/Van(0.04)  ® CMS(1)/Ch(1)/Van(0.06) A CMS(1)/Ch(1)/Van(0.08)
CMS(1)/Ch(1)/Van(0.10)  ®CMS(1)/Ch(1)

Figure 7. Swelling kinetic curves at 298 K.

2.5.3. Thermoresponsive Properties

The swelling of the samples at 38 °C was analyzed, which indicates the temper-
ature of the human body, which is important when this hydrogel is used in hygiene
products. It is known that hydrogels are temperature sensitive when they have an ap-
propriate hydrophobic-hydrophilic balance [32]. Polymers characterized by the ability to
associate/dissociate a hydrogen bond between polar groups are thermosensitive. As the
research shows (Figure 4), the obtained polymers show a temperature-dependent swelling.
To a large extent, these properties depend on the number of hydrophobic groups in the side
chains of the materials.

It can be observed (Table 4) that the lowest results were obtained for the sample without
the interpenetrating cross-linking agent (CMS(1)/Ch(1)). Then, an increase in the absorp-
tion properties of the samples was observed with a decrease in the vanillin content, i.e.,
CMS(1)/Ch(1)/Van(0.10) < CMS(1)/Ch(1)/Van(0.08) < CMS(1)/Ch(1)/Van(0.06) < CMS5(1)
/Ch(1)/Van(0.04), similar to samples tested at room temperature. However, the rate of
liquid absorption is very important in the case of hygiene products. With increasing tem-
perature, this speed increased and the CMS(1)/Ch(1)/Van(0.04) sample (1216 s) was the
fastest, and the sample with the highest amount of CMS(1) /Ch(1)/Van(0.10) (1351 s) was
the slowest. The polymer chains were flexible and the increase in temperature caused
secondary interactions to be broken, creating more room for water in the gel matrix.
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Table 4. Rate parameter in various concentrations of NaCl solution.

NaCl,q

Sample

Concentration

[%]

CMS(1)/Ch(1)

CMS(1)/Ch(1)/ CMS(D)/Ch(1)/ CMS(i)/Ch(l)/ CMS(1)/Ch(1)/
Van(0.04) Van(0.06) Van(0.08) Van(0.10)

T [s]

0.1
0.3
0.6
0.9

832 629 664 678 760
898 652 722 736 825

1783 685 746 765 906
1833 741 878 1049 1291

Comparing the obtained results at 38 °C (Figure 8) with those measured at room
temperature we can observe that at the beginning of the test, the samples at elevated
temperatures showed higher liquid absorption values. On the other hand, the longer the
value decreased, and at the moment of reaching the swelling equilibrium, the samples
obtained lower swelling results than the samples tested at room temperature (Table 5).
Thermodynamic aspects can explain the situation, i.e., the swelling of the samples decreases
with increasing temperature. It has been known for a long time that the mixing entropy of
deionized water and hydrogels decreases as a result of the formation of cage structures and
an increase in the order of water molecules. Considering the equation AG = AH — TAS,
where AG is the Gibbs free energy; AH denotes enthalpy and AS entropy [33]. When AS
is negative, AH must also be negative due to the formation of hydrogen bonds and the
recorded exothermic swelling process. This causes an unfavorable increase in the negative
values of TAS for the absorption properties and an increase in AG.

200

150

100
-

Q. lgg]

6,000 8,000 10,000 12,000

0 2,000 4,000

t [s]
—#— CMS(1)/Ch(1) —@— CMS(1)/Ch(1)/Van(0.04) —&—CMS(1)/Ch(1)/Van(0.06)
CMS(1)/Ch(1)/Van{0.08) CMS(1)/Ch(1)/Van(0.10)

Figure 8. Swelling kinetic curves at 311 K.

Table 5. Equilibrium swelling in the samples.

CMS(1)/Ch(1)

CMS(1)/Ch(1)/Van(0.04) CMS(1)/Ch(1)/Van(0.06) CMS(1)/Ch(1)/Van(0.08) CMS(1)/Ch(1)/Van(0.10)

75.99

Qeq [g-g_ll
183.87 17451 171.72 167.47

2.5.4. Swelling Behavior in Saline Solutions

When planning the use of the resulting material in hygiene products, it is necessary to
analyze the swelling response of individual samples to the action of various concentrations
of sodium chloride solutions. In this research paper, this chapter is pivotal. The salt
solution-sensitive polymer consists of three layers: a three-dimensional matrix of the
polymer network, fluid between the polymer chains, and ionic forms. As is already well
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known, the swelling capacity of the hydrogel is significantly influenced by the ionic strength
of the absorbed solution. Based on Figure 9 it can be observed that, as in our previous
works, the swelling capacity decreased significantly with increasing NaCl concentration.
This explains the effect of the added positive charge (cations) on the reduction of the
anion-anion electrostatic interactions, which consequently led to a difference in the osmotic
pressure between the hydrogel network and the process environment.
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Figure 9. Swelling behavior of hydrogels in (A} 0.1% NaCl; (B) 0.3% NaCl; (C) 0.6% NaCl; (D) 0.9% NaCl.

When comparing the obtained results of swelling in various NaCl solutions with the
results obtained for samples in deionized water, a significant decrease in the value can be
noticed. This is a consequence of the charge screening effect. It is known that the absorption
properties are dependent on the type and valency of the cations (monovalent > divalent, etc.)
and the concentration of the medium solution. The highest results were recorded for the
sample with the lowest amount of cross-linking agent in the lowest concentration solution,
and the higher the NaCl concentration, the lower the absorption value. A sample of vanillin
added beige had lower swelling results. All samples obtained significantly lower liquid
permeability results, which may be due to the ability to complex carboxyl and hydroxyl
groups. The resulting intramolecular and intermolecular complexes increase the thickness
of the cross-linking. Similar conclusions were drawn in our previous studies described in
previous publications [34,35].

The weight gain of the absorbed liquid was measured over time to determine the
effect of NaCl concentration on the materials in question. In this case, a rapid increase
in the swelling of the samples at the beginning of the process was also noted, while how
much longer the values took to stabilize to the equilibrium value was measured. The
swelling rate parameter has the lowest values for CMS(1)/Ch(1)/Van(0.04) (Table 4) in
0.1% NaCl solution, while the sample without vanillin content obtained the highest values,
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which confirms the previous conclusions and dependencies. It is known that the more
hydroxyl and amino groups there are in a polymer, the faster the swelling rate. Charged
functional groups (e.g., “OH, -NH>) are responsible for changing the swelling state of
hydrogel networks.

2.5.5. Effect of pH on Equilibrium Swelling

Tests were carried out in which the swelling degree of the resulting hydrogels was
measured in solutions with different pHs ranging from 1.0 to 13.0 at room temperature.
Solutions with a specific pH were prepared by appropriately mixing 0.1 M solutions of
HCl and NaOH as the absorption properties of “anionic” hydrogels are dependent on the
amount of added cations to the swelling medium (it decreases). The influence of pH on
the swelling capacity of the synthesized hydrogels shown in Figure 10 demonstrates that
the highest swelling values are achieved for hydrogel materials in the pH range of 4.30
t0 9.70. The product CMS5(1)/Ch(1)/Van(0.04) adsorbed the most liquid in the solution at
pH 7 (20.4965 g), where Qt was 51.55 [g-g 1]
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Figure 10. Influence of pH on the swelling capacity of synthesized hydrogels (A) solution with a pH
of 1.48; (B) solution with a pH of 3.00; (C) solution with a pH of 4.30; (D) solution with a pH of 7.00;
(E) solution with a pH of 9.70; (F) solution with a pH of 12.40.
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In the acidic environment (below the acid dissociation constant (pKa) of 6.3 for the
chitosan amino groups), the NHj3 groups of chitosan were protonated, which resulted in
the repulsion of the polymer chains. However, this phenomenon did not dominate the
entire process, because it is the anionic groups (e.g., -COOH, -OH) derived from vanillin
and CMS that may predominate in the environment, as evidenced by the obtained swelling
results. It can be concluded that ionization of the carboxyl groups took place in an alkaline
environment. The hydrogel sample without the cross-linker showed the lowest degree of
swelling compared to the samples with added vanillin as some degree of depolymerization
may occur in an alkaline medium, resulting in increased liquid uptake/swelling. Alkaline
PH caused the formation of a hydrogen bond between the amino and hydroxyl groups,
which could additionally lower the degree of liquid absorption. The -COOH groups
dissociated to form COO™ which caused a partial dissociation of the hydrogen bonds. At
neutral pH, the carboxyl, hydroxyl and amine groups could be ionized, and the degree of
ionization in the form of some electrostatic ion pairs was the highest, as was the degree
of swelling.

When analyzing the results in Table 6, it can be seen that the process speed parameter
was the lowest for CMS(1)/Ch(1)/Van(0.04), while it was the highest for CMS(1)/Ch(1). In
this case, the structure and the predominance of anionic functional groups were also of the
greatest importance.

Table 6. Rate parameter in various pH buffers.

