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Streszczenie

Biotworzywa pochodzenia biologicznego i/lub biodegradowalne sg alternatywa
tworzyw sztucznych wytwarzanych z surowcoOw nieodnawialnych, jak ropa naftowa czy
gaz ziemny. Biorgc pod uwage, ze sg uznawane za biodegradowalne oraz priorytety
hierarchii postgpowania z odpadami komunalnymi, odpady biotworzyw powinny by¢
zbierane selektywnie wraz z bioodpadami i przetwarzane w procesach recyklingu
organicznego (kompostowanie lub fermentacja metanowa). Obecnie, powszechnie
zaklada si¢ beztlenowy recykling organiczny bioodpadow w wyniku fermentacji
metanowej. W dostepnej literaturze brakuje holistycznej oceny efektywnosci beztlenowe;j
biodegradacji biotworzyw, pozwalajacej na okreslenie wplywu biotworzyw na
biodegradacje bioodpadow w warunkach beztlenowych. W dysertacji zastosowano
wieloaspektowa analiz¢ do okre§lenia wplywu temperatury i1 wstgpnej obrobki
biotworzyw na ich beztlenowg biodegradacje. Analiza obejmowala 1) okreslenie
wydajno$ci biogazu lub metanu, statych kinetycznych produkcji biogazu (PB) lub metanu
(PM), oraz przydatnosci biotworzyw do produkcji biogazu 1 kofermentacji
z bioodpadami, ii) zmiany powierzchni (makro- i mikroskopowe lub topografi¢) oraz
wlasciwo$ci mechanicznych (wytrzymato$¢ na rozcigganie, wydtuzenie materiatu przy
zerwaniu) i termicznych (skaningowa kalorymetria réznicowa), iii) identyfikacje grup
funkcyjnych na podstawie spektroskopii fourierowskiej w podczerwieni (FTIR),
iv) okre$lenie stopnia biodegradacji biotworzyw (na podstawie teoretycznej produkcji
metanu (TPM)).

Testowano pig¢ rodzajow komercyjnie dostepnych biotworzyw, tj. folie (F) na
bazie skrobi (F_S), celulozy (F_Cel), polilaktydu (F_PLA) i poli(bursztynianu butylenu)
(F_PBS) oraz sztywne (S) jednorazowe kubeczki do napojow na bazie PLA (S _PLA).
Biodegradacj¢ prowadzono w beztlenowych warunkach mezofilnych (M) i/lub
termofilnych (T) oraz po wstepnej obrébee biotworzyw (chemicznej (0,1 M KOH, 2 h,
temperatura pokojowa) lub hydrotermicznej (H2O, 2 h, 90°C)).

Wykazano, ze warunki temperaturowe wpltywaja na biodegradowalno$¢
biotworzyw. Na podstawie wydajnosci biogazu lub metanu w warunkach mezofilnych
uszeregowano biotworzywa od najbardziej biodegradowalnego:

F Celm>>F PBSm>F Sm>F PLAwm.

Przydatno$¢ biotworzyw do produkcji biogazu lub metanu, z wyjatkiem F_Celw,

byla technologicznie niezasadna ze wzgledu na czas beztlenowej biodegradacji powyzej

30 dni.
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W warunkach termofilnych nastgpit wzrost szybko$ci produkcji i wydajnosci
metanu z F_PBS, a szereg biodegradowalno$ci na podstawie wydajno$ci metanu roéznit
si¢ od szeregu biodegradowalno$ci w temperaturze mezofilne;j:

S PLAT>F Celr>F PBSr>F PLAT>F Sr.

Podobnie jak w warunkach mezofilnych, ze wzglgdu na dlugi czas beztlenowe;j
biodegradacji, przydatno$¢ biotworzyw do produkcji metanu byta technologicznie
niezasadna, z wyjatkiem F_Celr i F_PBSt. Biotworzywa (S_PLAr, F PLAT, F_St) nie
powinny by¢ poddawane termofilnej fermentacji metanowej czy np. kofermentacji
z bioodpadami.

Wykazano zalezno$¢ pomiedzy biologicznymi i1 fizycznymi wskaznikami
biodegradowalnosci. Wydajno$¢ biogazu lub metanu w warunkach mezofilnych
1 termofilnych zalezata od wartosci wydtuzenia przy zerwaniu biotworzyw. Wydajnos¢
biogazu lub metanu z biotworzyw charakteryzujacych si¢ wysokimi warto$ciami
wydluzenia (F_S, F PLA) byla kilkakrotnie nizsza niz z biotworzyw o niskich
warto$ciach wydtuzenia (F_Cel, F_PBS). Dodatki stosowane do polepszenia wtasciwosci
uzytkowych folii, w tym ich elastyczno$ci (wysokie warto$ci wspoOlczynnika
wydluzenia), obnizajg biodegradowalno$¢ i wydajnosci biogazu lub metanu.

Warunki termofilne przyspieszaty fragmentacje¢ biotworzyw. Jednak fragmenty
biotworzyw (z wyjatkiem F_Celwm, F_Celr, F PBSrt) pozostawaly widoczne w inokulum
do 66 dnia beztlenowej biodegradacji i dtuzej. Oznacza to, ze przy HRT ok. 20-30 dni,
stosowanym przy fermentacji bioodpaddéw, fragmenty biotworzyw stanowityby
zanieczyszczenie pofermentu, tzw. mikrobioplastik.

Wstepna obrobka biotworzyw przed beztlenowa mezofilng lub termofilng
biodegradacja nie wptyneta na biodegradowalno$¢ oceniang na podstawie wskaznikow
biologicznych, natomiast wptywala na zmiany powierzchni oraz wlasciwosci
mechaniczne biotworzyw. Po wstgpnej obrobce biotworzywa szybciej tracity
wlasciwosci mechaniczne. Niezaleznie od zastosowania wstepnej obrobki, czas
biodegradacji biotworzyw byt kilkukrotnie dtuzszy niz bioodpadow, co wskazuje na brak
mozliwo$ci wspdlnej kofermentacji z bioodpadami.

Niezaleznie od warunkow temperaturowych oraz zastosowania obrobki wstepne;,
wyniki analizy spektrofotometrycznej FTIR wykazaly wzrost intensywnosci pikow
odpowiadajacych grupom funkcyjnym, co wskazywato na postepujaca biodegradacje

biotworzyw, natomiast nie obserwowano powstawania nowych grup funkcyjnych.
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W dysertacji wykazano celowo$¢ zastosowania wieloaspektowej oceny
efektywnosci beztlenowej biodegradacji biotworzyw na podstawie wskaznikéw
biodegradowalnosci. Wyniki badan dotyczacych beztlenowej biodegradacji testowanych
biotworzyw stanowig podstawe przygotowania wytycznych, wskazuja kierunki
recyklingu organicznego biotworzyw, co jest niezbedne do planowania gospodarki

bioodpadami z udziatem biotworzyw.

Slowa kluczowe: biotworzywa, fermentacja metanowa, beztlenowa biodegradacja,
wydajno$¢ metanu, biodegradowalnos$¢, polilaktyd, skrobia, celuloza, poli(bursztynian

butylenu)
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Abstract

Bioplastics that are of biological origin and/or biodegradable are an alternative to
plastics produced from non-renewable raw materials, such as petroleum or natural gas.
As bioplastics are labelled biodegradable, the priorities of the municipal waste
management hierarchy indicated that bioplastic waste should be selectively collected with
biowaste and processed via organic recycling processes (composting or methane
fermentation). Currently, anaerobic organic recycling of biowaste by methane
fermentation is widely employed. However, the literature lacks a holistic assessment of
the effectiveness of anaerobic biodegradation of bioplastics, which would allow
determination of the effect of bioplastics on the biodegradation of biowaste under
anaerobic conditions. Therefore, in this dissertation, a multi-faceted analysis was used to
determine the effect of temperature and pre-treatment of bioplastics on their anaerobic
biodegradation. The analysis included i) determination of the yield of biogas and
methane, the kinetics of biogas (BP) and methane (MP) production, and the suitability of
bioplastics for biogas production and co-digestion with biowaste, ii) surface changes on
bioplastics (macro- and microscopic or topographic) and their mechanical (tensile
strength, elongation at break) and thermal (differential scanning calorimetry) properties,
iii) identification of functional groups using Fourier infrared spectroscopy (FTIR), and
iv) assessment of the degree of bioplastic biodegradation (based on theoretical methane
production (TMP)).

Five types of commercially available bioplastics were tested: foils (F), based on
starch (F_S), cellulose (F _Cel), polylactide (F PLA) and polybutylene succinate
(F_PBS), as well as rigid (S) disposable PLA-based beverage cups (S_PLA).
Biodegradation was carried out under anaerobic mesophilic (M) and/or thermophilic (T)
conditions and after pre-treatment of the bioplastics via chemical (0.1 M KOH, 2 h, room
temperature) or hydrothermal methods (H2O, 2 h, 90°C).

The temperature conditions affected the biodegradability of the bioplastics. Based
on the biogas or methane yield under mesophilic conditions, the bioplastics were ranked
from the most to the least biodegradable: F Cely >>F PBSm>F Sm>F PLAwm.

Under mesophilic conditions, the time of anaerobic biodegradation exceeded 30
days for all the bioplastics except F_Celm. This indicates that all of them (except F_Celwm)
are unsuitable for anaerobic co-digestion with biowaste under the conditions commonly

applied at technical scale.
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The yield and rate of MP from F_PBS were higher under thermophilic than under
mesophilic conditions. The biodegradability of the bioplastics was different under
thermophilic than under mesophilic conditions and decreased in the following order:
S PLAT>F Celr>F PBSr>F PLAT>F Sr.

As under mesophilic conditions, the bioplastics, except for F Celr and F_PBSr,
were unsuitable for methane production under thermophilic conditions at technical scale
due to the long time necessary for anaerobic biodegradation. S PLAT, F PLAt,andF St
should not be subjected to thermophilic methane fermentation or co-digestion with
biowaste.

A relationship between the biological and physical indicators of biodegradability
was found. The yield of biogas or methane under mesophilic and thermophilic conditions
was associated with the elongation at break of the bioplastics: biogas or methane yield
from bioplastics with high values of elongation at break (F_S, F PLA) was several times
lower than the yield from those with low values (F_Cel, F_PBS). The additives used to
improve the properties foils, including its flexibility (high value of elongation at break),
may reduce biodegradability and biogas or methane yield.

Thermophilic conditions enhanced the fragmentation of the bioplastics. However,
the fragments of the bioplastics (except for F Cely, F_Celr, and F PBSt) remained
visible in the inoculum up to the 66th day of anaerobic degradation or longer. This means
that with an HRT of about 20-30 days, as commonly used in the digestion of biowaste,
fragments of bioplastics (microbioplastics) would contaminate digestate.

Pre-treatment of bioplastics prior to anaerobic, mesophilic, or thermophilic
biodegradation did not affect biodegradability as assessed by biological indicators, but it
did affect the changes in surface and mechanical properties. After pre-treatment,
bioplastics lost their mechanical properties in a shorter time. Regardless of the use of pre-
treatment, the time of biodegradation of bioplastics was several times longer than that of
biowaste, indicating not effective co-digestion with biowaste. Regardless of the
temperature conditions and the use of a pre-treatment, the results of the FTIR
spectrophotometric analysis showed an increase in the intensity of the peaks
corresponding to the functional groups that indicated progressive biodegradation of
bioplastics, while the formation of new functional groups was not observed.

This dissertation has demonstrated the utility of a multi-faceted assessment of the
effectiveness of anaerobic biodegradation of bioplastics based on indicators of

biodegradability. The results on the anaerobic biodegradation of the tested bioplastics can
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be used to design guidelines and instructions for the organic recycling of bioplastics,
which are needed to plan management of biowaste with bioplastics.
Keywords: bioplastics, methane fermentation, anaerobic biodegradation, methane yield,

biodegradability, polylactide, starch, cellulose, polybutylene succinate
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1. Wprowadzenie do tematyki badan

Dynamiczny wzrost produkcji oraz zwigkszajaca si¢ skala zastosowan tworzyw
sztucznych prowadzi w ostatnich dekadach do zwigkszenia ilo$ci powstajacych odpadow,
co stanowi wyzwanie w zwigzku z ich zagospodarowaniem, zar6wno na poziomie
lokalnym, jak i globalnym. Odpady z tworzyw sztucznych w zaleznos$ci od regionu
stanowig od 8 do 18% catkowitej ilosci odpadow komunalnych (Liang i in., 2021).
Tworzywa sztuczne sg wytwarzane z surowcOw nieodnawialnych, takich jak ropa
naftowa, gaz ziemny, a wigkszo$¢ odpaddéw tworzyw sztucznych jest trudno
biodegradowalna, co prowadzi do dlugotrwalego =zanieczyszczenia $rodowiska
(Tejaswini 1 in., 2022). By zminimalizowa¢ negatywny wptyw odpadéw z tworzyw
sztucznych na $rodowisko oraz zdrowie czlowieka (Prata i in., 2020) wdrazane sg
strategie obejmujace zakaz m.in. stosowania jednorazowych produktow z tworzyw
sztucznych, tzw. single use plastic, (Dyrektywa EU 2019/904) oraz dodatku
mikrogranulek do kosmetykow (Miraj i in., 2021). W zwigzku z powyzszym poszukuje
si¢ alternatywy dla tworzyw sztucznych — biotworzyw (bioplastikow), czyli tworzyw
pochodzenia biologicznego i/lub biodegradowalnych (Atiwesh i1 in., 2021). Termin
biotworzywo jest uzywany w odniesieniu do polimeréw ulegajacych biodegradacji,
w tym i tych produkowanych z nieodnawialnych surowcéw, co moze prowadzi¢ do
dezorientacji konsumentéw (Walker i Rothman, 2020). Biotworzywa sg jednak przede
wszystkim biodegradowalnymi polimerami pochodzenia biologicznego. W 2023 r.
swiatowa produkcja biotworzyw osiggneta 5,2 milionow ton, z czego 4,1 miliona ton to
tworzywa bio-bazowe 1 biodegradowalne (Ali i in., 2022). Wyro6znia si¢ pig¢ metod
otrzymywania biotworzyw w zalezno$ci od pochodzenia surowcow oraz zastosowane]
technologii produkcji polimerdéw: (1) bezposrednig ekstrakcje z biomasy, (2) synteze
z monomerow pochodzenia biologicznego, (3) wytwarzanie przez mikroorganizmy, (4)
synteze¢ z produktéw petrochemicznych, (5) kombinacj¢ metod 1-4 (Jogi 1 Bhat, 2020).