Sample
pH CMS(1)/Ch(1) CMS(1)/Ch(1}/Van(0.04) CMS(1)/Ch(1)/Van(0.06) CMS(1)/Ch(1)/Van(0.08) CMS(1)/Ch(1)/Van(0.10)
T [s]
148 214 168 174 177 185
3.00 413 47 131 178 286
4.30 512 151 252 351 470
7.00 512 122 252 351 470
9.70 364 152 166 293 347
12.40 375 142 213 246 258

2.6. Dehydration Test

The kinetics of hydrogel dehydration at 50 °C was investigated in order to find
possible applications in the field of medical devices (e.g., lenses, dressings) in the future.
The experimental data was presented by plotting the measured values of the fractional
water release from the hydrogel in Figure 11. All studied hydrogel samples were tested
under the same conditions with the initial water content at equilibrium.
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Figure 11. Dehydration kinetics of hydrogels at 50 °C.
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The dehydration curves of hydrogels at a given dewatering temperature show that
the dewatering capacity of the samples decreases with increasing loading levels of the
crosslinker. The resulting polymers containing a higher vanillin content are characterized
by a longer dehydration time (Figure 11). This may be due to the higher value of the
gel fraction, which results in a smaller free surface area for the transport of deionized
water particles. This means that liquid transport during the dewatering process would be
reduced in cross-linked hydrogels, with more tortuous lanes compared to an intermolecular
permeating network (CMS(1)/Ch(1)) polymer. It is known that the degree of dehydration
increases with increasing temperature. This phenomenon is attributed to the increase in
the diffusion coefficient of deionized water in the hydrogel matrix and its faster contraction
process. There is easier relaxation of the polymer chains at higher temperatures. The outer
layers of the sample opened to release deionized water while the inner layers contracted.

2.7. The Pro-Ecological Aspect
2.7.1. Composting Process

The composting process was completed after 12 weeks. Only a powder residue of
the modular chitosan material was observed (m = 0.089 g). During the measurements,
increased soil adhesion to the samples was also observed.

Initially, a slight increase in the absorbed moisture from the environment by the ana-
lyzed materials was observed. It increased in the following days of research. Intensification
takes place in the 2nd and 3rd weeks. The materials achieve the maximum degree of
water/moisture absorption from the environment (this is also illustrated by the analysis
of the absorption of materials). It depends on the material’s structure due to the chemical
modification process to which the materials were subjected. All materials were wholly
dispersed in the surrounding environment.

The material meets the requirements following the PN-EN 14995, and PN-EN-13432
standards, which constitute the decay of a research object into fragments smaller than 2 mm
in less than 12 weeks. The compostability of the modular material exceeds 90%.

However, further research into the acceptability of individual ingredients is required
because the polymer consists of natural parts obtained by chemical modification. Therefore,
the acceptance levels should also be applied to starting materials which are synthetic parts
modified in chemical processes.

2.7.2. Ozone Aging

The spectroscopic analysis of samples after ozone aging, together with the determina-
tion of the carbonyl index Cl is presented in Table 7, and the spectra are included in the
Supplementary Materials Figures 541-545.

Table 7. Detailed analysis of the CI determination for modular materials.

Chitosan
CMS
CMS(1)/Ch(1)
CMS(1)/Ch(1)/Van(0.04)
CMS(1)/Ch(1)/Van(0.08)

OZONE CHAMBER
Before Aging After Aging
C=0 C-H Carbonyl Index C=0 C-H Carbonyl Index
0.06087 0.05633 1.08052 0.03252 0.06346 0.51242
0.02833 0.00724 3.91533 0.07305 0.06840 1.06792
0.01796 0.01694 1.06011 0.10436 0.09256 1.12758
0.08157 0.07953 1.02573 0.10666 0.09098 1.17229
0.04315 0.04693 0.91940 0.08700 0.08220 1.05834

The following data analysis reveals that the CI index increases in the following series
of polymer composition: CMS > Ch > CMS(1)/Ch(1) > CMS(1)/Ch(1)/Van(0.04) > CMS5(1)
/Ch(1)/Van(0.08), which coincides with the increased polarity of the systems and, conse-
quently, faster progress of degradation processes in the hydrophilic environment.

Single polymers and a sample of their mixture without vanillin have larger interchain
spaces than crosslinked analogs, thus these samples break down into smaller parts quickly
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and, completely degrade. On the other hand, crosslinked samples form tighter structures,
which causes difficulty in biodegradation and the process takes more time.

2.7.3. Deep and Surface Water Absorption

The time dependence of surface absorption for individual modular materials is pre-
sented in Table & and in the collective Figure 12,

Table 8. Comparison of the weight results of the samples during surface water absorption.

Time [min] Chitosan CMS CMS(1)/Ch(1) CMS(1)/Ch(1)/Van(0.04) CMS(1)/Ch(1)/Van(0.08)
0 0.0265 0.0458 0.1071 0.0130 0.0301
15 0.0269 0.0477 0.1097 0.0130 0.0309
30 0.0270 0.0489 0.1110 0.0131 0.0310
45 0.0279 0.04% 0.1119 0.0134 0.0314
60 0.0290 0.0498 0.1125 0.0135 0.0315
75 0.0301 0.0507 0.1147 0.0137 0.0318
90 0.0305 0.0513 0.1150 0.0137 0.0320
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Figure 12. Time dependence of surface water absorption by the tested polymers:

(a) CMS(1)/Ch(1)/ Van(0.04); (b) CMS(1)/Ch(1)/Van(0.08); (c) chitosan; (d) CMS; (e) CMS(1)/Ch(1).
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CMS(1)/Ch(1), already in the initial measurement phase, shows by far the highest
values of absorption of water vapor molecules than other materials. Here, water vapor
is absorbed by the material first by the capillary mechanism of the tested polymers, and
then the water vapor molecules are absorbed by the diffusion mechanism. There is an
interaction between the ions of individual sample components and the polar molecules of
the solvent.

On the basis of deep-water absorption included in Table 9, it can be concluded that
the CMS(1) /Ch(1) and CMS(1) /Ch(1)/Van(0.04) samples have superabsorbent properties.
A superabsorbent material is a test subject capable of absorbing 20 times its dry weight in
water or other liquid.

Table 9. Comparison of the results of the measurement of deep water absorption.

Time [h] CMS(1)/Ch(1) CMS(1)/Ch(1)/Van(0.04) CMS(1)/Ch(1)/Van(0.08)
0 0.0280 0.0280 0.0353
3 0.9761 0.4289 0.3656
24 2.7959 1.0257 0.4936
48 4.2158 1.7213 0.4115
Factor 151 62 16

The decrease in sample mass during the depth absorption test may result from ex-
ceeding the absorption point of the material and the slow dissolution of the absorber
in water.

2.7.4. Biological Tests—Sowing Plants from the Organization for Economic Co-Operation
and Development (OECD) Group

Based on the data, the lowest increase for the samples of materials on CMS(1)/Ch(1)/
Van(0.04) media can be observed, which may be due to the quality of the implanted seeds.
In relation to the native sample without superabsorbers in the medium, the most intensive
plant growth was observed for CMS5(1)/Ch(1)/Van(0.08) in the second week of growth.
However, in the next two weeks from sowing, a favorable increase in relation to the native
sample N was observed for CMS(1)/Ch(1), CMS(1)/Ch(1)/Van(0.08). In the last days of
the analysis, the highest growth of plant tissue in the metric diagnosis was observed for
CMS(1)/Ch(1)/Van(0.08) and Chitosan.

Detailed data are shown in Table 10 and are self-explanatory.

To assess the influence of SAP materials’ biodegradation on soil toxicity, the elemental
analyses of appropriate samples were conducted. In order to provide adequate context
for further discussion, the maximum content of elements in polymeric materials is given
in Table

The analysis of the elemental composition for selected materials is presented
(Tables 12 and 13) as the following percentages of individual elements and in the graphs
for the samples: CMS and CMS5(1)/Ch(1)/Van(0.04), as well as the representative sample.

On the basis of selected CMS and CMS(1)/Ch(1)/Van(0.04) materials from the above
data obtained from soil samples, it can be concluded that components, such as metals will
migrate to the soil, e.g., Fe, Cu or Zn, while in a percentage close to the native sample. The
results also indicate the presence of a given element outside the scope of the determination
carried out in the elemental analysis of soil samples after the OECD planting process.

The next stage of determination concerned the analysis of the elemental composition
of the above-ground part for selected samples, the so-called straw.

X-ray fluorescence spectroscopy (XRF) spectra are presented in the Supplementary Materials
Figure 548.

The analysis performed on straw samples showed that the element Cu was outside
the range. There was slightly more Zn and Mn for the CM5(1)/Ch(1)/Van(0.04) sample
compared to the reference system.
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Table 11. Maximum content of elements in polymeric materials.

Element mg/kg Dry Substance Element mg/kg Dry Substance

Zn 150 Cr 50

Cu 50 Mo 1

Ni 25 Se 0.75

Cd 0.5 As 5

Pb 50 F 100

Hg 0.5

Table 12. The analysis of the Soil elemental composition.
Native Sample

Fe Zn Mn Ti Pd Zr Cu Cr
33.411 3.017 3.095 <LOD 13.426 3.135 2.704 0.367
30.975 2.819 3.485 2.141 16.305 <LOD 0.911 <LOD
29.536 2.916 4.260 2.436 12.245 <LOD 0.405 <L.OD
29.582 2513 3.793 1.666 14.726 2.469 0.966 <LOD

CMS

Fe Zn Mn Ti Pd Zr Cu Cr
32482 4.063 3.510 3.023 <LOD <LOD <LOD <LOD
31.116 2.699 3.087 4.354 13.159 1.917 0.357 <LOD
29.425 3.142 3.885 4.341 <LOD 2.256 <LOD 0.593

3147 3.275 4.061 <LOD 14.357 <LOD 2.713 0.838
32.528 2422 2919 3.510 15.450 <LOD 1.024 <LOD
CMS(1)/Ch(1)/Van(0.04)

Fe Zn Mn Ti Pd Zr Cu Cr
30.356 2.963 3.680 <LOD 16.707 2.394 2215 1.151
32.078 2.552 3.674 <LOD 12.297 2.160 0.960 <LOD
32.100 3.613 <LOD 2.136 15.910 2.423 1.845 0.862
27475 2.450 4.665 2.489 12.512 1.879 0.753 <LOD

Table 13. The analysis of the Straw elemental composition.
Zn Mn Ni Cu
Native Sample
6.736 3.442 2.04 <LOD
6.037 4.209 <LOD 2.993
6.463 343 1.612 <L.OD
CMS
6.924 3.554 1.446 <LOD
6.261 2.268 1.511 <LOD
CMS(1)/Ch(1)/Van(0.04)
7.322 6.478 1.405 <LOD
7.877 6.091 1.279 <LOD
7.118 6.249 2.060 <LOD
5.612 4.800 <LOD <LOD

The conducted research needs to be supplemented with further analyses of the remain-

ing modular materials in order to obtain full characteristics.