W procesie bezposredniej ekstrakcji wykorzystuje sie¢ biomase pierwszej, drugiej
1 trzeciej generacji (Rosenboom i in., 2022, Zanchetta i in., 2021). Biomase pierwszej
generacji pozyskuje sie z roslin uprawnych, takich jak np. ziemniaki (Arikan i Bilgen,
2019), trzcina cukrowa (Pohare i in., 2017), kukurydza (Marichelvam i in., 2019) czy
chlebowiec roznolistny (Krishnamurthy 1 in., 2019); natomiast biomase drugiej generacji
z np. odpadow rolno-spozywczych (Otoni 1 in., 2021; Tsang 1 in., 2019), organicznej
frakcji odpadow komunalnych, osadéw $ciekowych (Astolfi i in., 2020). Do surowcoOw

trzeciej generacji zalicza si¢ glony, ktorych wykorzystanie jest w poczatkowej fazie badan
13
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(Dang i in., 2022; Nanda i Bharadvaja, 2022). Glony sg perspektywicznym surowcem do
produkcji biotworzyw, moga by¢ stosowane bezposrednio lub posrednio, poprzez
ekstrakcje polimeréw z komoérek mikroorganizmow (Rahman 1 Miller, 2017).

Do najpopularniejszych polimerow ekstrahowanych bezposrednio z biomasy naleza
polisacharydy, tj. skrobia, celuloza, chityna oraz biatka, np. gluten. Skrobia, ze wzgledu
na dostepnos¢ oraz niskie koszty produkcji, jest jednym z najpowszechniej stosowanych
polimeréw do wytwarzania biotworzyw, a ok. 50% komercyjnie wytwarzanych
biotworzyw zawiera w swoim sktadzie skrobi¢ (Marichelvam i in., 2019). Do produkcji
skrobi wykorzystuje si¢ gtownie ziemniaki (Ismail i in., 2016), kukurydz¢ (de Azevedo
iin., 2020), maniok (Zoungranan i in., 2020) i skoérki z bananow (Sultan i in., 2017).
Natywna skrobia, w pierwszym etapie zostaje przeksztalcona do skrobi termoplastyczne;j
(TPS). Proces polega na destrukturyzacji granulek polimeru w obecnosci plastyfikatora,
najczesciej glicerolu lub sorbitolu, i wody, w wyniku czego powstaje TPS (Khan i in.,
2017, Li i in., 2011). Biotworzywa wytworzone z TPS wykazuja wady ograniczajace
komercyjne zastosowanie. Sg to stabe wlasciwosci mechaniczne oraz wysoki stopien
krystaliczno$ci. Biotworzywa produkowane z TPS sg sztywne 1 kruche (Agarwal i in.,
2021, Garcia-Guzman i in., 2022). Polimer jest silnie higroskopijny, co prowadzi do
zmniejszenia wytrzymalos$ci i stabilnosci biotworzyw produkowanych na bazie skrobi
(Su 1 in., 2022). Ponadto, biotworzywa charakteryzuja si¢ przepuszczalnoscig pary
wodnej 1 nie zabezpieczaja produktéw przed wilgocig 1 utratg wilgoci (Putri i in., 2023).
Aby poprawi¢ wlasciwosci uzytkowe wprowadza si¢ dodatki, np. wosk pszczeli (Diyana
1 in., 2021), wermikulit (Rodriguez Cueto 1 in., 2023) lub tworzy si¢ blendy z innymi
polimerami, np. polilaktydem (PLA) (Martinez Villadiego i in., 2022).

Celuloza jest polimerem wykorzystywanym do produkcji biotworzyw, ktory
otrzymywany jest w wyniku bezposredniej ekstrakcji z biomasy. Celuloza jest
pozyskiwana z trzciny cukrowej (Shabbirahmed 1 in., 2022), bawelny (Rumi 1 in., 2021),
stomy ryzowej (Laya 1 in., 2022), odpadoéw rolniczych (Seo 1 in., 2018). Ze wzgledu na
lepsza przetwarzalno$¢, w poréwnaniu do czystego polimeru, do produkcji biotworzyw
wykorzystywane sg pochodne, takie jak octan celulozy (Yadav i Hakkarainen, 2021) lub
karboksymetyloceluloza (Rahman i in., 2021). Celuloza jest stosowana jako wypelniacz
polepszajacy wlasciwosci biotworzyw, a np. dodatek wtokien celulozowych do zywic
epoksydowych poprawia wtasciwosci mechaniczne 1 zwicksza odporno$¢ materiatu na

pekanie (Bach 1 in., 2020; Le Hoang i in.,, 2018). W przypadku materiatow
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opakowaniowych, dodatek celulozy zwigksza wlasciwos$ci barierowe przed przenikaniem
tlenu i wilgoci (Wang i in., 2018).

Synteza z monomeréw pochodzenia biologicznego rozpoczyna si¢ od przetworzenia
biomasy (m.in. roslin lub odpadow rolno-spozywczych) w celu uzyskania monomeru do
polimeryzacji. Przyktadem jest produkcja polilaktydu (PLA) z kwasu mlekowego
(Abdel-Rahman i in., 2013). Kwas mlekowy jest wytwarzany podczas fermentacji
kukurydzy, ziemniakdéw czy trzciny cukrowej (Auras i in., 2004), a nastepnie, poddawany
polimeryzacji (Pang i in., 2010). PLA, ze wzgledu na swoje wtasciwosci, jest jednym
z pierwszych biotworzyw, ktorego produkcje skomercjalizowano (Rasal i in., 2010).
Obecnie znajduje szerokie zastosowanie w roznych dziedzinach, od produkcji
biodegradowalnych opakowan (Mustatea i in., 2019), poprzez druk 3D (Subramaniam
1in., 2019), po inzynieri¢ biomedyczng i medycyne (Hamad i in., 2015). Aby poprawic¢
wlasciwosci mechaniczne PLA (m.in. wytrzymato§¢ na rozcigganie, granice
plastycznosci) lub/oraz obnizy¢ ceng produkcji polimeru, czesto stosuje si¢ blendy PLA
np. ze skrobia, celuloza, czy widknem weglowym (Li 1 in., 2023).

Poli(bursztynian butylenu) (PBS) jest polimerem syntetyzowanym z monomerdéw
pochodzenia biologicznego, ktory poczatkowo byl produkowany z nieodnawialnych
paliw kopalnych (Xu i Guo, 2010). Obecnie PBS jest wytwarzany z surowcow
odnawialnych, takich jak trzcina cukrowa czy melasa (Ratshoshi i in., 2021), odpady
rolno-spozywcze (Gadkari 1 in., 2021), organiczna frakcja odpadéw komunalnych
(Khoshnevisan 1 in., 2020). Produkcja PBS obejmuje fermentacje surowcoéw
pochodzacych z biomasy do kwasu bursztynowego, a nast¢pnie polimeryzacje z 1,4-
butanodiolem (Aliotta 1 in., 2022). Biotworzywa wytworzone na bazie PBS
charakteryzuja si¢ dobrymi wlasciwosciami termomechanicznymi oraz fizycznymi
(Barletta i in., 2022).

Biotworzywa s3 syntetyzowane rowniez przez mikroorganizmy (bakterie, grzyby),
ktorych szlaki metaboliczne pozwalajg na wytwarzanie biopolimeréw jako substancji
zmagazynowanych  wewnatrzkomorkowo.  Najpowszechniejszymi  polimerami
syntetyzowanymi przez bakterie sa polihydroksykwasy (polihydroksyalkaniany, PHA),
ktore charakteryzujg si¢ wilasciwosciami zblizonymi do konwencjonalnych tworzyw
sztucznych (Sabapathy 1 in., 2020). Hodowle mikroorganizméw do produkcji PHA sg
prowadzone w reaktorach okresowych (typu batch i fed-batch) z wykorzystaniem
mieszanych kultur mikroorganizmoéw (Tsanh i in., 2019). Kumulacja PHA w komoérkach

mikroorganizmow nastgpuje przy nadmiarze organicznych zwigzkéw weglowych oraz
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ograniczonej dostgpnosci sktadnikow odzywczych, takich jak azot czy fosfor. W takich
warunkach mikroorganizmy syntezujg i akumulujag PHA jako zrodto energii (El-malek
iin., 2020).

W zwiazku ze wzrastajacg produkcja biotworzyw i szerokim ich zastosowaniem
pojawiaja si¢ problemy zwigzane z gospodarowaniem odpadami biotworzyw w aspekcie
gospodarki cyrkulacyjnej, ktorej celem jest minimalizacja zuzycia surowcow, ilosci
powstajacych odpaddéw oraz maksymalizacja efektywnego zarzadzania zasobami poprzez
jak najdtuzsze utrzymywanie materialow 1 produktow w uzyciu (Morseletto, 2020).
Wyzwaniem jest wybor metody przygotowania biotworzyw do recyklingu oraz rodzaju
recyklingu.

Na etapie zbierania, odpady z biotworzyw mogg by¢ gromadzone selektywnie tacznie
z odpadami z tworzyw sztucznych i przetworzone w procesie recyklingu mechanicznego,
chemicznego lub poddane spaleniu (Soroudi i Jakubowicz, 2013). Obecnos$¢ biotworzyw
w strumieniu odpadow z tworzyw sztucznych poddanych recyklingowi mechanicznemu
moze powodowac obnizenie jakos$ci recyklatu. Udziat nawet > 0.1% PLA w strumieniu
PET wptywa negatywnie na recykling mechaniczny (Briassoulis i in., 2021).
W poréwnaniu do innych polimeréw PLA ma niska stabilno$¢ termiczng i podczas
recyklingu mechanicznego ulega degradacji termicznej, pogarszajac wlasciwosci
fizyczne i mechaniczne recyklatu (Fredi i Dorigato, 2021). W zwiazku z tym, zZe recykling
mechaniczny biotworzyw, zwlaszcza opakowan do zywnoS$ci, wiaze si¢ z kosztownym
etapem sortowania lub doczyszczania oraz mniejszg przetwarzalnoscig 1 jako$cig
recyklatu, poszukuje si¢ innych metod recyklingu. Ze wzgledu na potencjalnie wysoka
biodegradowalno$¢ biotworzyw oraz priorytety w hierarchii sposobow postgpowania
z odpadami, odpady z biotworzyw powinny by¢ zbierane wraz z bioodpadami
1 przetwarzane w procesach recyklingu organicznego, w tym kompostowania (Bernat
1in., 2022) lub fermentacji metanowej (Bernat 1 in., 2023). W recyklingu organicznym
coraz powszechniej stosowana jest fermentacja beztlenowa, nie tylko ze wzgledu na
produkcje metanu, ale rowniez innych substratow wykorzystywanych do syntezy
chemicznej, jak réwniez ze wzgledu na mozliwo$¢ przyrodniczego wykorzystania
pofermentu. Metody recyklingu biotworzyw szczegdélowo opisano w publikacji
wchodzacej w sktad dysertacji (Zaborowska i1 Bernat, 2023).

W zwigzku z mozliwoscia selektywnej zbidrki biotworzyw wraz z bioodpadami,
a nastepnie zastosowania fermentacji metanowej jako procesu recyklingu organicznego,

konieczne jest okreslenie biodegradowalnos$ci biotworzyw w warunkach beztlenowych.
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Dostgpne dane literaturowe wskazuja, ze nawet biotworzywa, ktdre sg oznaczone jako
biodegradowalne nie zawsze efektywnie ulegaja biodegradacji (Batori i in., 2018).
Ponadto, producenci stosuja roznego rodzaju dodatki (plastyfikatory, stabilizatory,
barwniki) poprawiajagce wlasciwosci uzytkowe biotworzyw, czgsto nie podajac
szczegbtowych informacji na temat ich sktadu. Rodzaje i ilosci dodatkow moga
determinowac biodegradowalnos$¢ biotworzyw oraz ramy czasowe biodegradacji.

Wigkszos¢ danych literaturowych dotyczy biodegradacji biotworzyw w glebie,
komposcie 1 srodowisku wodnym (Emadian i in., 2017), a przebieg procesu zalezy od
rodzaju stosowanych polimerdw (tj. ich masy czasteczkowej, krystalicznosci czy rodzaju
grup funkcyjnych) oraz parametrow technologicznych (tj. temperatury, wilgotnosci, pH)
(Ahmed i in., 2018; Folino 1 in., 2020). Wskazuje si¢ jednak, ze ze wzgledu na dhugi czas
biodegradacji biotworzyw (Bernat 1 in., 2021) konieczna moze by¢ obrobka wstepna.
Moze to zwickszy¢ powierzchni¢ biotworzyw, co skutkuje szybsza biodegradacja
i wzrostem produkcji metanu (Benn i Zitomer, 2018; Mu i in., 2021). W dostgpne;j
literaturze brakuje holistycznej oceny efektywnosci beztlenowej biodegradacji
komercyjnie dostgpnych biotworzyw, ktéra dostarczylaby danych na temat
biodegradowalnos$ci i warunkéw biodegradacji poszczegoélnych typow biotworzyw.

W dysertacji przedstawiono wieloaspektowa analize wplywu temperatury oraz
obrobki wstgpnej na beztlenowa biodegradacje biotworzyw w procesie fermentacji
metanowej. Oceny efektywnos$ci biodegradacji dokonano na podstawie wskaznikow
biodegradowalnosci (biologicznych, fizycznych i chemicznych) biotworzyw podczas
mezofilnej 1 termofilnej biodegradacji w warunkach beztlenowych.

Tak zrealizowana koncepcja badan dostarczyta danych o biodegradowalnosci
wybranych biotworzyw w warunkach beztlenowych. Pozwolita na przygotowanie
wytycznych 1 wskazanie kierunkow recyklingu organicznego biotworzyw. Dane te sa

niezbedne do planowania gospodarki bioodpadami z udzialem biotworzyw.
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2. Celi hipotezy badawcze

Przyjecie skutecznej strategii oraz praktyki gospodarowania odpadami biotworzyw,
w tym wykorzystania recyklingu organicznego, wymaga monitorowania procesu
1 tworzenia bazy danych o biodegradowalnosci biotworzyw w warunkach tlenowych, jak
i beztlenowych. W cyklu publikacji, sktadajacych si¢ na osiggnigcie naukowe
przedstawiono holistyczng ocen¢ biodegradowalnosci, w warunkach beztlenowych,
biotworzyw oznaczonych jako biodegradowalne.

Celem badan byta wieloaspektowa ocena efektywnos$ci beztlenowej biodegradacji
biotworzyw na podstawie wskaznikow 1) biologicznych, okreslajacych ilosé
powstajacego biogazu lub metanu na podstawie testow respirometrycznych,
i1) fizycznych, okreslajacych zmiany struktury powierzchni i wtasciwosci mechaniczne
biotworzyw, iii) chemicznych, wskazujacych na zmiany struktury chemicznej (grupy
funkcyjne) biotworzyw, w zalezno$ci od warunkéw temperaturowych i zastosowania

wstepnej obrobki biotworzyw.

Zakres badan obejmowat:

1. wybdr i charakterystyke biotworzyw oznaczonych jako biodegradowalne,

2. oceng biodegradowalnosci biotworzyw w warunkach beztlenowych w zaleznosci od
warunkow temperaturowych i zastosowania wstgpnej obrobki biotworzyw, jako
wskazniki przyjeto:

— wydajnos¢ biogazu lub metanu, state kinetyczne produkcji biogazu (PB) lub
metanu (PM) (stata szybkosci oraz szybkos¢ PB lub PM), oraz przydatnosé
biotworzyw do produkcji biogazu i kofermentacji z bioodpadami,

— zmiany powierzchni (makro- i mikroskopowe lub topografie) oraz wtasciwosci
mechaniczne (wytrzymalo$¢ na rozcigganie, wydluzenie materialu przy
zerwaniu) i termiczne (skaningowa kalorymetria ré6znicowa, DSC),

— zmiany struktury chemicznej (grupy funkcyjne) na podstawie analizy
spektrofotometrycznej (spektroskopia fourierowska w podczerwieni, FTIR),

— stopien biodegradacji biotworzyw rozumiany jako stosunek wyznaczonej
eksperymentalnie wydajnosci biogazu lub metanu do teoretycznej produkcji
metanu (TPM).
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Zweryfikowano nastgpujace hipotezy badawcze:

H #1: warunki temperaturowe Dbeztlenowej biodegradacji wplywaja na
biodegradowalnos¢ biotworzyw,

H #2: obrébka wstepna biotworzyw wpltywa na biodegradowalnos¢ w warunkach

beztlenowej mezofilnej lub termofilnej biodegradacji.

Wyznaczone wartosci wskaznikéw beztlenowej biodegradowalnosci biotworzyw
maja kluczowe znaczenie w gospodarowaniu biodegradowalnymi odpadami
komunalnymi, w tym bioodpadami, jak i dziataniami na rzecz zrOwnowazonego rozwoju.
Pozwalajg na projektowanie i optymalizowanie beztlenowego przetwarzania biotworzyw

w skali techniczne;j.

3. Rodzaje biotworzyw i zalozenia metodyczne beztlenowej biodegradacji

Do oceny biodegradowalnosci stosowano 5 rodzajow biotworzyw, tj. folie (F) na
bazie 1) skrobi (F_S), ii) polilaktydu (F_PLA), iii) celulozy (F_Cel)iiv) poli(bursztynianu
butylenu) (F_PBS)) oraz jednorazowe sztywne (S) kubki do napojow na bazie PLA
(S_PLA). Charakterystyke biotworzyw przedstawiono w tabeli 1. Symbole i1 skroty
biotworzyw oraz parametry beztlenowej biodegradacji stosowane w opisie ponizej

przedstawiono w tabeli 1.

Tabela 1. Charakterystyka biotworzyw

F S F PLA F Cel F PBS S PLA

Gléwny komponent biotworzywa skrobia polilaktyd celuloza pouéggf;gl;ﬁan polilaktyd
Wiasciwo$¢ materiatu micgkki (folia, F) sztywny (S)
Sucha masa organiczna (s.m.o.) 99,27 99,87 99,59 89,87 99,90
Sktad elementarny
C (% s.m.) 55,36 57,56 40,67 55,93 49,56
H (% s.m.) 6,90 6,88 6,67 7,03 44,48
O (% s.m.) 37,64 34,86 49,38 36,31 5,56
N (% s.m.) — — 1,91 0,74 —
Wtasciwosci mechaniczne
Wytrzymato$¢ na rozcigganie (MPa) 16,59 20,79 74,75 25,15 -
Wydhuzenie, € (%) 122,16 218,16 8,13 10,23 —
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Tabela 2. Parametry beztlenowej biodegradacji biotworzyw

F S F PLA F Cel F PBS S PLA
Warunki temperaturowe beztlenowej biodegradacji biotworzyw
Mezofilne (M) F Swm F PLAm F Celu F PBSm S PLAMm
Termofilne (T) F St F PLAr F Celr F PBSr S PLAT
Rodzaj obrobki wstepnej biotworzyw do biodegradacji mezofilnej lub termofilnej
Alkaliczna (A) F_STﬁA F_PLATiA F_CeleA F_PB SMiA S_PLATiA
Hydrotermiczna (HT) — — — — S PLAT ut

Do okreslenia efektywnos$ci mezofilnej lub termofilnej biodegradowalnosci
biotworzyw wyznaczonej na podstawie wskaznikéw biologicznych tj. wydajnosci
biogazu lub metanu (L/kg s.m.o.) wykorzystywano system OxiTop (P2) oraz AMPTS Il
(P3-P5). Inokulum stanowil przefermentowany osad $ciekowy z zamknigtej komory
fermentacyjnej. Poczatkowe obcigzenie ‘tadunkiem zwigzkow  organicznych
z biotworzyw wynosito 4 kg s.m.o./m”>.

Stosowano obrobke wstepng biotworzyw do Dbeztlenowej biodegradacji:
chemiczng (alkaliczna, 0,1 M KOH, 2 h w temperaturze pokojowej) lub hydrotermiczng
(Hz20, 2 h, 90°C).

Do okreslenia mezofilnej lub termofilnej biodegradowalno$ci biotworzyw
wyznaczonej na podstawie wskaznikow fizycznych przeprowadzono statyczne proby
rozciggania (wytrzymato$¢ na rozcigganie i wydtuzenie przy zerwaniu) zgodnie z normg
ISO (ISO 527-2:2012, ISO 527-3:2019) z wykorzystaniem TA.HD.Plus (Stable
Microsystems, Surrey, UK). Zmiany mikroskopowe biotworzyw analizowano za pomocg
mikroskopu polaryzacyjnego Nikon eclipse501 (Nikon, Tokio, Japonia), mikroskopu
cyfrowego (Keyence VHX-7000, Japonia) lub binokularu (Delta Optical). Topografi¢
materiatu okre§lono z wykorzystaniem mikroskopu cyfrowego (Keyence VHX-7000,
Japonia) 1 profilometru Mitutoyo (Mitutoyo, Japonia). Analiz¢ spektrofotometryczng
FTIR wykonano przy uzyciu spektrofotometru Perkin Elmer Spectrum Two (Perkin
Elmer Co., USA). Zastosowano nast¢pujace parametry pomiarowe: zakres spektralny
4000400 cm™!, rozdzielczo$¢ 4 cm’!, temperatura pokojowa. Wiasciwosci termiczne
biotworzyw oceniono przy uzyciu rdéznicowego kalorymetru skaningowego DSC
Phoenix 204 F1 metoda hit flow (Netzsch, Niemcy). Mierzonym parametrem byt
swobodny przeptyw ciepta. Zastosowano temperature od 30°C do 200°C z szybkos$cia
ogrzewania 5°C/min. Skfad elementarny biotworzyw okreslono przy uzyciu analizatora

elementarnego Flash 2000 (Thermo Scientific, Wiochy).
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4. Weryfikacja hipotez badawczych

Jedng z dwoéch stosowanych metod recyklingu organicznego (biorecyklingu)
w systemie gospodarki bioodpadami jest fermentacja metanowa. Technologia jest
atrakcyjna ze wzgledu na mozliwosci pozyskiwania biogazu lub metanu. W cyklu
publikacji przedstawiono wyniki biodegradowalnosci testowanych biotworzyw
w beztlenowych warunkach mezofilnych i/lub termofilnych jak réwniez po obrébce

wstepnej biotworzyw do beztlenowej biodegradacji (P2-P5).

H #1: warunki temperaturowe beztlenowej biodegradacji wplywaja na

biodegradowalnos¢ biotworzyw

Na podstawie analizy warto$ci wskaznikdw biodegradowalnosci wykazano, ze warunki

temperaturowe wptywaja na biodegradowalnos$¢ testowanych biotworzyw (P2-P5).

Biodegradowalnos¢ biotworzyw w warunkach mezofilnych

Na podstawie wskaznikow biologicznych biodegradowalnos$ci biotworzyw
w warunkach mezofilnych wykazano, ze w czasie 365 dni F_ PLAwm oraz F_Sm, pomimo
oznaczen jako biodegradowalne, nie ulegly biodegradacji w warunkach beztlenowych.
Fragmenty biotworzyw pozostaly widoczne przez caly czas badan (P2). W przypadku
biodegradacji obu folii notowano 65 dniowa lag faze (faze opodznienia) w produkcji
biogazu (PB). Po 175 oraz 200 dniach biodegradacji uzyskano 90% maksymalne;j
(kumulacyjnej) PB z F PLAwm oraz F_Sw, ale maksymalna produkcja biogazu wynosita
jedynie odpowiednio 25,2 i 30,4 L/kg s.m.o. Zakladajac 50% zawarto$¢ metanu
w biogazie (na podstawie rownania Buswell i Mueller (1952)) mozna okresli¢, ze
produkcja metanu byta 2-krotnie mniejsza niz produkcja biogazu (ok. 12 1 ok.
15 L/kg s.m.0.) i stanowila ok. 2,1% oraz 2,5% teoretycznej produkcji metanu (TPM).

Po roku beztlenowej biodegradacji F PLAm w warunkach mezofilnych analiza
mikroskopowa (powigkszenie 100x) nie wykazata zmian powierzchni. W przypadku
powierzchni F_Sm widoczne byly pojedyncze peknigcia, szczeliny, wskazujace na
poczatkowa faze degradacji i dezintegracji materiatu. Niewielkie, obserwowane po
365 dniach biodegradacji, zmiany w topografii powierzchni F_Sm wskazuja na
zmniejszenie grubosci foli (P2).

Folia F PBSm byta widoczna w inokulum przez 100 dni biodegradacji.
Intensywna produkcja metanu trwata do 10. dnia biodegradacji. Podczas procesu nie
wystgpita lag faza, a kumulacyjna produkcja metanu wynosita 25,5 L/kg s.m.o., czyli
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okoto 4,3% TMP. Folia F_Celwv byta widoczna w inokulum jedynie przez 2 pierwsze dni
biodegradacji. Produkcja metanu w tym czasie wyniosta 134 L/kg s.m.o., co stanowito
43% kumulacyjnej produkcji metanu. Po 2 dniach material ulegl dezintegracji,
rozpuszczeniu, i nie byt identyfikowany gotym okiem. Pomimo, ze folia nie byta
widoczna, to metan byl produkowany do 7. dnia badan. Po 7 dniach uzyskano
maksymalng produkcj¢ metanu z F_Celm wynoszaca 311 L/kg s.m.o. (77,3% TMP) (P5).
Na podstawie wskaznikéw fizycznych (wytrzymatos¢ na rozcigganie, wydtuzenie przy
zerwaniu (¢)) wykazano, ze F PBSwm utracita wlasciwo$ci mechaniczne po 35 dniach
biodegradacji, natomiast folia F_Cely, po 2 dniach. Wyjsciowa wytrzymato$¢ na
rozcigganie folii F_Cel wynosita okoto 75 MPa i w ciagu dwoch dni biodegradacji
stopniowo spadata do 18 MPa. Wytrzymalo$¢ na rozciaganie F_PBS wynosita
ok. 25 MPa. Podczas pierwszych 9 dni biodegradacji warto$¢ spadta ponad 2-krotnie,
w 35 dniu do ok. 5 MPa. Wartos¢ parametru € folii F_Cel wynosita 8% i w ciggu 2 dni
mezofilnej biodegradacji beztlenowej ulegta 5,3-krotnemu obnizeniu. Warto$¢ € F_PBS
wynosita okoto 10% izmniejszata si¢ w czasie 9 dni beztlenowej biodegradacji do
ok. 1,4%. Warto$¢ ta utrzymywata si¢ do 35 dnia badan.