The obtained materials meet most of the criteria for compostable and biodegradable
materials. During the hydrolytic decomposition of samples, the forces maintaining the
polymer chains in the cross-linking state are overcome. Excessive swelling occurs, causing
cracking of the network nodes and bridges connecting the structural hydrocarbon chains of
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the polymer material, leading to the destabilization of permanent hydrophobic bonds, etc.
These phenomena were observed both during the research composting and testing the
absorbability of materials.

The infiltration of samples by surface and depth methods revealed the complex struc-
ture of the modular material consisting of an outer and an inner layer. The most favorable
bonding state in materials describing the outer shell, i.e., the one with the highest cross-
linking density and accordingly, the inner shell of the material characterized by the lowest
density inside the superabsorber particles, are demonstrated by materials with the addition
of a cross-linking agent. During ozone aging, free radicals, such as *H, *O*~ or *C=C, lead
to the deterioration of mechanical properties, reduction of network density, and thus to the
faster dispersion and disappearance of the material in the natural environment.

The research may provide a more in-depth look at the designed materials with super-
absorbent properties.

3. Materials and Methods
3.1. Materials

Corn starch (CS) ACS reagent grade (Sigma Aldrich, Poznan, Poland); commercial
chitosan from crab shells with a degree of deacetylation DDA = 83.40 + 2.40% (BioLog
Heppe GmbH (Landsberg, Germany); sodium hydroxide (NaOH) (Sigma Aldrich, Poznan,
Poland); hydrochloric acid (Sigma Aldrich, Poznarn, Poland); monochloroacetic acid, ACS
reagent grade (Sigma Aldrich, Poznari, Poland); acetic acid solution of 2% (w/v) was
prepared using acetic acid (Sigma Aldrich, Poznan, Poland, purity > 99%); nitrogen gas
(N3} technical grade; ethanol 96%y). (Bioetanol AEG Ltd., Chelmza, Poland). The chemicals
were used without further purification. All solutions were prepared using deionized water.

3.2. Synthesis of Carboxymethyl Starch (CMS)

Corn starch (4.016 g) was transferred quantitatively to a three-necked flask and 30 mL
of deionized water was added. The content of the flask was heated to 90 °C and stirred for
30 min using a magnetic stirrer with a heating plate. Then the flask with the content was
placed in a water bath at 60 °C and equipped with a mechanical stirrer. In the meantime,
10 mL of aqueous solutions of monochloroacetic acid (4.007 g) and sodium hydroxide
(3.213 g) were prepared in beakers. After complete dissolution, both solutions were quan-
titatively transferred to a flask using a dropping funnel (dropping rate 1 drop/5 s). The
process was carried out for 4 h. After cooling down the mixture, the product was precipi-
tated with ethanol. The gel was allowed to precipitate completely and then cut into small
pieces 5 mm x 5 mm in size. The resulting superabsorbent gel was dried in a vacuum
oven at 40 °C for 24 h. Figures 13 and 14 show the mechanism and appearance of the
final product.

3.3. Preparation of a Superabsorbent Polymer Composed of CMS and Chitosan (Ch)

Deionized water along with a defined amount of carboxymethyl starch (CMS) was
placed in a three-necked round bottom flask and stirred by a magnetic stirrer with heating
for 2 h in a water bath at 30 °C. Chitosan (Ch) powder together with a 2% acetic acid
solution was quantitatively transferred to a second round-bottom three-necked flask, and
the contents were mixed with a magnetic stirrer while heating for 4 h at 35 °C. After a
clear chitosan solution was obtained, the specified amount of vanillin crosslinker was
added and mixing was continued for 30 min. Then freshly prepared CMS solution was
added to the flask with chitosan via a dropping funnel (Table 14). The resulting mixture
was stirred under the same conditions for another 3 h. After that, the mixture cooled
down and the product was precipitated. The resulting natural polymer was filtered on a
Buchner funnel and placed at 18 °C for 72 h. The product was then dried for 72 h at room
temperature using a vacuum chamber (6 x 10~2 Torr). Figure 15 shows the mechanism
of amide ling formation between chitosan and vanillin responsible for cross-linking of the
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material. Figures 16 and 17 illustrate the synthesis apparatus and the appearance of the
final product.

o
OH

OHo

NaOH \%
HO OH j’ CICH COOH on)
CH3

Figure 13. Illustration of synthetic procedure for preparation of carboxymethyl starch (CMS).

a

Figure 14. Synthesized carboxymethyl starch (a) immediately after precipitation with ethanol;
(b) cut into 5 x 5 mm pieces; (c) dried in a vacuum oven.

Table 14. Explanation of polymer sample codes.

Sample Code Description
Ch(1)/CMS(1)/ Van(0) Chitosan, carboxymethyl starch, without the addition of vanillin
Ch(1)/CMS(1)/Van(0.01) Chitosan, carboxymethyl starch with the addition of 0.01 g of vanillin
Ch(1)/CMS(1)/Van(0.02) Chitosan, carboxymethyl starch with the addition of 0.02 g of vanillin
Ch(1)/CMS5(1)/Van(0.04) Chitosan, carboxymethyl starch with the addition of 0.04 g of vanillin
Ch(1)/CMS(1)/Van(0.06) Chitosan, carboxymethyl starch with the addition of 0.06 g of vanillin
Ch(1)/CMS(1)/Van(0.08) Chitosan, carboxymethyl starch with the addition of 0.08 g of vanillin
Ch(1)/CMS(1)/Van(0.10) Chitosan, carboxymethyl starch with the addition of 0.10 g of vanillin

O
\& 0 HO n
Ay O

HO

n H,C—O  OH

NH,

H,c—0  O—

Figure 15. Schematic of the amide links involving vanillin (Van) carbonyl group and chitosan’s (Ch)
amine group.
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Figure 16. Apparatus for the synthesis of CMS and Ch in the addition of vanillin.

(a)

(b)

()

Figure 17. Synthesized hydrogels resulting from the polymerization of grafted carboxymethyl starch
on chitosan with increasing amounts of vanillin (a) immediately after drying in a vacuum oven;
(b) after adding a little deionized water; (c) structure and color of the hydrogel after liquid absorption.
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3.4. Characteristics of the Obtained Superabsorbent Polymers
3.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure of the obtained polymers was characterized by Fourier trans-
form infrared spectroscopy (FTIR). A Bruker Vertex 70 spectrometer (Bruker Optoc GmbH,
Ettlingen, Germany) was used in the wavenumber range from 4000 to 400 cm ! for 16 scans
with a resolution of 4 cm™!. The obtained FTIR spectra were normalized, and the main
vibration bands were assigned to the appropriate chemical groups.

3.4.2. Thermal Analysis

The thermal stability of the obtained materials was tested with the SDT 2960 Simulta-
neous TGA-DTA thermal analyzer (TA Instruments, Champaign, IL, USA). TGA analysis
was carried out in the air atmosphere on samples of a few milligrams at a heating rate
of 10 °C min~! from 20 to 1000 °C. The total weight loss of the sample is equal to the
peak area on the DTA curve. Recorded thermograms were analyzed using TA Universal
Analysis Software.

3.4.3. Scanning Electron Microscopy

The particle size and surface topography of the superabsorbent were examined using a
scanning electron microscope manufactured by LEO Electron Microscopy Ltd. Cambridge,
UK, model 1430 VP. The apparatus was working in SE mode under the following conditions:
an accelerating voltage of 10 kV, and a working distance of about 11 mm (exact WD values
are given in the figures). The surface of the granules was analyzed at three sites. The test
samples were dried immediately before the analysis under vacuum at the temperature of
50 °C £+ 0.1 °C for 24 h. Scanning electron microscopy was used to determine the porosity
of superabsorbent polymers, shape, morphology, and size.

3.4.4. Swelling Properties

Properties, such as swelling rate, degree of swelling (Q;) and equilibrium swelling (Qeq)
have been determined for all SAP materials with different cross-media content. The
equilibrium swelling determines the maximum weight of water per 1 g of superabsorbent.
About 0.1000 g of the dried polymer sample was weighed and immersed in double-distilled
water to be allowed to swell for 24 h. After filtration, the extracted gel was reweighed and
the Qg was calculated according to the following formula:

o [g] o Ws—wa @)

8 Wy

where w,; and w; are the weights of the dry sample and the water-swollen sample, respectively.

The degree of swelling was determined in an analogous manner, but the sample was
removed from the solvent (water, NaCl solution, or buffer), after a certain time, drained
from the weighed excess surface water, and then re-immersed in the solvent. The degree of
swelling (water absorption) was determined according to the formula:

Q [&] _ W wa @

8 wy

where w; is the weight of the swollen sample at a given time.