Wyniki analizy  spektrofotometrycznej FTIR,  jako wskaznika
biodegradowalno$ci, wykazaty, ze w warunkach mezofilnej biodegradacji F PLAw,
F Swm, F PBSwm, oraz F_Celwm nie tworzyty si¢ nowe grupy funkcyjne, ale intensywno$¢
pikow odpowiadajacych poszczegdlnym grupom funkcyjnym wzrosta, co wskazywato na
postepujaca degradacje biotworzyw (P2, P5).

Podsumowujac, wskazniki biologiczne tj. produkcja biogazu lub metanu,
dostarczaja cennych informacji o biodegradowalnosci biotworzyw. W warunkach
mezofilnych wydajnos¢ biogazu lub metanu zalezata od rodzaju biotworzywa.
Beztlenowa biodegradacja F_PLA, F_S oraz F_PBS zachodzita w nieznacznym stopniu,
z niewielka produkcja biogazu (2,1-4,3% TMP). Materiaty te w procesie ko-fermentacji
z bioodpadami mogtyby obnizy¢ wydajnos¢ powstajacego biogazu. F Cel ulegla
biodegradacji w warunkach beztlenowych, a wydajnos¢ produkcji metanu z F_Cel
stanowita ponad 70% TMP. Uzyskane wyniki wydajnosci biogazu lub metanu
w warunkach mezofilnych pozwolily na uszeregowanie biotworzyw od najbardziej
biodegradowalnego:

F Cely>>F PBSy>F Su>F PLAm.
Biorac pod uwage PB lub PM nalezy stwierdzi¢, ze przydatnos¢ biotworzyw,

z wyjatkiem F_CelM, do produkcji biogazu lub metanu byta technologicznie niezasadna.
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Wykazano zalezno$¢ pomiedzy biologicznymi 1 fizycznymi  wskaznikami
biodegradowalnosci  biotworzyw. Biodegradowalno$¢ okreslona na podstawie
wydajnosci  biogazu lub metanu w warunkach mezofilnych korespondowata
ze wskaznikiem fizycznym tj. warto$cig wydtuzenia przy zerwaniu. Wydajnos¢ biogazu
lub metanu z biotworzyw F_S oraz F_PLA, charakteryzujacych si¢ wysoka wartoscia
wydtuzenia, byta niska. Mozna przypuszczaé, ze dodatki stosowane do polepszenia
wiasciwosci uzytkowych folii, w tym ich elastycznosci (wysokie wartosci wydtuzenia),
obnizaja biodegradowalno$¢ i wydajnosci biogazu lub metanu. W przypadku F_Cel oraz
F_PBS charakteryzujacych si¢ nizszymi warto§ciami wydtuzenia, wydajno$¢ biogazu
lub metanu byta wyzsza.

Biotworzywa, z wyjatkiem F_Celv, byly widoczne w inokulum przez okres
beztlenowej biodegradacji. Wyniki biodegradowalnosci na podstawie obserwacji makro-
1 mikroskopowych (wskazniki fizyczne) wskazuja na brak biodegradacji biotworzyw
(F_Sm, F_ PBSwm, F PLAwMm) przy HRT 20-30 dni, a tym samym brak mozliwo$ci ich
kofermentacji np. z bioodpadami. Dodatkowo, w przypadku kofermentacji

z bioodpadami, biotworzywa stanowilby zanieczyszczenie pofermentu.

Biodegradowalnos¢ biotworzyw w warunkach termofilnych

W warunkach termofilnych folie F_PLAT oraz F_St pozostawaly widoczne
w inokulum przez 100 dni biodegradacji (P3). W produkcji metanu zaréwno z F_PLAT,
jak i z F_St wystapita 6-7 dniowa lag faza. Metan byl intensywnie produkowany
w pierwszych 15 dniach termofilnej biodegradacji. Kumulacyjna produkcja metanu (PM)
z F_PLAT wynosita 34,5 L/kg s.m.o. (ok. 6% TPM). Szybkos¢ produkcji metanu
wynosita 13,6 L/(kg s.m.o-d). Podczas biodegradacji folii F_St powstato 32,7 L metanu
z kg s.m.o. (6% TPM), szybko$¢ produkcji wynosita 17.6 L/(kg s.m.o. d). Zmiany
(peknigcia, szczeliny) na powierzchni F_St oraz F_PLAT pojawily si¢ odpowiednio po
45. 1 59. dniu biodegradacji. Do 59. dnia mozliwy byl rowniez pomiar wlasciwos$ci
mechanicznych F_PLAT. Wyjsciowa wytrzymato$¢ na rozcigganie F_PLA wynosita
ok.21 MPa. Podczas termofilnej biodegradacji wytrzymato$¢ materiatu spadata
i w 59. dniu wynosita ok. 3,6 MPa. W przypadku F_St najbardziej intensywny spadek
wytrzymato$ci na rozcigganie, z 16,6 MPa do 11,1 MPa, obserwowano w ciggu
pierwszych 10 dni procesu, a nastepnie notowano systematyczny spadek do 5,9 MPa.
Pomiar wytrzymatosci na rozcigganie F_St byl mozliwy do 39. dnia biodegradaciji,

warto$¢ tego parametru zmniejszyla si¢ prawie 3-krotnie w poréwnaniu z materiatem
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wyjsciowym. Pomimo zblizonych wartosci wytrzymatosci na rozcigganie F PLA oraz
F_S, warto$¢ € F_PLA byta prawie 2-krotnie wigksza niz F_S (odpowiednio ok. 220%
i ok. 120%). Najbardziej intensywny spadek & podczas biodegradacji zarowno F_PLAT,
jak i F_St miat miejsce do 30. dnia, po tym czasie warto$¢ pozostawata na zblizonym
poziomie. W ostatnim mozliwym dniu pomiaru, ¢ F_PLAt oraz F_St wynosilo
odpowiednio 7% i 10% (P4).

Fragmenty F_PBSt byly widoczne do 14 dnia, w ktérym uzyskano ponad 87%
kumulacyjnej PM. Pomimo, ze od 14. dnia materiat nie byt widoczny w inokulum, metan
byt nadal wytwarzany przez kolejne 10 dni (P5). Po ok. 25 dniach termofilnej
biodegradacji F_PBSt, PM ustabilizowata si¢ na poziomie 180 L/kg s.m.o (30.2% TMP).
Fragmenty F_Celr pozostawaty widoczne w inokulum jedynie przez 2 dni biodegradacji,
w tym czasie tatwo ulegaly rozrywaniu oraz obserwowano powstawanie mikropeknig¢
na ich powierzchni. Podczas 4. pierwszych dni uzyskano prawie 100% kumulacyjnej PM
wynoszacej 319.5 L/kg s.m.o. (79.3% TMP).

Wytrzymatos$¢ na rozcigganie i € folii F_Cel wynosity odpowiednio 75 MPa oraz
8%. Juz po 12 godzinach odnotowano spadek tych wartosci 0 70% 1 80%. Po dwdch
dniach beztlenowej biodegradacji wytrzymalos¢ na rozcigganie F Celt wynosita
5,1 MPa, a e 1,7% (P5).

Fragmenty S_PLAT byly widoczne w inokulum przez 66 dni beztlenowej
biodegradacji (P4). W tym czasie obserwowano 12-dniowa lag faze. 90% kumulacyjnej
PM (406,18 L/kg s.m.0.) powstalo do 66 dnia eksperymentu, a szybko$¢ procesu
wynosita 7,9 L/(kg s.m.o.-d). Druga faza PM trwata do 75 dnia (mimo, ze fragmenty
S_PLAT byly niewidoczne w inokulum) i zachodzila z 2-krotnie mniejsza szybkos$cia
tj. 3,9 L/(kg s.m.o.-d). Kumulacyjna PM wynosita 453,0 L/kg s.m.o, co stanowito 97%
TPM. Od 7. dnia obserwowano zmiany powierzchni, material zmienil kolor
Z przezroczystego na biaty, natomiast peknigcia materialu pojawily si¢ po 23. dniu
biodegradacji beztlenowej (P4).

W warunkach termofilnej biodegradacji F PLAt, F _St, F PBSt, F_Celr oraz
S_PLAT wyniki analizy spektrofotometrycznej FTIR wykazaly wzrost intensywnoSci
pikéw odpowiadajacych poszczegdlnym grupom funkcyjnym, natomiast nie tworzyly sie
nowe grupy funkcyjne (P2, P4, P5).

Uzyskane wyniki wydajnosci metanu w warunkach termofilnych pozwolity na
uszeregowanie biotworzyw od najbardziej biodegradowalnego:

S PLAT>F Celr>F PBSt>F PLAr >F Sr.

24
24:1093407687



Podsumowujac, w warunkach termofilnych biotworzywa ulegly biodegradacji,
a wydajnos¢ metanu z S PLAT, F_Celr, F PBSt byla wysoka. Nalezy bra¢ jednak
rowniez pod uwage czas, w ktorym zostata wyprodukowana maksymalna ilo$¢ metanu.
Uzyskanie najwyzszej wartosci kumulacyjnej PM z folii S PLAT (prawie 100% TPM)
wymagato az 75 dni. Zatem, uwzgledniajac zarowno wydajnos¢ metanu, jak i czas
osiggniecia maksymalnej produkcji metanu, z technologicznego punktu widzenia
biotworzywa, z wyjatkiem F_Celt oraz F PBSr, nie powinny by¢ poddawane termofilnej
fermentacji metanowej czy np. kofermentacji z bioodpadami. Fragmenty F Celt oraz
F PBSr przestalty by¢ widoczne w inokulum po odpowiednio 2 i 14 dniach. Pozostate
biotworzywa pozostawaly widoczne do 66. (S_PLAT) i 100. (F PLAT, F St) dnia
beztlenowej biodegradacji (P4). W skali technicznej, przy HRT 20-30 dni fermentacji
metanowej, poferment bylby nieustabilizowany a biotworzywa stanowilyby jego
zanieczyszczenie.
Biodegradowalnos¢ biotworzyw w warunkach mezofilnych vs termofilnych

Niezaleznie od warunkow temperaturowych beztlenowej biodegradacji, PM
z F_Celroraz z F_Celm byta zblizona (319,5-311,4 L/kg s.m.0.). Natomiast w warunkach
termofilnych odnotowano ponad 2,5-krotny wzrost szybkosci PM, co przektadato si¢ na
skrocenie czasu, w ktorym uzyskano maksymalng PM (5-6 vs 7-8 dni). Niezaleznie od
warunkoéw temperaturowych, F Cel, byla widoczna w inokulum jedynie przez 2 dni
procesu, a najbardziej intensywny spadek wtasciwosci mechanicznych obserwowano do
12 h biodegradacji.

W warunkach termofilnych uzyskano skrocenie czasu (ze 100 do 14 dni),
w ktorym folia F_PBS byta widoczna oraz ponad 80% wzrost PM. Odnotowano rowniez
2-krotny wzrost szybkosci PM. Niezaleznie od warunkow temperaturowych, pomiar
wlasciwo$ci mechanicznych F PBS mozliwy byl przez 35 dni.

Niezaleznie od warunkoéw temperaturowych obserwowano niekompletng
degradacj¢ F PLA oraz F_S. Zastosowanie temperatury termofilnej wptynelo na
skrocenie lag fazy podczas PM lub PB, spowodowalo niewielki wzrost PM,

a uszkodzenia powierzchni materialdw nastepowaty szybciej.

Weryfikujac hipoteze #1 wykazano, ze:
— zarowno W warunkach mezofilnych, jak i termofilnych biodegradowalnos¢ okreslona
na podstawie warto$ci wskaznikéw biologicznych (wydajnosci biogazu lub metanu)

zalezata od rodzaju biotworzyw,
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— niezaleznie od warunkow temperaturowych biodegradacji wydajnos¢ metanuzF_Cel
byla zblizona; wydajno$¢ metanu byla wysoka, material ulegatl biodegradacji,
fragmenty nie byly widoczne w inokulum,

— w warunkach termofilnych nastgpit 2-krotny wzrost szybkosci PM 1 ponad 80%
wzrost wydajnosci metanu z F_PBS,

— wydajno$¢ metanu z F_PBS w warunkach mezofilnych, oraz z F_PLA oraz F_S,
niezaleznie od warunkéw temperaturowych, byta niewielka, co wskazuje na niska
biodegradowalnos¢ biotworzyw,

— niezaleznie od warunkéw temperaturowych wyniki analizy spektrofotometrycznej
FTIR, wykazaly wzrost intensywnosci pikow odpowiadajacych grupom funkcyjnym,
co wskazywato na postepujaca degradacje biotworzyw, nie obserwowano
powstawania nowych grup funkcyjnych,

— warunki termofilne przyspieszaly fragmentacje F_Cel, F_PBS, F_PLA oraz F_S,
w krotszym czasie nastgpowaly uszkodzenia powierzchni biotworzyw,

— biotworzywa charakteryzujace si¢ wysoka warto$cia wydluzenia miaty niska
wydajno$¢ biogazu lub metanu,

— przydatno$¢ biotworzyw do produkcji biogazu lub metanu byta technologicznie
niezasadna z wyjatkiem folii F_Cel, niezaleznie od warunkéw temperaturowych, oraz

folii F_PBS w warunkach termofilnych.

H #2: zastosowanie wstgpnej obrobki wplywa na biodegradowalno$¢ biotworzyw

podczas beztlenowej mezofilnej lub termofilnej biodegradacji

Wykazano, ze zastosowanie obrobki wstepnej przed beztlenowa mezofilng lub
termofilng biodegradacja nie wplywa na biodegradowalno$¢ biotworzyw oceniang na
podstawie wskaznikow biologicznych, natomiast wplywa na zmiany powierzchni,

wlasciwo$ci mechanicznych oraz struktury chemicznej biotworzyw (P2-P5).

Wstepna obrobka biotworzyw przed mezofilng beztlenowq biodegradacjg

Podczas prowadzenia procesu biodegradacji w warunkach termofilnych F PBS
oraz F_Cel ulegty biodegradacji w czasie, ktory moze by¢ stosowany podczas fermentacji
metanowej w skali technicznej (20-30 dni), co oznacza, ze w tym przypadku nie ma
uzasadnienia stosowania obrobki wstepnej. Obrobke wstepna F PBS oraz F Cel
stosowano jedynie przed mezofilng beztlenowa biodegradacja (P5).

Alkaliczna obrobka wstegpna F PBS 1 F Cel spowodowata wzrost

heterogenicznosci powierzchni F PBSm a4 1 F_Celm a. Folia F_ PBSwm a byla widoczna
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w inokulum przez 100 dni prowadzenia procesu, podczas ktéorych obserwowano
przejasnienia w strukturze i zmniejszanie si¢ grubosci materiatu. Maksymalna produkcja
metanu wynosita 29,3 L/kg sm.o (4,9% TPM), a poczatkowa szybkos¢ PM
14,6 L/(kg s.m.o.-d). Ostatni mozliwy pomiar wiasciwosci mechanicznych materiatu byt
mozliwy 35. dnia procesu, po tym czasie F PBSm a rozpadata si¢ przy dotknieciu. Do 9.
dnia nastepowat najwigkszy spadek wytrzymato$ci na rozcigganie oraz €, po tym czasie
warto$ci parametréw pozostawaty na statym poziomie.

Fragmenty F_Celm a byly widoczne w inokulum przez pierwsze 2 dni termofilnej
biodegradacji, w czasie tym powstato 176 L/kg s.m.o. metanu (56% maksymalnej PM).
Pomimo, ze folia byta niewidoczna w inokulum to produkcja metanu zachodzita jeszcze
przez kolejne 5-6 dni. Maksymalna PM oraz poczatkowa szybko$§¢ PM wynosity
odpowiednio 315,0 L/kg s.m.o (78,2% of TMP) i 161,7 L/(kg s.m.o.-d). Pomiar
wlasciwosci mechanicznych byt mozliwy do 2. dnia, po tym czasie F_Celr a tatwo
ulegata rozrywaniu, a na powierzchni pojawity si¢ mikropekniecia (P5).

W warunkach mezofilnej biodegradacji F PLAwm A, F Sm A, F PBSm 4, oraz
F Celm o wyniki analizy spektrofotometrycznej FTIR wykazaly, ze nie powstawaty
nowe grupy funkcyjne, obserwowano natomiast wzrost intensywnosci pikow
odpowiadajacych poszczegdlnym grupom funkcyjnym. Pomimo ze biotworzywa nie

zmienity swojego sktadu chemicznego, nastepowata degradacja (P2, P5).

Wstepna obrobka biotworzyw przed termofilng beztlenowg biodegradacjq

Podczas prowadzenia procesu biodegradacji w warunkach mezofilnych (365 dni)
jakitermofilnych (100 dni) F SiF PLA nie ulegly biodegradacji. Obrobke wstepng F_S
1 F_PLA stosowano jedynie przed termofilng beztlenowg biodegradacja (P2, P3).
Podczas 15 dni biodegradacji beztlenowej (w tym lag faza trwajaca 4 dni), produkcja
metanu z F PLAt Ao 1 F_St A wynosita 47,5 L/kg s.m.o (F_PLAr a) 1 58,6 L/kg s.m.o
(F_St a)1zachodzita z szybko$cig odpowiednio 17,6 L/(kg s.mo.-d)127,1 L/(kg s.mo.-d).
Wartosci PM  stanowity jedynie ok. 8%-10% TPM, co wskazuje na niska
biodegradowalnos¢ biotworzyw (P3).

Fragmenty biotworzyw byly widoczne w inokulum przez 100 dni procesu.
Obserwowana powierzchnia folii ulegata uszkodzeniom oraz nastgpowal wzrost
chropowato$ci powierzchni biotworzyw. Po 45 dniach (F_St A) oraz 59 dniach
(F_PLAT A) termofilnej biodegradacji obserwowano pierwsze zmiany makroskopowe

powierzchni (pgknigcia, szczeliny). Pomiar wilasciwosci mechanicznych F _PLAfT A
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1F_S A byl mozliwy przez odpowiednio 28 oraz 35 dni. Wytrzymato$¢ na rozcigganie
F PLAT A po 7 dniach spadta z ok. 20 MPa do ok. 18 MPa i utrzymywala si¢ na
zblizonym poziomie do 20 dnia, nastgpnie do 28 dnia notowano gwattowny spadek
wartosci do ok. 8 MPa. W przypadku F_S a, najbardziej intensywny spadek wartosci
wytrzymato$ci na rozcigganie (z ok. 17 MPa do ok. 10 MPa) nastagpit do 10. dnia. Warto$¢
tego wskaznika ulegta obnizeniu do ok. 5,5 MPa (w 35. dniu eksperymentu) i byt to
ostatni mozliwy pomiar (P3).

Materiat S PLAT w warunkach termofilnych ulegat biodegradacji w czasie 75 dni,
stad aby zintensyfikowaé proces zaproponowano wstepng obrobke alkaliczng
1 hydrotermiczng (P4). Podczas beztlenowej biodegradacji S PLAT A nie wystgpila lag
faza. Do 5. dnia biodegradacji, PM zachodzita z szybkoscig 11,16 L/(kg s.m.o.-d), co byto
zwigzane z uwolnieniem do roztworu tatwobiodegradowalnych zwigzkow organicznych
po obrobce wstepnej (odnotowano wzrost stezenia ChZT w roztworze alkalicznym).
Nastepnie obserwowano 10-dniowe plateau, po ktorym ponownie nastgpita PM
z szybkos$cig 7,72 L/(kg s.m.o.-d). Fragmenty S PLAT a byly widoczne przez 60 dni,
podczas ktorych powstato 90% maksymalnej PM tj. 448 L/kg s.m.o. Dalsza PM
(pozostate 10%) zachodzita do 70. dnia, z szybkoscig 2,53 L/(kg s.m.o.-d). Zastosowanie
alkalicznej obrobki wstepnej spowodowato pojawienie si¢ licznych rys w strukturze
S PLAT A. Od 7. dnia, materiat zmienil kolor na bialy, a pierwsze peknigcia na
powierzchni pojawily si¢ 14. dnia. W kolejnych dniach materiat ciemnial, szczeliny si¢
poglebialy, stawat si¢ coraz bardziej kruchy, nieliczne fragmenty byty obecne do 60. dnia
beztlenowej biodegradacji.

Produkcja metanu zS_PLAT pt po hydrotermicznej obrébce wstepnej zachodzita
z 5-dniowa lag faza. Fragmenty pozostawaly widoczne w inokulum przez 50 dni, podczas
ktérych powstato 90% maksymalnej PM. PM zachodzita w dwoch fazach. W pierwszej,
trwajacej 50 dni, podczas ktorej fragmenty materialu byly widoczne, szybkos¢ PM
wynosita 8,35 L/(kg s.m.o.-d). W drugiej fazie, metan byl jeszcze produkowany do
60. dnia, ale z mniejsza szybkoscia, 2,20 L/(kg s.m.o.-d). Maksymalna PM z S PLAT nur
wynosita 448 L/kg s.m.o. Wstepna obrobka hydrotermiczna spowodowata nieliczne,
niewielkie zmiany (mikropeknigcia) na powierzchni materiatu. Od 7. dnia beztlenowe;j
biodegradacji zmienit si¢ kolor na bialy i pojawily si¢ pojedyncze szczeliny 1 peknigcia,
ktore poglebiaty sie wraz z czasem. Od 23. dnia, S PLAT ur zaczat zmienia¢ kolor na

ciemniejszy, stawal si¢ coraz bardziej kruchy, nieliczne fragmenty byly obecne
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w inokulum do 50 dnia. Najwigksze zmiany w strukturze S PLAT o 1 S PLAT nur
nastgpity w fazie intensywnej produkcji metanu (P4).

Wyniki analizy spektrofotometrycznej FTIR wykazaly, ze w warunkach
termofilnej biodegradacji PLAt A, F St A, F PBSt A, F Celr o, S PLAT ur oraz
S PLAT A nie powstawaly nowe grupy funkcyjne, co wskazuje na fakt, ze sktad
chemiczny biotworzyw nie ulegt zmianie. Obserwowano wzrost intensywnos$ci pikow
odpowiadajacych poszczegdlnym grupom funkcyjnym, co wskazywato na postepujaca

degradacj¢ biotworzyw

Beztlenowa biodegradacja biotworzyw bez obrobki wstepnej vs z obrobkq wstepng
biotworzyw przed beztlenowq biodegradacjq

Obrobka wstepna biotworzyw przed beztlenowa mezofilng (F_PBS, F_Cel) Iub
termofilng (F_PLA, F_S) biodegradacja nie powodowata zwigkszenia PM, przyspieszyta
natomiast utrate¢ wlasciwosci mechanicznych biotworzyw w pordwnaniu do biotworzyw
nie poddanych obrébce wstepnej. Obrobka wstepna F PLA oraz F S spowodowata
wzrost chropowatosci powierzchni w poréwnaniu do biotworzyw bez obrobki wstepne;j.
Niezaleznie od zastosowania obrobki wstgpnej przed mezofilng degradacja F PBS oraz
przed termofilng degradacja F PLA, F S, S PLA, czas biodegradacji biotworzyw byt
kilkukrotnie dluzszy niz biodegradacji bioodpaddéw, co wskazuje na brak mozliwosci
kofermentacji. Obrobka wstepna alkaliczna S PLAT a skrocita lag fazg i czas, w ktorym
osiggnieto maksymalng PM w poréwnaniu do biodegradacji S PLAt bez obrobki
wstepnej; po hydrotermicznej obrébce wstepnej S_PLAT wt czas, w ktorym osiaggnigto
maksymalng PM byl najkrotszy, a metan byt wytwarzany z 1,1-krotnie wyzZsza
szybkoscig w poréwnaniu do biodegradacji bez obrobki wstgpnej; produkcja metanu nie
zalezala od zastosowania 1 rodzaju obrobki wstgpnej materiatu do beztlenowe;j
biodegradacji. Przydatnos¢ do produkcji biogazu lub metanu biotworzyw poddawanych
obrobce wstepnej, z wyjatkiem F_Celv a, S_PLAT A 1 S_PLAT HT, byta nieistotna; nie
ma uzasadnienia technologicznego ani ekonomicznego stosowania wstepnej obrobki
biotworzyw do beztlenowej biodegradacji. Obrébka wstepna alkaliczna nie miata
wpltywu na powstawanie nowych grup funkcyjnych podczas biodegradacji biotworzyw,
obserwowano wzrost intensywnosci pikow odpowiadajacych poszczegdlnym grupom
funkcyjnym, co wskazywato na postgpujaca biodegradacj¢ biotworzyw. Biorac pod

uwage diugi czas, po ktorym uzyskano maksymalng PM z S PLAT A i S_PLAT Hr,
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pomimo wysokiej wydajnosci metanu, nie ma technologicznego uzasadnienia

kofermentacji z bioodpadami.

Weryfikujac hipoteze #2 wykazano, ze:

wstepna obrdbka biotworzyw przed beztlenowa mezofilng Iub termofilng
biodegradacja nie wplyneta na biodegradowalno$¢ oceniang na podstawie
wskaznikow biologicznych, natomiast wplywala na zmiany powierzchni oraz
wlasciwosci mechaniczne biotworzyw,

po wstepnej obrobcee biotworzywa szybciej tracity wlasciwosci mechaniczne,
niezaleznie od zastosowania wstepnej obrobki, czas biodegradacji biotworzyw byt
Kilkukrotnie dtuzszy niz bioodpadoéw, co wskazuje na brak mozliwosci wspdlnej
kofermentacji z bioodpadami,

niezaleznie od warunkow temperaturowych oraz zastosowania obrobki wstepnej,
wyniki analizy spektrofotometrycznej FTIR wykazaty wzrost intensywnosci pikow
odpowiadajacych grupom funkcyjnym, co wskazywalo na postepujaca biodegradacje
biotworzyw, natomiast nie obserwowano powstawania nowych grup funkcyjnych.

W tabeli 3 zestawiono wydajnos¢ metanu z biotworzyw bez lub po wstepnej obrobee

przed beztlenowa mezofilng lub termofilng biodegradacja.