The pH swelling test was carried out by immersing about 0.1000 g of the dried
superabsorbent gel in solutions at a given pH at 25 °C for 24 h. Defined pH buffer solutions
were prepared by calculation with 0.1 M HCl and 0.1 M NaOH solution (controlled with
a pH meter). The weight of the swollen samples was measured after drying with surface
filter paper.
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3.4.5. Swelling Dynamics

Water retention and water absorption in superabsorbent granules of various sizes
were calculated according to methods widely described in the literature [36]. Study of
the absorption rate of synthesized superabsorbent polymers weighing 0.1000 + 0.001 g
were placed in previously prepared and weighed tissue bags and immersed in 250 mL
of deionized water. The swelling kinetics are described by mathematical equations using
empirical models. The results show the initial material swelling values below 60% weight
gain of the sample. The initial swelling rate is determined by a formula derived from the
Voigt viscoelasticity model connecting the spring to the damper. This equation manages
the rapid transition from high initially to very slow at the end of the process [34] and looks

like this: ;
)

where T is the so-called “speed parameter” which in the original Voigt model is called
“retardation time” and as such defines the dashpot effect.

The following factors may affect the absorption properties and the swelling kinetics:
temperature, pH, structural parameters of the polymer network, and the properties and
type of solvents. The plot of Q; = f (t) is described by a simple power-law equation
as follows:

Q [‘g} = AXx exp(—bx t—%) 6)

where A and b are empirical coefficients. A is the amount of the equilibrium swelling
(Qeq), while b corresponds to the diffusion rate of the solvent in the interchain spaces of the
polymer. The accuracy of the model is expressed in terms of R? and Fit Standard Error (FSE)
along with the coefficients of the equation.

3.4.6. Dehydration Tests

The dehydration test was performed at 50 °C in a vacuum oven. The dehydration
kinetics were determined by the gravimetric method by weighing the samples at speci-
fied time intervals. The amount of water removed from each hydrogel was determined

as follows:
my —m
W, [g] It %)
g my
where m; is the mass of the sample at the time ¢ of dewatering, m; = w; is the initial mass of
the dry sample before the dewatering process.

3.4.7. Statistical Assessment of the Data

To evaluate the statistical significance of the data all repeated measurements were
collected in Microsoft Excel 2010 spreadsheets and analyzed using built-in tools. The data
presented in the text are the mean values. The t-test was applied to check the statistical
significance between groups of experimental data. A value of p < 0.05 has been set as a
statistical significance threshold.

3.4.8. The Pro-Ecological Aspect
Composting Process

The composting process lasted less than 12 weeks and consisted of measuring the
weight and organoleptic changes of the modular materials. It was carried out in a climatic
chamber with the following parameters: temperature 30 °C, WWP 80%.

Qualitative and quantitative measurements and measurements of the weight of the
samples + 0.01 g were carried out at 9, 10, 11, and 12 weeks. Preparation of test sam-
ples consisted in occluding modular materials in 140 g/m? with good permeability of
components during the composting process.
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Ozone Aging

The climatic aging of the samples was carried out in an ozone chamber, the technical
parameters of the process were 30 °C, 200 ppm, and 200 h. The carbonyl index CI was
calculated according to the following equation:

_ transmittance A
" transmittance B

(8)

where transmittance A is a transmittance of the characteristic group C=C 1652 [cm~!], and
transmittance B is a transmittance for the reference band 2927 [cm™1].

Deep and Surface Water Absorption

In modular materials, a test was carried out to estimate water absorption by measuring
the depth and surface water absorption.

Measurements of surface water absorption are based on the contact of the modular
material in contact with water or in an atmosphere of water vapor (in this case it was
water vapor and measurement of the mass of samples with an accuracy of +0.0001 g
inappropriate time periods) and is most often expressed in grams of absorbed water. Plots
are plotted against the amount of absorbed water as a function of the contact time with
water. Deepwater absorption was determined by determining the weight percentage of the
total amount of water that the polymer was able to absorb. For this purpose, the weighed
amount of superabsorbent was poured over with distilled water, then the excess water is
poured off above the sample surface.

A material displaying superabsorbent properties is defined as a test object capable of
absorbing 20 times its dry mass of water or other liquid.

Biological Tests—Sowing Plants from the Organization for Economic Co-Operation and
Development (OECD) Group

The substrate used for sowing breeding plants belonging to one of the OECD 208 categories
was sowing on a substrate that was a universal garden soil, pH 5.5-6.5. The breeding plant
used was spring barley (Hordeum vulgare). The tests were carried out on a laboratory
scale in cycles of three repetitions, water was supplemented in the amount of 70-100% of
the capacity. A shaded area was used during the sprouting process.

The ecotoxicity studies were conducted over a period of 3 weeks, and three trials were
averaged. Superabsorbent samples were introduced into the soil under the root/grain and
then covered with a layer of soil.

The ecotoxicity analysis was completed with the collection of biological material in
the form of the above-ground part-dried material (the so-called straw) intended for further
microelement analysis along with the soil in which the plants were sown and in which
also modular materials were implemented. The aim of the elemental analysis of both the
above-ground part and the soil material was to determine that the mineral components did
not exceed the permissible environmental standards.

4, Conclusions

Hydrogels were synthesized by grafting carboxymethyl starch onto chitosan. The
materials were characterized using the FTIR, TA, and SEM methods. The most likely
mechanism of graft polymerization has been proposed. The FTIR results show a new
peak at a wavelength in the range 1716-1776 cm~!. Thermal analysis proved an increase
in the stability of the resulting hydrogels compared to the crude monomers of CMS and
Ch. The Tg of the hydrogels appeared to decrease with increasing crosslinking. SEM
photos visualized the created channels, corridors, cracks and blisters that facilitate fluid
penetration, absorption and adsorption of fluids. However, most important for the design
is the swelling studies. The samples absorbed the largest amounts of deionized water
at room temperature. It has been proven that the amount of the used vanillin cross-
linker significantly influences the absorption and descriptive properties. The swelling
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of the polymers was characterized by a sensitivity to a change in pH, which was tested
by changing the concentration of H*/OH™ ions. The resulting materials contain amino,
hydroxyl and carboxyl groups which are determined to swell. It can be assumed that the
main driving force responsible for such sudden swelling changes is the ionic repulsion
between the charged groups introduced into the gel matrix by external pH modulation.
The swelling in NaCl solutions of various concentrations was also tested. This hydrogel
network intelligently responsive to pH can be considered a good candidate for designing
new drug delivery systems. In this case, the absorption properties of the materials also
decreased with increasing amounts of Na* and Cl~ ions. The kinetics of dehydration of
the resulting materials at a temperature of 50° C was also investigated, which showed that
the presence of vanillin in the hydrogel chain reduces the rate of water removal from the
polymer and extends the process of its dehydration.

Supplementary Materials: The following supporting information can be downloaded at:
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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Jiri Jaromir Kleme$ Disposable diapers are currently used in large quantities and due to their disposable nature; they are thrown
away in the garbage after a single use. This inevitably leads to a build-up of a serious environmental problem.
The search for solutions to this problem includes the introduction of biodegradable diapers. In our investigation,
we focused on examining the degradability of existing diapers of this type on the market. The main pillar of the
research was to track the progress of hydrolytic degradation and to try to determine the structural changes that

Keywords:
Disposable diaper
Solid waste

gii t:lzoglrysangadauon occur in the materials of which this type of diaper is made. The chemical composition of diapers’ parts was
SWOT analysis studied by means of IR spectroscopy. The study shows that parts of diapers manufactured from cellulose and its

derivatives demonstrate moderate degradability in an aqueous environment. Most important degradation
products identified by FTIR after 140 days are oxidized intermediates containing carbonyl moiety. Regarding the
weight loss, it was found that only starch based components exhibit reasonably fast decay, nearly disappearing
after 60 days. Although the parts made of polyolefins showed signs of slight oxidative degradation, they prac-
tically did not lose weight over a monitored period of time. The biodegradation tests on diaper samples showed
quite modest biodegradability. Additionally, the absorbent core showed inhibition of the biological activity of
the compost. The results showed that although biodegradable disposable diapers are a solution going in the right
direction, they are currently far from meeting environmental safety expectations.

exponentially ( ). The main disadvantage of DD
is related to their one-time use, after use they are thrown away, feeding
the domestic waste stream ( ). Used diapers are suc-

1. Introduction

Recently, the world faces serious problem of increasing amount of

plastic waste. Part of the problem concerns used disposable diapers
(DDs). In developed countries parents tend to choose DDs over the cloth
ones due to lower price, and convenience. Not only are DDs cheaper than
cloth diapers but also better suited to modern parenting style. Given that
in the first years of life, each child uses around 7 diapers a day (

) and the number of newborns in the EU alone exceeds 5
million per year, it is not surprising that DDs consumption increases

cessively increasing the municipal waste stream and are now estimated
to be a major source of solid waste, accounting for 12% of garbage
disposed in landfills ( ). According to published data,
a typical DD is expected to lie in a landfill for about 400-500 years
( ). In the early 1960s DD hit the market and
immediately became an important part of the modern economy. Since
then, they have been systematically improved and one of the most
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important milestone in this development was the introduction of
superabsorbent polymers (SAP) into the DD absorbent core (P

). This innovation allowed for a significant
improvement in DD performance while reducing their weight. Super-
absorbent polymers belonging to the class of cross-linked hydrophilic
polymers were first patented in 1960 ( ) and
shortly thereafter Johnson and Johnson's used them in first hydrocolloid
absorbent for hygiene products ( ). The introduction
of superabsorbent polymers has reduced the weight of diapers by nearly
45% ( ). Originally, disposable diapers were
made entirely of cellulose-paper materials. To improve their efficiency
and functionality, multi-material systems containing synthetic polymers
were introduced. These new materials, including polyolefins, polyesters
and polyacrylates, have significantly increased DDs’ decomposition time
in the landfill.