Tab. 3. Parametry beztlenowej mezofilnej lub termofilnej biodegradacji biotworzyw

Widoczne Czas uzyskania Pomiar wiasciwosci
Rodzaj biotworzywa Maksymalna PM _ _

| wanmi iodegradaci fragmenty Lke sme] maksymalnej PM  %TPM  mechanicznych

[dni] [dni] [dni]

F_Cely 2 3114 7-8 773 2

F_Cely 4 2 315,0 5-6 78,2 2

F_Cely 2 3195 3-4 79,3 2

F PBSy 100 254 4 43 35

F PBSya 100 293 4 49 35

F_PBS; 14 1802 24 30,2 14

F_Su 365 152 200 2.6* -

F Sr 100 32.7 15 5.7 39

F St 100 58.6 12 10,2 28

F PLAy 365 12,6% 175 2.1 -

F_PLA; 100 345 15 5.7 59

F PLA 4 100 475 12 7.8 35

S_PLA; 66 4530 75 97.0 -

S PLAT » 60 4480 70 959 -

S_PLAf st 50 4480 60 959 -

* zaktadajac 30% zawartoi¢ metanu w biogazie; kolorem szarym zaznaczono warunki beztlenowej
hiodegradacii i biotworzywa, ktorych przydatnoic do produlcji metanu bylaby technologicznie zasadna
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Introduction polybutylene succinate (PBS). For this reason, this review

focuses on the characteristics of these biopolymers.
Recently, because of plastic pollution, petroleum-based polymers

(conventional plastics) are increasingly being replaced by biopol-
ymers that retain the properties and utility of conventional plas-

Because the production of bio-based materials is developing
very dynamically, waste generated from these materials is
increasingly found in the existing mechanical-biological treat-

tics. These products have many environmental benefits, and one ¢ plants. Thus, this review aims to provide an insightful over-

such benefit is as follows: bio-based polylactic acid (PLA) has ey of the recycling method of waste from bio-based products.
four times lower carbon footprint than petroleum-based polypro-  gio-based products can be (i) mechanically or chemically recy-
pylene. In general, one metric tonne of bio-based products gener-
ates from 0.8 to 3.2 times less CO, than petroleum-derived plastic
(Abraham et al., 2021). In 2019, biopolymers constituted 0.3%

(1.174 million tonnes) of total plastic production, and their mar-

cled with conventional petroleum-based plastics, (ii) treated via
organic recycling with biowaste, (iii) incinerated (energy recov-
ery) or (iv) landfilled. However, incineration of bio-based prod-
ucts should only be used when other methods cannot be

ket share is expected to grow rapidly by 2030, even up to 40% implemented, and landfilling should be avoided (it is banned in

(PlasticsEurope, 2019; Zhao et al., 2020). According to the
European Standard (EN 16575), a bio-based product is one that is
wholly or partly derived from biomass. The content of renewable
resources in bio-based products can range from 20% to 100%
(Biron, 2020), and it can be measured using the radiocarbon

many countries) (Ioannidou et al., 2020). It is important to deter-
mine the effect of bio-based products on recycling, a method
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method and elemental analysis (EN 16785) or using '“C measure- Y Y Y
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which is consistent with the requirements of a circular economy.
Moreover, due to the increasing production of bio-based prod-
ucts, it is necessary to establish effective methods for recycling
them, which has been still a challenge in the waste treatment
systems.

Types and properties of commonly
used biopolymers

Starch, a natural polymer, is becoming widely used in the produc-
tion of bio-based products (44% of global production of biode-
gradable polymers) due to its abundance, low cost and
biodegradability. It consists of approximately 20-25% of linear/
amylose and 75-80% of branched amylopectin.
Depending on its biological origin, starch has various crystalline
structures (Zhao et al., 2020) and may undergo thermal degrada-

helical

tion before reaching its melting point (Storz and Vorlop, 2013).
Due to its poor mechanical properties (i.e. low tensile strength,
high brittleness), starch must be processed before it is used for
production (Sorrentino et al., 2007; Zhao et al., 2020). Methods
of starch processing include mechanical shearing under heat or
addition of plasticizers (typically water or glycerol). During these
processes, the crystalline structure of the starch is destroyed, and
thermoplastic starch (TPS) is formed (Rodriguez-Gonzalez et al.,
2004; Van Soest et al.,, 1996). TPS is very hydrophilic, and
humidity weakens its structure. Therefore, to improve its proper-
ties, sorbitol can be used as a plasticizer (Li and Huneault, 2011),
and in commercial products, TPS is often blended with other
polymers (e.g. PLA, polycaprolactone (PCL) or low-density pol-
yethylene) (Mazerolles et al., 2019). However, starch is not com-
patible with other hydrophobic polymers; thus, starch content
typically ranges from around 25% to 30% (Storz and Vorlop,
2013), whereas plasticizer content may range from 10% to 50%
(Nafchi et al., 2013). However, adding too much of plasticizer
decreases melt viscosity.

PLA is another important polymer used for the production of
bio-based products. There are two main methods to produce PLA
at industrial scale: direct polycondensation of lactic acid (LA)
(Laonuad et al., 2010) or ring-opening polymerization (ROP)
through the lactide (cyclic dimer of LA) (Murariu and Dubois,
2016). Since the first method has many disadvantages, such as
difficulties in purifying and water removal; the necessity of using
a relatively large reactor; change in colour; racemization; and
production of only low to intermediate molecular weight PLA,
the ROP method is mainly used in practice (Gruber et al., 2000;
Lasprilla et al., 2012). LA used for PLA production can be
obtained by chemical synthesis or fermentation. Currently, fer-
mentation by bacteria and fungi is the most popular and desirable
method because it uses renewable agricultural resources, such as
sugar cane, corn and cassava (John et al., 2006; Nampoothiri
etal., 2010). However, the yield of LA produced by fungi is lower
than that produced by bacteria. The microorganisms responsible
for LA production are the following: Lactococcus, Enterococcus,
Streptococcus, Leuconostoc, Weissella, some Lactobacilli and

Lactobacillus brevis. For LA production, batch, fed batch, or
continuous fermentation can be used; the first two processes pro-
duce a high concentration of LA, whereas the third has a higher
productivity (Ghaffar et al., 2014; Nampoothiri et al., 2010; Riaz
et al., 2018). Recently, worldwide production of PLA has
increased to the point where it accounts for 24% of the biode-
gradable polymer market. This increase is due to its desirable
properties, such as high mechanical strength, high modulus and
transparency. In general, the mechanical properties of PLA are
similar to those of polystyrene. However, PLA has some disad-
vantages, such as high sensitivity to moisture; low flexibility,
ductility, impact and resistance; and resistance to hydrolysis. To
improve the properties of PLA, plasticization, copolymerization
and blending with other materials are employed (Karamanlioglu
et al., 2017a; Lamberti et al., 2020; Murariu and Dubois, 2016).
PLA can be either semi-crystalline or amorphous. The higher the
crystallinity of PLA, the better its mechanical properties and
thermal behaviour. Therefore, the degradation rate of crystalline
PLA is lower than that of amorphous PLA (Zhang et al., 2012).

Another commonly used biodegradable polymer is PBS, a
semi-crystalline polyester that is synthesized via polycondensa-
tion of succinic acid and 1-4-butanediol. It should be emphasized
that PBS can be bio based or petroleum based. Recently, bio-
based PBS, produced by fermenting renewable sources such as
glucose or sucrose, has been extensively investigated. The
mechanical properties of PBS are similar to those of polypropyl-
ene and low-density polyethylene (Liminana et al., 2018; Tokiwa
et al., 2009). Due to its high processability and chemical resist-
ance and its good thermal properties, the polymer is increasingly
used for packaging. PBS is easily biodegradable because it has a
flexible backbone and contains readily hydrolysable ester bonds,
which can be degraded by microorganisms or enzymes (Pan
etal., 2018).

Cellulose is an abundant natural polymer that can be obtained
from plants, wood or bacteria. The most effective bacterial spe-
cies for cellulose production is Komagataeibacter xylinus.
Bacterial cellulose has higher purity than plant-based cellulose,
but its production is economically disadvantageous. Generally,
cellulose has very good properties for production of bio-based
materials, such as hydrophilicity, flexibility, mouldability and
crystallinity (Gorgieva and Tréek, 2019; Ummartyotin and
Manuspiya, 2015). Moreover, it biodegrades in few weeks or
months in natural environments. Celluloses biodegrade due to the
enzymatic activity of bacteria and fungi, which breaks down lig-
nocelluloses into sugars (Houfani et al., 2020).

Mechanical recycling of bio-based
material

In mechanical recycling, plastics are recycled into secondary raw
materials, and in contrast to organic and chemical recycling or
incineration, the structure of the polymer and its value as a feed-
stock and its polymerization energy are preserved (Niaounakis,
2013; Resch-Fauster et al., 2017). However, mechanical recycling
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of bio-based products with conventional plastics may deteriorate
the quality of the plastic recyclable, but recycling of bio-based
material in a separate stream requires a critical mass of biopoly-
mers, at least 200 million kg per year (Cornell, 2007). Moreover,
the mechanical recycling of bio-based products involves potential
costs and logistical problems connected with their recovery and
separation.

Several methods have been proposed for identifying and sort-
ing bio-based products from the plastic stream, for example,
manual sorting (based on the markers and labels), separation by
density differences or separation using optical systems (based on
near-infrared (NIR)) (Niaounakis, 2019, 2013). For example,
PLA, which is the polymer that has been most intensively inves-
tigated with regard to mechanical recyclability, can be sorted by
NIR with an accuracy of 98%. However, sight separation or sepa-
ration based on density does not allow easy sorting of PLA from
polyethylene terephthalate (PET). And PET recycling can be
negatively affected by a PLA content of even 0.1% (Briassoulis
et al., 2021b). Based on life cycle assessment, mechanical recy-
cling of PLA has a lower environmental impact than chemical
recycling or composting.

However, the properties of recycled PLA are undesirable, due
to its tendency to undergo thermal degradation (De Andrade
et al., 2016). After mechanical recycling, bio-based products
exhibit decreased molecular weight, intrinsic viscosity, thermal
stability and microhardness. PBS and poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV)/poly(butylene adipate-co-tereph-
thalate) (PBAT) are not suited for mechanical recycling, due to
its significant losses of mechanical properties and changes in
their molecular structure. Although industrial mechanical recy-
cling of bio-based cellulose acetate butyrate does not affect its
mechanical properties, it does affect its molecular structure, and
after recycling, the polymer emits an undesirable odour (Resch-
Fauster et al., 2017).

Because mechanical recycling of bio-based materials causes a
significant molecular degradation of polymers, various methods
have been proposed to improve the quality of bio-based material
recyclates (Beltran et al., 2019a; Lamberti et al., 2020; Soroudi
and Jakubowicz, 2013). One of them is to blend recycled materi-
als with chain extenders to increase the molecular weight of bio-
based polymers and to improve the quality of the recyclate
(Niaounakis, 2013; Resch-Fauster et al., 2017; Zhao et al., 2007).
For example, after three extrusion cycles of mechanical recycling
of polyhydroxybutyrate (PHB), its mechanical properties had
deteriorated, and its degree of crystallinity had increased.
However, Fourier transform infrared spectroscopy and thermo-
gravimetric analysis did not reveal any significant changes in the
chemical structure of PHB. Therefore, to improve the PHB recy-
clability and to slow the degradation process, mixing PHB with
virgin polymers or incorporation of stabilizers and/or chain
extenders was proposed (Rivas et al., 2017). Similarly, blending
mechanically recycled PLA with a chain extender and an organic
peroxide improves its viscosity, thermal stability and microhard-
ness. However, the effectiveness of this method and the quality of

the recirculate depend on the degradation state of the recycled
PLA material and the amount of additives (Beltran et al., 2019b).
To increase the molecular weight and intrinsic viscosity of PLA,
the recycled polymer can also be mechanically blended with vir-
gin polymer (Beltran et al., 2017).

The literature shows that bio-based polymers can be mechani-
cally recycled, but they must first be separated from the conven-
tional plastic waste stream, where they can significantly reduce
the recyclate quality. Therefore, it is necessary to improve the
systems for separating bio-based materials from the rest of the
waste stream.

Chemical recycling of bio-based
material

In chemical recycling, polymers are chemically broken down
into smaller molecules and separated from contaminants (mono-
mers and/or oligomers). Chemical recycling allows for the repro-
duction of the same polymers, which may reduce the use of virgin
materials for plastic production or new products. However, due
to high energy inputs, this process is not common at industrial
scale (Norrrahim et al., 2013; Rahimi and Garcia, 2017). There
are a few techniques for chemical recycling, such as hydrolysis
(partial or complete), thermal degradation (pyrolysis), alcoholy-
sis and dry-heat depolymerization (Niaounakis, 2019). The final
product of chemical recycling depends on the material that is
recycled and on the methods that are used. PHB hydrolysis pro-
duces mainly 3-hydroxybutyric acid and crotonic acid (Yu et al.,
2005), and PLA hydrolysis produces LA. Hydrolysis of PLA pro-
ceeds via bulk erosion and requires high temperatures (170-
200°C) and pressure (0.7-1.6 MPa). The time of PLA hydrolysis
can be reduced by increasing the process temperature. For exam-
ple, increasing the temperature from 180°C to 190°C can reduce
the time of hydrolysis from 80 to 45minutes (Cristina et al.,
2016; Tsuji et al., 2008). However, if the temperature is raised too
high (<250°C), LA will decompose (Tsuji et al., 2003). At lower
temperatures, the rate of PLA hydrolysis can be increased by
including NaOH in the process (Chauliac et al., 2020). Producing
LA by hydrolysing PLA consumes less energy than producing
LA from corn, but the chemical recycling process has a larger
environmental footprint than mechanical recycling of PLA
(Cristina et al., 2016; Majgaonkar et al., 2021).

Alcoholysis has been proposed as another method of chemi-
cally recycling bio-based products. During alcoholysis of PHB,
alkyl esters can be obtained. For example, methanolysis of PHB
using Brensted—Lewis acidic ionic liquid as a catalyst produces
methyl 3-hydroxybutyrate (Song et al., 2018). Alcoholysis of
PLA produces alkyl lactates that correspond to the alcohol that is
used, that is, methyl lactate (Whitelaw et al., 2011), ethyl lactate
or butyl lactate (Hirao et al., 2010; Majgaonkar et al., 2021). Both
methyl lactate and ethyl lactate can be used as green alternatives
to conventional solvents (Aparicio and Alcalde, 2009; Pereira
et al., 2011) in applications like membrane preparation (Rasool
et al., 2020).
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Another method of chemical recycling is thermal degradation
(pyrolysis). During thermal degradation of polyhydroxyal-
kanoate (PHA) and PHBYV, crotonic acid and 2-pentanoic acid
can be produced (Ariffin et al., 2010). Mamat et al. (2014) found
that the yield of crotonic acid was 63%, 30% higher than that of
conventional synthesis from petrochemicals. The end products
from thermal degradation of these polymers can be used as a
feedstock for the copolymerization of poly(crotonic acid-co-
acrylic acid), which can be employed as an enzyme-stabilizing
agent and hydrogel for biosorbents, wastewater treatment and
agriculture. Yang et al. (2014) investigated the microwave-
assisted recycling of PHB with the use of green solvents (water,
methanol and ethanol) under alkaline conditions, and obtained
3-hydroxybutanoic acid, 3-methoxybutanoic acid and crotonic
acid. They found that, with this method, a higher rate can be
achieved at a lower temperature than that used in pure thermal
degradation of PHB. Generally, the end products of PHB recy-
cling can be used as chain extenders, plasticizers and coatings, as
well as for painting (Don and Liao, 2018). Pyrolysis has also
been proposed as a novel method for recycling starch-based
materials to produce sulfonated catalysts (SO;H— catalyst) and
other chemicals, for example, terephthalic acid, which may be
used as a monomer in polyester synthesis (Samori et al., 2021).

Organic recycling of bio-based
materials with the use of most
common biological treatment methods

Based on the hierarchy of waste management, organic recycling
is a priority option, after material recovery (Briassoulis et al.,
2021a). According to EU Packaging and Packaging Waste
Directive 94/62/EC, organic recycling is defined as an ‘aerobic
(composting) or anaerobic (biomethanization) treatment, under
controlled conditions and using microorganisms’. Thus, because
waste from bio-based products can be found in biowaste streams,
recommended method of their treatment should be anaerobic
digestion (AD) or composting. Nevertheless, not all bio-based
products are biodegradable or compostable. It should be empha-
sized that even non-biodegradable bio-based products (e.g. soy-
based polyurethanes) are also considered to be beneficial for
reducing carbon emissions and environmental impact. However,
biodegradable or compostable products are most desirable in the
context of organic recycling. The term biodegradable indicates
that 90% of the organic matter is converted to CO, within
6 months in composting conditions or a minimum of 50% of the
organic matter is converted to biogas (based on the theoretical
biogas production) within 2months (EN 13432; ISO 18600).
Compostable means that the material can be processed by indus-
trial composting (EN 13432 (for packaging) or EN 14995 (for
non-packaging plastic)).

Biodegradable bio-based products degrade in the presence of
microorganisms into biomass and water and, depending on the
conditions (anaerobic or aerobic), into biogas or carbon dioxide
(Bonten, 2019; Kale et al, 2007b). In both processes,

microorganisms (bacteria, archaea and fungi) are involved, and
it is well known that thermophilic conditions improve degrada-
tion. For example, PLA is rapidly hydrolysed at temperatures
at or above 55-62°C and at high relative humidity (>60%)
(Karamanliogluet al., 2017b). For precise insight into organic
recycling, the processes of biodegradation of bio-based poly-
mers should be described.

Biodegradation of bio-based products

Biodegradation of biodegradable bio-based products is caused by
the enzymatic activity of selected groups of microorganisms that
create a biofilm on the product. As a result of this process, the
polymers break down into smaller molecules and can be further
metabolized by microorganisms. However, to allow them to fit
into the active sites of enzymes, the polymer chains should be
conformationally flexible. Moreover, microorganisms can attack
only specific functional groups at specific sites of the polymers
(Kale et al., 2007b).

Generally, in the process of biodegradation of biopolymers,
four stages are involved: (i) biodeterioration, (ii) depolymeriza-
tion, (iii) bioassimilation and (iv) mineralization. The first stage
may result in oxidation processes or formation of a microbial bio-
film on the surface or/and inside a polymeric material (Haider
etal., 2019; Lucas et al., 2008).

Next, during depolymerization/fragmentation, the macromo-
lecular chains of the polymers are broken down into oligomers
and monomers. This step, depending on the polymer and the
environment in which it is degrading, may occur as a result of
abiotic or biotic reactions, or a combination of both. The abiotic
process, which is the hydrolysis or photochemical scission of the
backbone of the polymer, occurs as a result of mechanical, physi-
cal and chemical factors. Hydrolysis is the most common mecha-
nism of polymer degradation and consists of the dissociation of
the bonds of the polymer backbone in the presence of water.
Hydrolysis depends on various external factors, such as tempera-
ture or pH, and may occur via bulk or surface erosion. In bulk
erosion, the loss of strength and the structural properties of the
polymer are due to diffusion of water into the amorphous parts of
the biopolymer. This process occurs when the rate of diffusion of
water exceeds the rate of the hydrolysis reaction. In surface ero-
sion, the degradation of the biopolymer begins at the exterior sur-
face and progresses towards the interior material. In this case, the
rate of hydrolysis exceeds the rate of diffusion of water into the
polymer matrix or catalyst, for example, enzymes cannot pene-
trate the polymer matrix (Burkersroda et al., 2002; Haider et al.,
2019; Kabir et al., 2020).

Biotic reactions during depolymerization of polymers consist
of catalysis by extracellular enzymes secreted by microorgan-
isms, for example, a-amylases (which attack starches) or lyso-
some (which attacks chitin). These enzymes break down the
polymer chains, producing products that can easily cross through
microbial membranes and be assimilated by microorganisms
(Laycock et al., 2017). Other examples of common enzymes that
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mediate the degradation of polymers, especially with those with
hydrolysable bonds (e.g. esters, amides and glycosidic bonds),
are hydrolases, depolymerases and peroxidases (Gan and Zhang,
2019; Meereboer et al., 2020). For example, PLA can be degraded
by lipase esterase and alcalase (Rittié and Perbal, 2008), whereas
starch-based polymers can be broken down by, for example, a-
B-amylases,
During depolymerization, the polymers lose their properties, par-
ticularly their molar mass and strength, and the contact surface
between the microorganisms and the polymers increases
(Chandra and Rustgi, 1998; Kliem et al., 2020).

Next, bioassimilation, in which the oligomers and monomers

amylases, glucoamylases and a-glucosidases.

formed in the previous stage are transported to the cells of micro-
organisms and then assimilated, is followed by mineralization.
The end products of biodegradation are biomass and water, and
either CO, in aerobic conditions or CH, and CO, in anaerobic
conditions. CO, and CH,, are formed as a result of the conversion
of polymer-derived carbon and the incorporation of polymer-
derived carbon into microbial biomass.

During complete biodegradation, the original substrate should
be completely converted into gaseous products and salts
(Agarwal, 2020; Luckachan and Pillai, 2011; Swift, 1995).
However, there are many factors that affect the biodegradation of
bio-based products. First, there are factors that are intrinsic to the
polymers themselves, that is, their origin and chemical/physical
properties (e.g. chemical structure, molecular weight, surface
area, crystallinity, hydrophobicity/hydrophilicity, copolymer
composition) (Kabir et al., 2020; Tokiwa et al., 2009). Easier-to-
biodegrade polymers have lower crystallinity, a shorter chain and
less complex formulas (Emadian et al., 2017). For example,
Kolstad et al. (2012) found that amorphous PLA is more suscep-
tible to degradation under anaerobic conditions than semi-crys-
talline PLA. Second, there are environmental factors that affect
the biodegradation of bio-based products. The most important are
pH, temperature, moisture, sunlight, oxygen content and the
presence of competent microbial degraders. Numerous microor-
ganisms (bacteria, streptomycetes and fungi) that can hydro-
lyse some bio-based products have been isolated from different
terrestrial and aquatic environments. For example, several bac-
teria and fungi that are found in compost can produce hydro-
lases, which enable them to degrade PBS, polybutylene
succinate adipate (PBSA), PCL, PHB and PLA (Urbanek et al.,
2020). Similarly, Actinomycetes in compost (Micromonospora,
Nocardia and Streptomycetes) can decompose TPS.

Aerobic conditions/composting

Biodegradable bio-based products can be composted in both
home and industrial conditions. Biodegradability of some bio-
based materials under aerobic conditions is shown in Table 1. In
aerobic degradation/composting, biological decomposition of
organic matter occurs, which is performed by microorganisms,
and CO,, H,0O and composts are generated. Worth noting is the
fact that some bio-based products with a high melting point and a

high glass transition temperature (e.g. PLA or PHB) require ele-
vated temperatures (>50°C) for hydrolysis and degradation to
begin, which is not achieved during home composting (Meereboer
et al., 2020; Urbanek et al., 2020). Although TPS, PCL and PHB
may degrade in home composting, the degree of degradation is
lower than that in industrial composting (Narancic et al., 2018).

For example, the degree of sample disintegration of starch-
based products in home-composting conditions was 6.7—14.1%
(Adamcova et al., 2019), but PLA, PBS and polyhydroxyoc-
tanoate did not degrade in such conditions (Narancic et al., 2018).
After 12 weeks (84 days) in real composting conditions, commer-
cial starch and starch/PCL-based materials were about 70%
degraded, and fractures, breaches, cavities and holes had appeared
in their surface (Adamcova et al., 2018).

During composting (58 = 1°C) of PHBV and PBSA foils,
both bio-based materials broke into small pieces after 40 days.
These foils were 100% mineralized after about 80 days of com-
posting (Salomez et al., 2019). Films based on gelatin, chitosan
and sodium caseinate completely disintegrated during 5 days of
composting at 58 = 2°C (Bonilla and Sobral, 2020). However,
20 days of thermophilic phase was not sufficient to ensure PLA
and starch/PBAT degradation (Ruggero et al., 2021). This may
have been caused challenges with composting bio-based materi-
als in industrial conditions, where the thermophilic phase lasts
14-21days. The suggested solution was to recirculate the bio-
based material macro-residues after refining treatment.

It should be kept in mind that, although the polymer in bio-
based materials is biodegradable, the additives used in producing
the material are often not biodegradable. As a result, these addi-
tives may accumulate in the final compost (Sintim et al., 2019).

For example, an antimicrobial gluten-based material that was
improved with cinnamaldehyde addition showed good biodegra-
dability under composting conditions and the final compost did
not have any ecotoxic effect on tomato plants. However, the pres-
ence of residual cinnamaldehyde prevented organic recycling of
the material (Balaguer et al., 2015).

After composting of starch-based bags at 65 = 2°C for 21 days,
the material was not distinguishable in the final compost.
Moreover, the compost did not show any ecotoxic effect during a
phytotoxicity test and the results were even better than those of
the control (cellulose). However, after composting PLA-based
water bottles in these conditions, the material was found in the
compost in the form of tiny crystallized pieces (<2mm). PLA
degraded to water-soluble LA, which reduced the pH of the com-
post and had negative effects on the seed germination and germi-
nation indexes. Therefore, the degradation of PLA may change
the acidity of environments (Bandini et al., 2020).

The effectiveness of composting of bio-based products
depends on environmental factors, such as the temperature or pH.
For example, under mesophilic conditions (25°C and 37°C), PLA
fabric and films did not degrade even after 210 days of bench-
scale composting and only 10% of the theoretical amount of CO,
was produced. Under thermophilic conditions (60°C), in contrast,
the mineralization degree was 90% and the fastest CO,
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production took place (Itdvaara et al., 2002) Ruggero et al. (2020)
found that, during composting of MaterBi®, the starch and addi-
tives were intensively degraded in the initial phase of the process,
as shown by the decrease in their weight and activation energy.
However, another component of the material, PBAT, which is a
synthetic aromatic-aliphatic co-polyester with a more complex
molecular structure, did not degrade them. However, it did
degrade in the next phase of composting, and its degradation rate
was not reduced by the decrease in temperature and humidity at
the start of the maturation phase. Hosni et al. (2019) composted
PCL, PHB, PLA and PBS at 25°C, 37°C and 50°C. At the highest
temperature, all of the polymers degraded, and PCL, which com-
pletely degraded after 91 days, had the fastest rate of degradation.
However, only PCL and PHB degraded under all temperature
conditions, and PLA and PBS did not significantly degrade at
25°C and 37°C.

The share of bio-based products is an important factor during
composting. For an efficient process, the share of PLA should be
less than 30% (w/w) because larger amounts can decrease the pH,
due to the disintegration of PLA to LA, and suppress microbial
growth (Ghorpade et al., 2001). Addition of 50% (v/v) PLA (as
PLA-based food containers) caused the ratio to decrease from ca.
6.5 to 3.5 pH and affected fungal diversity and community struc-
ture in compost (Karamanlioglu et al., 2017a).

The compostability of bio-based products depends on their
composition and thickness (Soni et al., 2009). The thickness of
certified compostable PLA and PBS should not exceed 3000 um
and 120 um, respectively (Reichert et al., 2020). The biodegra-
dation of bio-based products may be affected by changes in
their composition. For example, in composting conditions, a
composite of PBS and PCL degraded faster than pure PBS and
PCL (Huang et al., 2016), whereas pure PHB and PLA disinte-
grated faster than a blend of these substances and PBAT (Tabasi
and Ajji, 2015). Cadar et al. (2012) reported that, under con-
trolled composting conditions, the biodegradation degree of
PLA copolymer increased as the amount of LA in the material
was increased. Those authors also reported that the degrees of
biodegradation of commercially available and synthesized
PLA were about 70% after 110days of composting with
2-month-old mature compost from organic domestic waste.
Both PBSA copolymer and PBS homopolymer biodegraded in
composting conditions (58 = 2°C), as shown by decreases in
their molar mass and increases in their crystallinity, but PBSA
was more susceptible to biodegradation than PBS (Puchalski
et al., 2018). Moreover, pure PBS required 75 days to disinte-
grate under composting conditions, whereas composites of
PBS with cellulose disintegrated 10days faster (Platnieks
et al., 2020). Kalita et al. (2021b) composted neat PLA gran-
ules and PLA biocomposites (PLA/chitosan, PLA/cellulose
nanocrystal and PLA/gum arabic) with food waste as compost.
The percent biodegradation of the neat polymer was 94.2%
during 136 days of measurement, whereas that of the compos-
ites ranged from 80.5% to 97% during 120-145 days. They
also found that Bacillus flexus was involved in biodegradation
of PLA-based biocomposites.

Generally, the amorphous part of the polymers degrades
faster than the crystalline part. For example, Kale et al. (2007a)
composted PLA bottles and food containers made of 96% and
94% L-lactide, respectively, for 30 days. The PLA bottles had a
lower degradation rate than the containers due to their higher
degree of crystallinity. The authors observed first-order degra-
dation kinetics and linear degradation trends for both PLA
materials. Similarly, Sednickova et al. (2018) concluded that
amorphous polymers are more susceptible to biodegradation
than crystalline ones.