Increasing production and consumption of DD has raised public
concerns about its environmental impact. In response to these concerns,
manufacturers together with scholars have begun to develop new solu-
tions in line with the principles of sustainability and the biocircular
economy. The dominant attributes of this new approach include the
diaper's weight reduction, increase of performance and lately use of
biodegradable source materials. There are different approaches to the
problem of waste containing used diapers ( ), many of
such include incorporation of shredded diapers in some composite ma-
terials ( )} especially concrete ( ).
Another solution proposed in the literature concerns pyrolysis (

) or carbonization ( ) to obtain new
valuable materials. Valuable proposition was suggested by M. Al-Jabari
et al. who studied application of hydrogel form baby diapers as material
enhancing soil irrigation ( ). According to some
authors, incineration implemented according to Waste-to-Energy tech-
nology is highly profitable environmentally (

). The alternative, to this, rather expensive solution is introduction
of biodegradable DDs in which most of the plastic components are
replaced by their easily-degradable counterparts ( ).
Although first products made according to this idea are already avail-
able, the topic is still being developed and intensively researched
( ).

In our work, we made an effort to test the stability of some of the
available examples of so-called "biodegradable diapers” and their
breakdown in controlled environments ( ). The
objective of this study was to determine the degradation characteristics
and the general degradability of the main components of chosen diapers.
Their composition was studied using spectroscopic analysis. This step
was necessary as the exact composition varies from manufacturer to
manufacturer and is not disclosed to the user. Each part of DD was
studied separately, for this reason purchased items were took apart and
tested according to appropriate procedures. Several studies devoted to
an examination of the life cycle of various types of baby diapers and
their impact on the environment can be found in the literature (

). However, they are concerned with the comparison of
disposable and reusable diapers. In this study, the attention is focused
only on biodegradable diapers and to what extent modern solutions in
disposable diapers solve the problem of solid waste. The biodegradable
diapers are still in their early development phase so it is important both
from practical and scientific point of view to analyze different aspects of
their degradation. The novelty of this work is centered on the investi-
gation of hydrolytic degradation of different parts of diapers and answer
to question of the extent of these diapers degradability in context of
simple contact with water. Hydrolytic degradation of diaper parts
samples was taken as the main pillar of the research, since this particular
process accompanies any type of waste degradation in the environment.
Although in practice, landfills do not receive clean diapers straight from
the package, in contrary those that contain a significant amount of
biological contaminants that significantly affect the degradation pro-
cesses, the chemistry of hydrolytic degradation of the base material
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remains the same regardless of the type of contamination (

). Waste disposal methods other than incineration include stages
where contact with water is inevitable, and for this reason it seems
scientifically important to us to study this particular stage of diaper
degradation. The study also includes simple composting and thermal
stability tests to expand the context of the discussed issues. Since the
composition of studied specimen plays crucial role in the present
research the detailed description of the disposable diapers composition
and design is provided in the next section. This issue is rarely included in
the literature and may be useful for inquisitive reader.

1.1. Composition of disposable diapers

Absorbent hygiene products (AHPs) are a class of disposable
household, sanitary or hospital supplies made of cellulose-based mate-
rials and adapted to absorb body fluids ( ).
AHP product category includes disposable diapers for infants, inconti-
nence products for adults, and sanitary protection for women (

). DD include at least a fluid-impermeable back sheet, a
liquid-permeable top sheet, and an absorbent core in between. More
sophisticated designs are equipped with additional parts covering
different functions of the article. Among these are acquisition and dis-
tribution layers (ADL), leak guards, elastics, ear tabs, and fasteners
( [ ). schematically shows the structure of a
basic DD.

Top sheet is the layer next to the skin that transports body fluids to
the deeper layers, where they are collected. Explicitly, the term “top
sheet” has been defined in the patent by Mitsui Chemicals Inc. (

). The structure of top sheet is formed of blow-melted
nonwoven fibers, assuring that fluid passages will not collapse easily
after wetting. Usually, the layer is made of polyolefin porous nonwovens
fibers (polyethylene, polypropylene, PET) or biopolymer fibers (

).

The acquisition and distribution layer (ADL) is located directly
beneath the top sheet. The main function of this layer is to rapidly
transfer body fluids from the skin-contacting top sheet to deeper layers
of the diaper ( ). The ADL is usually made of polyethylene
terephthalate (PET) ( } or cellulose film (

).

The absorbent core (fluff pulp) is the main component of diapers the
main function of which is to quickly absorb and distribute the fluids
( ). In its basic form, it was made of layers of
loosely compacted, highly absorbent fibers, which are fluffy and porous.
Initially, it was carded cotton webs, air-laid cellulosic fibrous webs, or
comminuted wood pulp ( ). Later, to improve the
adsorptive properties of disposable sanitary products superabsorbent
polymer was introduced. The absorbent layer initially contained about 5
%wt. of a hydrocolloid polymer, insoluble in water due to a high degree
of cross-linking ( ). The first commercially used super
absorbent polymers (SAP) in diapers were introduced by W. Otto and L.
Drahoslav and obtained from the synthetic monomers including acrylic
acid derivatives ( ). Over the years more effective
SAPs have been developed, achieving sorption efficiency exceeding a
thousand times the initial weight of dry polymer. These materials are
still obtained from synthetic monomers such as acrylic or methacrylic
acid salts, dimethylaminoethyl methacrylate, methacryloyl glycolic
acid, piperidinoethyl methacrylate, and morpholinoethyl methacrylate
and other alike. New trends in line with the idea of circular economy
take in to account the replacement of acrylic SAPs that are environ-
mental burdens with semi-synthetic or semi-natural compounds based
on natural polymers grafted with synthetic counterparts (

) or natural crosslinkers (
). Such solution can provide a shorter decomposition time for
DDs in the landfill. Natural SAPs can be synthesized from poly-
saccharides (alginate, chitosan ( }, agar (
), carrageenan ( ), dextrin (
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Fig. 1. The composition of contemporary disposable diaper: fasteners (1), leak guard (2), top sheet (3), acquisition distribution layer (4}, the absorbent core (5), back

sheet (6), superabsorbent polymer (7}, cellulosic fibrous web (8).

), cellulose ( ), starch ( ), gum
¢ )) and/or proteins (soybean ( ),
fish, and collagen-based gelatin ( .

The back sheet is a leak-proof barrier of the diaper commonly made
of a film or nonwoven fabric produced from synthetic fibers (poly-
ethylene and polypropylene) or a mixture of nonwoven and film. Small
inclusions in the film create openings small enough to allow the trans-
port of water vapor and air while retaining urine within the diaper
( ). More recently, the layer may contain some
bio-based materials such as poly(lactic acid) fibers or film, natural
nonwoven viscose with polyurethane, or a mixture of polyethylene and
starch ( ).

The leak guard helps stop liquids from leaking out of the diaper
sideways. It is made of a hydrophobic non-woven fabric, usually poly-
propylene ( ).

Elastic materials help hold the diaper in place. They are used in the
waist and legs, and can also be used as lateral side panels and in the
construction of fastening tapes. They are most often made from ther-
moplastic polymers, rubber, and polyurethane film (Lycra).

Ear tabs are used to fit diapers to the body. It is made of polyethylene
and polyamide ( 56).

Fasteners, attached to the ear tabs to close the diaper and stabilize it
during use. Adhesive materials made of thermoplastic polymers (poly-
amide and polyethylene) are used to make them. They are covered to
avoid contact with the skin ( ).

2, Material and methods
2.1. Materials

The study involves individual layers of biodegradable DDs such as:
nonwoven, fluff pulp, super absorbent polymers (SAP), polymer film,
and paper. In order to avoid any conflict of interest, we have decided not
to include the producers and brand names of source diapers. The
chemical composition is crucial for the study we have estimated by
chemical analysis. For the study, we have chosen three different diapers

available in the common sale and advertised as biodegradable. The
specimens were named DD1, DD2, and DD3, and detailed codding list of
each sample is given in .

Other materials such as sodium hydroxide (Sigma Aldrich, Poznan,
Poland); ethanol 96%,,). (Bioetanol AEG Ltd., Chelmza, Poland) and

Table 1
Explanation of polymer sample codes and the results of main component
identification.
Samples Description Identified main component
Code
DD1 Disposable diaper 1
DD1P Paper in the constructionof  Cellulose
DD1
DD1C Cellulose in the Cellulose
construction of DD1
DD1S SAP in the construction of Polyacrylate grafted starch
DD1
DDIN Non-woven in the Cellulose acrylate fibers
construction of DD1
DD2 Disposable diaper 2
DD2N Non-woven in the Cellulose acrylate fibers
construction of DD2
DD2F Film in the construction of  Poly(butylene terephthalate)
DD2
DD2P Paper in the constructionof  Cellulose
DD2
DD2C Cellulose in the Cellulose
construction of DD2
DD2S SAP in the construction of Polyacrylate grafted starch
DD2
DD3 Disposable diaper 3
DD3N Non-woven in the Polypropylene
construction of DD3
DD3F Film in the construction of  Polyethylene/polypropylene
DD3
DD3C Cellulose in the Cellulose
construction of DD3
DD3S SAP in the construction of Cellulase crosslinked by oligo

DD3

(ethylene glycol)diacrylate
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nitrogen gas technical grade. All these compounds were applied without
additional purification. Necessary solutions were prepared in double RO
deionized water.

2.2. Analytical methods and statistics

Selected diapers were unpacked in controlled laboratory conditions.
Then they were cut in to pieces in a way allowing separation of the
important materials composing the specimen. Different materials were
separated and sealed in polyethylene string bags and kept in desiccator.
In order to use appropriate amount of a given sample was taken from the
main batch.

The determination of chemical composition of each diaper’s layer
was determined by applying infrared spectroscopy. Dry samples from
the desiccator we subjected to a horizontal attenuated total reflectance
(ATR) Fourier transform infrared spectroscopy (FTIR) at room temper-
ature on a diamond crystal. The spectra were recorded using a Vertex
70V spectrometer (Bruker Optoc GmbH, Ettlingen, Germany) in the
range from 4000 cm ™~ to 650 cm ™. A final spectrum was averaged from
64 full scans with a resolution of 4 ecm™!. FTIR spectra have been
normalized and interpreted based on the Materials Spectra Database
delivered with the equipment.

Analyzes were carried out using a Simultaneous TGA-DTA thermal-
analyzer type SDT 2960 from TA Instruments at temperatures from
20 °C to 1000 °C, at a speed of 10 °C min~!, under nitrogen. The sample
size was several milligrams. For all components of the diapers under
consideration, the beginning and end temperatures of each trans-
formation associated with the change in weight were determined.

The spectra recorded by Infrared spectrometers were averaged and
statistically manipulated on the level of manufacturer’s software and no
further statistical analysis was applied. In certain cases only standard
normalization procedures described elsewhere were implemented.
Other data are presented as the means + standard deviations. Statistical
difference was analyzed by SPSS software using one-way analysis of
variance (ANOV A) with Tukey’s test. The significance level was set to P
< 0.05.

2.3. Hydrolytic degradation tests

In order to conduct hydrolytic degradation tests diaper part samples
were cut and weighed with an accuracy of 0.001g. They were then
soaked with water and weighed again after removing excess water with
filter paper. The samples were then placed in round-bottomed tubes and
filled with distilled water to 3/4 of the tube’s height. The tubes were
sealed with stoppers and introduced into a water bath with a controlled
temperature of 30 °C. Under these conditions, the samples were stored
for 4 months. However, the ISO Standard 15814:1999 recommends to
carry such tests at 70 °C preliminary tests has shown that in our labo-
ratory setup such test did not allow to obtain reproducible results. For
this reason we have decided to decrease the temperature and extend the
experiment time. During this time, pH, mass and composition tests were
randomly conducted. Once a month, one of the samples was removed
from the tube, dried in a vacuum dryer at 50 °C for 24 h and stored in a
desiccator. The sample was weighed and then divided into smaller
portions and subjected to further analysis. Three test tubes were used for
each individual sample. Potentiometric pH measurements were carried
out at 30 °C using a multi-channel potentiometric meter calibrated in a
standard phosphate buffer solution of pH = 7.4.

Based on the relative mass deviation of the samples, the progress of
degradation was estimated. The relative mass deviation was calculated
as the ratio of the degraded sample weight to that sample’s initial mass.
Additional FTIR analysis of the samples provided with the information
on the structural changes in the sample.
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2.4. Biodegradation in compost

The test of DD biodegradation in compost was determined based on a
respirometric method using a WTW’s OxiTop® - Control 110 set. Oxy-
gen consumption by the biological system was measured continuously
throughout the incubation period. The basic background and method is
described in the literature ( ). Due to the limita-
tions of the methods only large samples of paper (DD#P) and the
absorbent core (cellulose nonwoven and SAP) (DD#C) were tested. The
respiration activity was measured based on the method of Platen, Wirtz,
and Walczak ( ). Fifty grams of compost were placed
in 1 L containers. Next, baby diapers parts (5 g) were transferred in
compost, and carriers with CO; absorber (0.4 g NaOH) were placed in
the containers. The measured values were recorded by the OC 110
control system in the “Pressure p” mode. All samples were incubated at
20 °C for 20 days. Compost that did not contain DD was used as control
samples (endogenous respiration). All samples were analyzed in tripli-
cates. Biological oxygen demand (BODyp) was shown as mgO» kg~! of
compost after 20 days at a temperature of 20 °C.

3. Results and discussion
3.1. Identification of chemical composition of diaper parts

The first task of our study was to identify the chemical composition
of important parts of the diapers. In order to identify the chemical
composition of the different parts of studied diapers, spectroscopic
studies of dry material samples were performed using the ATR FTIR
technique. The resulting spectra were analyzed using the spectra data-
base provided by the Equipment manufacturer. The recorded infrared
spectra, the crude forms of which are presented in the supplementary
materials ( ), allowed the rational identification of the main
components of the various parts of the diapers. However, they did not
provide sufficient information to identify minority additives, which are
always present in polymeric materials. These additives mainly are sta-
bilizers, substances affecting odor suppression, and modifiers of post-
consumer degradation processes. The results of the identification of all
parts of the examined DDs are presented in

According to the data obtained for DD1 and DD2, all analyzed parts
of these diapers were made of biodegradable materials of natural origin.
The dominant raw material used in their production is cellulose and its
derivatives. On the other hand, the DD3 diaper contains parts composed
of polyolefins, which are not classified as biodegradable.

3.2. Spectroscopic investigation of hydrolytic degradation

Infrared spectroscopy was used both to identify the starting materials
and to track structural changes caused by hydrolytic degradation pro-
cesses of the samples. Due to the fact that the spectra of samples
analyzed at different stages of hydrolytic degradation themselves were
very similar and lacked spectacular differences in the form of new bands
in order to analyze structural changes, differential spectra were pre-
pared. These spectra are shown in and were obtained by sub-
tracting the normalized spectrum of the starting material from the
normalized spectrum of the material after degradation.

Detailed analysis of the samples showed that under the conditions of
hydrolytic degradation there are no clear structural changes in poly-
ethylene and PE/PP films (see A). The same effect was observed
for the superabsorbent extracted from the DD2 diaper (DD2S). The lack
of tangible effects of long-term storage of these samples in an aqueous
environment on their chemical structure is not surprising. Both poly-
olefins and polyacrylates are characterized by significant resistance to
aqueous environments. In the latter case, the polymer under test was in
fact starch cross-linked with polyacrylates. Starch itself is relatively
susceptible to hydrolysis; hence the resistance obtained by cross-linking
with acrylates indicates the strong cross-linking and high polyacrylate
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Fig. 2. Subtraction FTIR spectra of individual diaper parts before and after degradation separately for polymer films (A), cellulose pulps (B), nonwoven fabrics (C),

and superabsorbent polymers (D).

content in the modified polymer. Surprisingly, it turned out that poly-
acrylate grafted starch used as a superabsorbent in DD1 diaper (sample
DD1S, D) shows significant signs of structural changes charac-
teristic for glycoside bonds hydrolysis. Other materials investigated in
the study show structural changes indicating changes related to oxygen-
bearing group.

In the case of paper and cellulose parts (DD1P, DD2P, DD2C, and
DD3C) the specific bands present in the spectra have shown the simi-
larity to data base spectra of cellophane and cellulose fibers. Respective
results are also confirmed by the literature ( ). Cellophane
is typically manufactured of regenerated cellulose thus it has almost
identical chemical structure as cellulose (

). Therefore, the main assignments of cellophane FTIR bands are
similar to those of cellulose. The broad and unresolved band appearing
between 3600 and 3100 cm ™! can be ascribed to the water molecules
corresponding to humidity content, This band is generally associated
with the O-H stretching vibrations in water molecules OH side groups
and hydrogen bonds between these moieties ( 0).
The hydrogen bonds of hydroxyl groups in the 3600-3100 cm™ ! wave-
number range can be associated with both intramolecular and inter-
molecular hydrogen bonds involving hydroxyl groups of cellulose

macromolecule ( ). Studying the structural changes
caused by hydrolytic degradation one can notice the increase of the
intensity of bands at 1705, 1563, and 1407 cm™, as well as two broad
regions one found in DD2C and DD3Ci.e.: 1280-1150 em™, and other in
case of DDC1 1100-850 cm ™!, Based on the literature survey all the three
bands are related to carbonyl group vibrations. This is not a surprise that
intensity of these bands increase since C=0 group is typical oxidation
product signature ( ). The infra-red bands situated in
the wavenumber range from 1100 to 700 cm™! was also found to be
sensitive for water uptake. Bands pattern in this region is usually asso-
ciated with C-O-C stretching vibrations of the polysaccharide chains.
The evolution of the peak found at 1425 cm ™ can be associated with the
interaction of water with the carboxylic acid moiety of the polymers
( ). The peak at 1367 cm™! is assigned to the
bending bond of the —OH group, the signal at 1312 cm™! is assigned to
the vibrating (waving) group —-CH» and the strong absorption band at
1200 cm™! is assigned to the stretching acetyl group CO, the band at
1155 cm ™! due to stretching of the CO antisymmetric bridge and skeletal
vibrations of the COC pyranose ring, a strong band at 1027 em™ is
attributed to the characteristic COC stretch and a small band at 892

em ™! corresponding to C;—H glycosidic deformation involving the ring
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vibration groups and bending bonds -OH ( .

). The CH stretching bands occurring at the vicinity of 2900 cm™!
were also found to be influenced by the water uptake which is rather
unusual, unless they are affected by structural hindrances introduced by
extensive hydrogen bond network. This is, however, difficult to interpret
without clear structural chemical data. Few bands clearly shifted up or
down depending on whether the amount of water decreased or increased
in the sample.

3.3. Hydrolytic degradation ~ weight loss

The investigation of hydrolytic degradation provides information
concerning the general environmental stability of a given material.
Despite the composting, where the material is subjected to certain
controlled conditions, including the action of microorganisms, hydro-
lytic degradation is more like water assisted destruction of the matter in
wet conditions. Polyolefin and vinyl polymers are generally immune to
water-mediated decomposition unless they contain additives facilitating
hydrolytic degradation. Hydrolytic degradation studies give an insight
into the general degradability of certain parts of diapers (

).

The samples of different compositions were kept in controlled
aqueous environment and in certain time their dry weight and compo-
sition was determined. The progress of the hydrolytic reaction was
determined by examining the change in sample mass calculated in terms
of relative mass (g/g) which are shown as plots in . The changes in
relative mass indicate that copolymers based on natural polymers ach-
ieved the highest loss of mass. Analyzing the results, we observe a rapid
acceleration of this process after the first week of degradation. This is
due to hydrolytic processes in the surface layers of the sample, followed
by gradual degradation in amorphous phase. As a consequence, the
crystallinity of the sample increases, which slows down the degradation
processes. Penetration of the crystalline phase by water molecules is
significantly inhibited due to steric effects which also hinder diffusion of
the hydrolysis products from the polymer matrix into the solution. Hy-
drolytic degradation causes, inter alia, breaking the polymer chains into
shorter fragments that easily detach from the polymer matrix and
disperse in water. The remaining insoluble phase thus loses mass, as
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fabric included in the DD3 made of PP/PE and PP respectively, indicated
weight loss in aqueous environment. However, as shown by the differ-
ential spectra in , additional oxygen groups were found in the
DD3F and DD3N samples. This proves that oxidative degradation takes
place under the tested conditions. It can be assumed that this degrada-
tion is initiated by the presence in the material of special additives
facilitating degradation. In general the diapers were made of cellulose
derived materials and it is not a surprise that they undergo degradation
in water. Interestingly, the SAP material in DD1 and DD2, which showed
a significant similarity in chemical structure, showed a mass loss at a
significantly different rate during hydrolytic degradation. A further
explanation of the observed changes is better understood on the base of
the differential infrared spectra shown in the 2D figure. The graphs show
only slight changes in the chemical structure of DD1S and virtually no
change in DD2S. This indicates that polyacrylate grafted starch is
degraded in an aqueous environment without significant oxidative
degradation. In this context, it seems reasonable to assume that the
degree of cross-linking plays a key role in the observed changes. The
DD1S sample loses weight quickly and after 60 days its mass is less than
5% of its original weight, while DD2S after 140 days loses only about
20% of its mass. It can be assumed that the loosely bound starch chains
that undergo solvation diffuse out of the main polymer matrix, while the
chains covalently linked to the three-dimensional polymer network must
first degrade in order to exit the matrix. Another explanation include the
assumption that a 14’ glycosidic linkage easily undergoes hydrolysis
breaking the polymer chains in to short fragments. Although, this
explanation still support the correlation between mass loss and the
crosslinking degree introduced by acrylate grafting. Nowadays, super
absorbent polymers like DD1S are highly favorable from the environ-
mental degradation point of view. Surprisingly, oxidative degradation
occurs even though the samples were stored in a sealed vessel without
oxygen access. According to book knowledge, this type of poly-
saccharide degradation is often initiated by active oxygen species. Such
results in the absence of oxygen suggest that the material from which the
test diapers were made must have contained small additions of sub-
stances that initiate oxidation. The presence of additional substances in
the material could also be surmised by observing the pH of water sur-
rounding the samples. As described in the following text, the introduc-
tion of the test samples into deionized water caused a significant sudden

shown in the graphs in .Surprisingly, even the polymer film and the
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Fig. 3. Relative weight deviation during hydrolytic degradation of the samples SAP (A), polymer film (B), cellulose (C), and fabric (D).
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increase in pH.

3.4. Hydrolytic degradation influence on pH

During the hydrolytic degradation pH of the solution surrounding
each sample was monitored. The pH evolution is shown in the
together with the pH of blank sample containing deionized water, It was
found that insertion of diaper sample to water immediately raised the
PH of water of about two units. Then the pH decreased gradually due to
formation of some degradation products ( ).
However, judging from the blank sample (pure water) there must have
been some adsorption of CO; that permeated through the seal. This
analysis has revealed that dumping of disposable diapers of such kind
will significantly increase the pH of surface water in contact. On the
other hand the product of hydrolytic degradation will not affect the pH
of the environment significantly.

In general, hydrolytic degradation of diaper components plays an
important role in their degradation, as indicated especially by weight
loss data. The degradation products slightly lower the pH of the sur-
rounding water, but this effect is negligible and can even be considered
an advantage( ). The only disadvantage is the

8.5 -
J!‘-iiémré 1i1g gz
8044 & 1. B
- 1 Eﬁ-‘!_’.ﬁ’.—‘ii H§}§}}
DERERALLEFtE oS &ig !
7.0-[ TH
|
6.5
Il 4 DD1S o DD2S = DD3S
O 2w e w0 1@ i
time (days}
C
9.0 4
&
85" 9 o
8.0 ™
751 IEFRIN
LIEN
7.0
6.5
o DD2F = DD3F
6.0 T T T T T T
0 20 40 80 80 100 120 140 160
time (days)
- E
9.0 4,
8.5 ;“%ﬁ 5
Pty
8.0- Q!¥§§§éﬁ ﬁ i
E iy‘j. .
’ ’*?‘é;é};éf
7.04 )
65
A DD1P e DD2P
6.0 T T

- T - !
0 20 40 60 8 100 120 140 160
time (days)

Journal of Cleaner Production 377 (2022) 134426
initial increase in pH due to the presence of material additives. On the
other hand, a typical used diaper contains a load of body fluids that are
usually acidic in nature, which can compensate for the observed pH
increase.

3.5. Biodegradation

Biodegradation test of selected diapers’ fragments were conducted

according to the procedure described elsewhere ( i
The results obtained from measurements are summarized in the
and and consist of biological activity of compost containing

diaper fragments. For comparison, the results of the control compost are
given in the

The higher the oxygen demand value, the more carbon was con-
verted to CO,. For samples containing diaper fragments made of paper
(DD1P, DD2P, DD3P), the best biodegradation was observed during the
first 14 days, then the dynamics decreased, which can be attributed to a
decrease in the amount of available carbon.

In the case of cellulose containing absorbent core samples (DD1C,
DD2C, DD3C), not only biodegradation was not occurring, but biological
activity was significantly inhibited. The results are lower than observed

a0

8543
L]

8.0 4

pH
A
il
g
-
e
-
e
|
4
4

7.5

7.04

6.5

a #DDIC =DD2C 4DD3C
"o 4 e @ 100 120 140 160

time (days)

9.0 1

a5
(]

80" %igié ;él'g‘ 1z 11
z SRR T7T M = %3
7.5+ *@ﬁi;; g

7.04

6.5

ADDIN eDD2N = DD3N
6.0 T T

v T T 4 Y »
Q 20 40 60 80 100 120 140 160

time (days)
F
9.0
8.5
80
I
Q
7.5+
7.0 %‘:@ ) A .
2 9998 % 55 5.
Q
8.5 = éé
o water ]
60 T T T - - T T T ]
20 0 20 40 60 8 100 420 140 160
time (days)

Fig. 4. The dependence of pH on the time of the hydrolytic degradation process for SAP (A), cellulose (B), polymer film (C), nonwoven fabric (D), paper (E), and

water reference sample (F).



E. Czarnecka et al.

Biological activity of microorganisms
(mg O, - kg fresh compost ™)

1600

e A DD1P

® DD2P
B DD3P
Q control

17 10 21
time (days)

Journal of Cleaner Production 377 (2022) 134426

1800

£ =
2 - ™
£ 8001 ..., -l VPR -
By Ao —
[=] d
g8 o]
SE r
E S8 1400
96 =
2é
T2 w04 A DDIC
8 @ pD2C
o = DD3C
_g £ 1000 ./ O control
& . . . .
13 15 17 19 pal

time (days)

Fig. 5. The effect of disposable diapers on the biological activity of compost microorganisms: A for papier and B for fluff cellulose pulp.

Table 2
The effect of disposable diapers on the biological activity of compost
microorganisms.
Type of diaper ~ Diaper fragment  Biological activity of microorganisms (mg 02
© kg fresh compost-1)
14 days 17 days 20 days
Control 1498 £ 60 1692 + 34 1731 £ 18
DD1 Paper 1744 + 87 2038 + 44 2189 + 65
Absorbent core 1577 £ 25 1584+ 58 1621 + 22
DD2 Paper 2161 = 19 2137 + 47 2140 + 64
Absorbent core 1523 +31 1658+ 55 1756 + 61
DD3 Paper 1977 +16 1964+ 36 1989 + 42
Absorbent core 958 + 10 1400 + 19 1645 + 52

for the control compost. This is certainly due to the fact that these parts

of diaper are responsible for fluids retention and thus they absorbs water

and thus inhibits biological and bacterial life.

3.6. Thermogravimetric analysis

Thermal stability of paper samples (DD1P, DD2P) as well as fluff pulp

cellulose, although there are some mentions of the process occurring at
360 °C (Zh ).

It can be observed from all thermogravimetric analyses that samples
undergo a slight initial mass loss of 5% (close to 100 °C), probably due to
the existence of residual water in the example. In all materials, the
primary degradation step with Tpay at 355 £ 5 °C was related to the
degradation of cellulose ( g ).

Pure polypropylene of nonwoven (samples DD1N and DD3N) shows
two degradation steps at approximately 360 °C and 465 °C (DD3N)
( ). The weight loss of polyethylene films (samples
DD2F and DD3F) occurred in a one-step degradation process from
478 °C to 471 °C ( :0).

Few decomposition stages were observed in samples DD1S, DD2S,
and DD3S in the temperature range of 300-900 °C, attributed to the
thermal degradation of different compounds present in the sample and
characterizing a superabsorbent.

3.7. SWOT andlysis of the development of biodegradable disposable
diapers

The acronym SWOT stands for strengths (S), weaknesses (W), op-
portunities (0), and threats (T) and corresponds with a structured

samples (DD2C, DD3C) has very similar thermogravimetric plots (see
supplementary materials ). These results are not surprising
since the main component of both kinds of materials is cellulose fibers
( | ). All polymer parts presented notable weight loss at
low temperatures (below 200 °C) and this is attributed to loss of
absorbed water ( ). As temperature increases, the
mass-loss rate increases. DD1P, DD2P, DD2C, and DD3S samples with
about 85% grafting exhibited thermal degradation at approximately

planning method for evaluation of those four elements in a given project
or venture. Circular economy has been the subject of extensive research
addressed in the recent literature on environmental sustainability.
Starting with the diagnosis of the traditional linear human economy that
has caused adverse environmental impacts both locally and globally it
was developed the theory of the natural economy, which in contrary is
circular. The concept of circular economy is emerged from to the fields
of industrial ecology and industrial symbiosis. The latter is developed

360°C(

). The first significant weight loss (10%) was recorded at

270 and 280 °C and can be attributed to the degradation of hemicellu-
lose, the degradation of which is a one-step process.( ).
The maximum mass loss based on the literature data is at 355 °C in pure

since 2006 and gave raise to theories such as social network analysis and
circular economy ( . ).

A strategic analysis of the development of effective solutions for
biodegradable baby diapers design was carried out using the SWOT

Table 3
Thermogravimetric analysis for all samples from DD1, DD2 and DD3.
Diaper TGA (5wt %loss) TGA(10wt%loss) Decomposition Decomposition Decomposition Decomposition
Sample [oC] [oC] temperature [oC] temperature [0C] temperature [oC] temperature [oC]
Step 1 Step 2 Step 3 Step 4
Dbl P 97.2+03 279.1 £ 0.1 359.1 £ 0.2 - -
S 70.3 = 0.4 131.7 + 0.2 369.8 £ 0.3 448.8 + 0.3 883.1 + 0.2
N 3153+ 0.2 330.7 £ 0.1 358.2+ 0.3 464.8 + 0.4 -
DD2 N 3145+ 0.3 326.7 £ 0.2 3588+ 0.1 - -
F 274.6 + 0.5 365.4 +£ 0.2 4784 £ 0.1 - -
P 68.5 £ 0.2 270.8 £ 0.1 359.1 +£ 0.4 - -
Cc 71.1 £ 0.4 2811 £ 0.1 3574+ 03 - -
S 55.6 £ 0.3 91.7 + 0.2 385.8 +£ 0.2 447.1 + 0.1 871.5+ 0.1
DD3 N 2828+0.2 331.6 £ 0.3 356.5 + 0.2 463.9 + 0.2 -
F 308901 358.6 + 0.2 470.8 + 0.1 - -
C 61.7 + 0.5 270.5 + 0.3 356.4 + 0.2 - -
S 73.3+04 1413+ 0.5 303.2+0.1 361.8+0.1 4479+ 0.2 883.1 +£ 0.1
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analysis. This analysis proved to be a useful tool allowing assessing the
strengths, weaknesses, opportunities and threats for different issues and
projects. Here we decided to apply it to analyze the problems associated
with utilization of disposable diaper wastes. As indicated in the intro-
duction, there are many approaches developed to solve the problem of
disposable diaper waste. Among these, the greatest importance is
currently attached to two of them i.e. the incineration and composting of
biodegradable diapers. The latter method is connected with the intro-
duction of fully biodegradable diapers into common use. As intensive
work on their evaluation and implementation is currently underway, it
seems advisable to carry out a SWOT analysis of this solution. In this
analysis, we have mostly based on the results obtained due course of the
project described in this article and the analysis output is depicted in

The production of biodegradable diapers is an example of imple-
mentation a circular economy in household waste management.
Compliance with the concept of a circular economy significantly reduces
the difficult to utilize waste from everyday products, but at the same
time for companies producing compostable diapers it is an important
argument strengthening their brand. Disposable diapers are in common
use and there is no indication that modern society will have to renounce
them, on the other hand, they are a source of serious environmental
pollution. Biodegradable diapers combine two important ideas rooted in
the circular economy, firstly, they can bring a solution that allows for
effective reduction of the amount of solid waste deposited in landfills for
decades, and secondly, their construction is based on materials obtained
from renewable raw materials. As the analysis presented in point 3.1 of
this work shows, apart from a few exceptions, studied diapers were
made of natural polymers of such as cellulose, starch, and their de-
rivatives. The strength of the discussed solution is undoubtedly the
remarkable positive impact on the environment. The use of raw mate-
rials from renewable sources and the prospect of reducing the amount of
waste in landfills is a big argument.

Biodegradable diapers are an interesting and useful solution, but it
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should be noted that they must compose a system that meets two, not
necessarily coherent requirements. From the consumer’s point of view,
it is now important to care for the natural environment and implement
zero-waste solutions and this new product will fulfil the requirement
smoothly. However, the key feature of a diaper is to ensure high effi-
ciency in terms of the basic functions of the product, which is clean and
convenient handling of baby body fluids. In this context, it should be
noted that the replacement of some elements currently made of plastics
obtained from fossil fuels with their biopolymer counterparts involves a
reduction in the functionality of diapers. Particularly it concerns
superabsorbent grains, which are responsible for the effectiveness of the
retention of body fluids in the diaper. As indicated by the published
results of research on alternative biodegradable SAPs, the efficiency of
those made of cellulose-based and starch-based materials is not com-
parable to their polyacrylate equivalents. Further research and imple-
mentation in the field of synthesis of new SAPs and crosslinkers of
natural origin are needed. This will help to optimize the design of the
new biodegradable diapers and consequently allow the replacement of
traditional disposable diapers with biodegradable diapers that have a
reasonable rate of disintegration due to composting.

The disadvantage of this solution is the lack of available and cheap
components for the production of new diapers. Anather significant
weakness of this solution is the fact that paper and cellulose pulp are
used in the cuwrrently produced biodegradable diapers. Although
contemporary trends encouraging the use of these materials as ecolog-
ical, they have an important and neglected in discussions disadvantage,
which is a very high carbon footprint. Therefore, it would be advisable
to develop environmentally friendly methods of producing paper and
cellulose-based materials, or replace these materials with other biode-
gradable polymers without negative environmental impact.

Considering the possible opportunities corresponding with imple-
mentation of this solution, the possibility of reducing a significant source
of plastic waste from household waste is in the foreground. In addition,
it seems valuable to be able to replace the structural elements of another

Zero-waste solution

Reduction of solid waste

Renewable resources
based production

Positive impact on
the product market value

WEAKNESS
High competition of product

already available on the market

Lack of efficient and cheap
raw materials for production

Construction far from satisfactory

Needs for alot of research
and development effort

Reduction of significant
source of plastic waste

Improvement of recyclability
of household waste

Replacement of fosil resources
with renewable once in another
everyday’s good

( THREATS )

Unknown impact of extensive
exploitation of plants on
the environment

Increase of fosil fuels consumtion
on growth and harvest
of raw materials

Uncertain impact of decomposition
products on soil and waters

Fig. 6. SWOT analysis for the development and intreduction of biodegradable diapers as a solution of used diapers waste stream.
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everyday good made of non-degradable materials derived from fossil
fuels with materials from renewable sources.

The analysis cannot ignore the potential threats associated with the
implementation of this solution. It should be emphasized here that the
full implementation of the idea of biodegradable diapers is still on the
horizon, as it requires adaptation and even development of appropriate
new materials for the production of such diapers. Moreover after that it
will be necessary a thorough examination of the processes of decom-
position of these products under various conditions. As our research
shows, it is not a simple matter. And the uncertainty as to whether the
composting or other degradation processes of these wastes will pose
further risks to the environment is can raise a fear and uncertainty.

At the current stage of development of this solution, an appropriate
government strategy and effective support systems for entities trying to
implement technologies that ensure the popularization of the use of
biodegradable diapers may turn out to be helpful.

4, Conclusions

As recent environmental studies have shown, used disposable di-
apers became a serious burden to the environment. One of the solutions
currently being developed is to bring to market biodegradable dispos-
able diapers made of materials that would easily decompose in the
environment without generating toxic breakdown products. This study
involved tests of three such diapers already available on the market. As
our analysis shows, a significant problem with these diapers is the high
water retention in the responsible parts. Excess water in certain layers
inhibits the growth of microorganisms. At the same time, the binding of
water from the environment by the superabsorbent leads to drying of the
compost, decreasing its biological activity. On the other hand, the high
water content of cellulose pulp and superabsorbent promotes degrada-
tion by oxidative hydrolysis, which, as our results indicate, occurs even
under isolated conditions with limited oxygen.

The main research goal of this study was to determine the influence
of recent biodegradable diaper composition and confirming the pro-
ducer’s assurances about the biodegradability of products. And we have
found that in general most of the parts undergo biodegradation. Ac-
cording to our findings, in most cases manufactures utilize biopolymers
such as cellulose and starch as source material. The biological roots of
source material introduce the biodegradability as it was expected;
however, the dynamics of degradation is not impressive. Hydrolytic
degradation study unveiled that although the degradation process of
unused diaper does not affect significantly the pH of surrounding water;
its mere presence significantly alkalizes the water. However, taking in to
account the fact that used diapers will be saturated with acidic body
fluids; this effect likely will be cancelled.

The current material engineering trend is related to searching for
alternative materials for synthetic polymer materials. It is first and
foremost beneficial to carry out various types of modifications, giving
the materials new, unique properties, or to develop materials containing
renewable plant materials.
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