Sednickova et al. (2018) also found that, in composting condi-
tions, PHB degraded faster than PLA, and minor changes in the
composition of the material (e.g. addition of plasticizer) affected
the biodegradation rate and time of disintegration. Thus, neat
polymers have higher percentages and rates of biodegradation
than commercially available ones under both mesophilic and
thermophilic conditions (Pattanasuttichonlakul et al., 2018). For
example, the presence of nano-titanium dioxide (TiO,) additives,
commonly used as a white pigment in plastic cups and plates,
lowers the values of biodegradation of PLA and PBS during com-
posting at 58 = 2°C and induces lag time (Nobile et al., 2015).
Similarly, the addition of chain extenders has an inhibitory effect
during composting of PHB and PLA/PBAT, probably due to an
increase in the molar mass of the polymer and a slight increase in
crystallinity. The use of nanoparticles for bio-based materials
production also affects their biodegradation. For example, mont-
morillonite may promote the hydrolysis of material by facilitat-
ing water penetration, but it may also inhibit the diffusion of
oligomers for the microorganisms (Freitas et al., 2017). However,
Balaguer et al. (2016) found that nanoparticles did not limit the
compostability of PLA and that biodegradation was higher after
they were added, although these differences were not statistically
significant (p > 0.05). Finally, chemical modification of TPS and
changes in its carbonyl content affect the rate and percentage of
TPS biodegradation. During laboratory-scale composting
(58 £2°C), TPS degraded faster than modified TPS, and its per-
centage of biodegradation after 56days of measurement was
about 73%, whereas that of modified TPS ranged from about 6%
to 66%, depending on its carbonyl content (Du et al., 2008).

Anaerobic conditions/anaerobic digestion

AD is a promising option for treating bio-based products and pro-
ducing biogas, which is used as a renewable energy source.
Moreover, it is noted that AD of some bio-based materials (cel-
lulose, starch, starch/PCL, PLA, PBAT and PHA) has a lower
energy footprint than that of home and industrial composting and
incineration (Hermann et al., 2011). In addition, some bio-based
materials may be more susceptible to AD than to composting;
biodegradability under anaerobic conditions is shown in Table 2.
For example, as reported by Siracusa et al. (2008), the degrada-
tion of PHA occurs much faster under anaerobic conditions than
aerobic ones.

However, AD of bio-based products alone may not be effec-
tive for a variety of reasons. Inappropriate C/N ratios can be a
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Table 2. Biodegradability of bio-based materials under anaerobic conditions.

Material Temperature (°C)  Time (days]) Biodegradability (%) Literature

Mesophilic conditions

Biodegradable coffee capsules 38 100 12-24 Cazaudehore et al. (2021)
PBAT 37x2 126 2.2 Svoboda et al. (2019)
PHB 37 9 90 Yagi et al. (2014)

PCL 277 3-22

PLA 277 29-49

PBS - 0

Thermophilic conditions

PLA powder 55 60 80 Yagi et al. (2012)

PLA film 40 75-84

PHB 55 14 90 Yagi et al. (2013)

PCL 50 80

PLA 75 75

PBS - 0

Pectin-cellulose-based material 551 30 90-94 Batori et al. (2017)

PBAT 55%2 126 8.3 Svoboda et al. (2019)

PLA 55 31 40.41 Camacho-Mufioz et al. (2020)
TPS 92.11

TPS/PLA 62.48

Biodegradable coffee capsules 58 100 47-69 Cazaudehore et al. (2021)
PLA-based foils 55 21 9.0-12.7 Shrestha et al. (2020)
PLA-based foils 35 16.3-18.3

PLA-based coffee capsules 21 <1

PLA-based coffee capsules 35 <3

Plasticized starch 55+ 1 28 97 Borowski et al. (2020)

PBAT, poly(butylene adipate-co-terephthalate); PBS, polybutylene succinate; PCL, polycaprolactone; PHB, polyhydroxybutyrate; PLA, polylactic

acid; TPS, thermoplastic starch.

problem because bio-based materials are rich in carbohydrates
and contain little or no nitrogen. Moreover, some bio-based prod-
ucts (e.g. PCL) are mainly degraded by fungi, which are present
in compost, but not in AD conditions (Sankhla et al., 2020).
Furthermore, it is not always possible to completely degrade bio-
based products at the hydraulic retention times (HRTs) com-
monly used in biogas plants, that is, 20-30days (Batori et al.,
2018). For example, cellulose film and PLA coffee capsules did
not completely degrade and disintegrate during thermophilic AD
(55°C) that lasted for a typical operation time for an industrial
biogas plant (21 days) or the maximum time of operation for AD
of bioplastics (35 days) (Shrestha et al., 2020).

One of the most important of the factors that influence AD
efficiency is the process temperature. The process is most often
carried out in mesophilic (35-42°C) or thermophilic (45-60°C)
conditions (Weiland, 2010), and sometimes in psychrophilic con-
ditions (<<20°C) (Safley and Westerman, 1992). In general, the
available evidence indicates that the process is more efficient at
higher temperatures. For example, Cazaudehore et al. (2021)
found that, after 100 days, the methane potential of commercially
available coffee capsules made of biodegradable plastics was
much higher under thermophilic conditions (257-294NL CH,/
kgVS) than under mesophilic ones (67-127NLCH,/kgVS).
Moreover, some polymers require high temperatures for starting
hydrolysis, which means that, under mesophilic conditions, they
are degraded to a very small extent or not at all. For example,

there is almost no biodegradation of PBAT under anaerobic mes-
ophilic (37°C) conditions. Based on biogas production, biodegra-
dation of PBAT after 126 days of measurement under mesophilic
and thermophilic conditions was 2.2% and 8.3%, respectively. In
addition, the higher temperatures in thermophilic conditions sig-
nificantly changed the crystallization behaviour of PBAT
(Svoboda et al., 2019). Mesophilic biodegradation of a commer-
cially available PLA-based material used in disposable cups only
achieved maximal biogas production after 280 days (558-570L/
kg OM), which is not an acceptable time on a technical scale.
Even though thermophilic biodegradation of this material
reduced the lag phase from 40 to 10 days and enabled maximal
biogas production (831-849 L/(kg OM)) to be achieved much
faster, the process still lasts almost 40 days, which is much longer
than the HRTs used in industrial AD (Bernat et al., 2021). This is
consistent with other results in the literature, which indicate that
the biodegradation time of PLA in AD is very long, with a low
level of process efficiency. For example, after 1 year of meso-
philic AD, starch- and PLA-based foils started to degrade; how-
ever, only minor structural damage was observed (Zaborowska
et al., 2021a). The lag phases of biogas production lasted 60 and
70days for PLA and starch-based material, respectively. After the
lag phase, biogas production started to increase, although very
slowly, and it reached only 25.2 and 30.4L/kgVS for PLA and
the starch-based materials, respectively. Although these materials
faster under

began to lose their mechanical properties
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thermophilic conditions, only a small amount of methane was
produced from the foils by day 50 of thermophilic AD (55°C). In
fact, even after 100days of the process, the materials had only
fragmented and were still visible. This indicates that digestate
may become contaminated with fragments of these materials
(Zaborowska et al., 2021b). Finally, Kolstad et al. (2012) con-
cluded that PLA degradation at low temperature (ca. 20°C) would
last many decades and produce very little biogas.

The type of bio-based material is another factor that has a
substantial influence on AD efficiency. Yagi et al. (2013, 2014)
found that PBS did not biodegrade in AD (irrespective of the
temperature) and that the biodegradability rate of bio-based poly-
mers in thermophilic and mesophilic conditions decreased in the
followingtheorder: PHB > PCL > PLAandPHB >>PLA > PCL,
respectively. Cucina et al. (2021) ranked the biodegradability of
some other bio-based materials in this order: PHAs > starch
based =PLA. Yagi et al. (2013, 2014) reported that the tem-
perature did not strongly influence the degradation of PHB,
which was 90% degraded during 14 and 9 days under meso-
philic and thermophilic conditions, respectively, which means
that PHB can be degraded with commonly used HRTs. Batori
et al. (2017) found that a polymer obtained from orange pectin—
cellulose waste that also achieves a high degree of biodegrada-
tion (90%) within 15days and has an average methane
production of 350NL/kg COD. It should be emphasized that
pectin—cellulose waste is easily biodegradable, hence the short
degradation time. Finally, Camacho-Muifloz et al. (2020)
reported that a blend of PLA and TPS did not exhibit a lag phase
and achieved 65.48% biodegradability in slurry thermophilic
AD. In contrast, pure PLA and TPS achieved 40.41% and
92.11% biodegradability, respectively.

Some studies indicate that AD of bio-based products does not
occur, or takes place to a limited extent; therefore, to obtain more
complete degradation and higher biogas yield, pre-treatment of
these products has been proposed. For example, Calabro’ et al.
(2020) found that only some methods of pre-treating composta-
ble bags made of MaterBi® (Novamont, Italy), biodegradable
wine bottle corks and cellulosic plates significantly increased
methane production and decreased mass loss. However, the
authors showed that mechanical pre-treatment and the type of
inoculum (digested sludge from mesophilic or thermophilic) did
not affect methane production and mass loss during AD of bio-
based materials. Alkaline pre-treatment of PHB and PLA at ele-
vated temperature resulted in decrease in lag phase time and
increase in methane production compared to untreated material
(Benn and Zitomer, 2018; Venkiteshwaran et al., 2019). PHB
pre-treatment (55°C, pH 12) increased methane production from
86% and 91% (Venkiteshwaran et al., 2019). Zaborowska et al.
(2021b) found that alkaline pre-treatment of starch and PLA-
based foils resulted in increasing in methane production; how-
ever, the values were low and constituted only about 8-10% of
the theoretical methane production. However, pre-treatment of
foils shortened the lag phase of methane production but most of
all increased the surface damage and weakened the mechanical

properties. Despite determination of mechanical properties is not
a common practice, the authors emphasized that it can be consid-
ered as valuable indicator of polymers’ biodegradability
(Zaborowska et al., 2021b). Correspondingly, Hobbs et al. (2019)
indicated that alkaline pre-treatment of PLA increased methane
production from 756 to 1021mL of CH, in comparison to
untreated material. Moreover, the PLA without treatment resulted
in only 54% weight reduction. Authors showed that pre-treated
PLA may be codigested with food waste in digestion systems. On
the contrary, acidic and alkaline chemical pre-treatments at ambi-
ent temperature did not affect AD of starch- and PLA-based
materials (Battista et al., 2021). Moreover, pre-treatment of PLA
at 70°C for 1 hour with no pH control resulted in even less biom-
ethane production than from untreated PLA (Endres and Siebert-
Raths, 2011).

Conclusion

The continual development of bio-based products has led to sev-
eral challenges in waste management. To recycle waste from
these products, effective technologies must be found.

Chemical or mechanical recycling is not only a costly process,
but also require a thorough separation of bio-based products from
the waste stream. It is crucial to sort out bio-based materials from
conventional plastics without affecting the recycling of the latter.
Therefore, there is a need to develop sophisticated systems to
separate waste from bio-based products from mixed waste or
plastic waste.

The organic recycling of bio-based products seems to be more
sustainable and economically friendly, especially when bio-based
products are collected together with biowaste. However, the
characteristics of the bio-based products determine the choice of
the method of organic recycling, that is, AD or composting. Some
bio-based products that biodegrade under composting conditions
do not biodegrade under anaerobic ones. Most often, these prod-
ucts are only partially biodegraded under anaerobic conditions,
and the time of degradation is very long, which is not acceptable
at technical scale. Moreover, because bio-based materials do not
produce large quantities of biogas, and they only disintegrate,
they may contaminate the digestate. As the choice of recycling
method depends on the type of bio-based product, it is highly
desirable to label these products to indicate which method of
recycling is preferable for them.
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Abstract: There are discrepancies concerning the time frame for biodegradation of different com-
mercially available foils labeled as biodegradable; thus, it is essential to provide information about
their biodegradability in the context of their end of life in waste management. Therefore, one-year
mesophilic (37 °C) anaerobic degradation tests of two bio-based foils (based on starch (Fs), polylactic
acid (FrLa)) and oxo-degradable material (Foxo) were conducted in an OxiTop system. Biodegrada-
tion was investigated by measuring biogas production (BP) and analyzing structural changes with
differential scanning calorimetry, polarizing and digital microscopic analyses, and Fourier trans-
form infrared spectroscopy. After 1 year, Foxo had not degraded; thus, there were no visible changes
on its surface and no BP. The bio-based materials produced small amounts of biogas (25.2, FrLa, and
30.4 L/kg VS, Fs), constituting 2.1-2.5% of theoretical methane potential. The foil pieces were still
visible and only starting to show damage; some pores had appeared in their structure. The structure
of FrLa became more heterogeneous due to water diffusing into the structure. In contrast, the struc-
ture of Fs became more homogenous although individual cracks and fissures appeared. The color
of Fs had changed, indicating that it was beginning to biodegrade. The fact that Fs and Fr.a showed
only minor structural damage after a one-year mesophilic degradation indicates that, in these con-
ditions, these materials would persist for an unknown but long amount of time.

Keywords: polymers; starch- and polylactic-acid-based material; biogas production; FTIR and mi-
croscopic analyses; DSC

1. Introduction

The worldwide use of bioplastics (bio-based products) has been increasing, and it is
expected that the share of bio-based products on the plastics market will increase by 40%
by 2030 [1]. These products are most often used as food packaging, frozen food containers,
milk and juice cartons, disposable tableware, or for agriculture purposes [2]. Bio-based
products are wholly or partly of biological origin, e.g., based on lignin, cellulose, or starch.
These products contain from 20% up to 100% renewable raw materials and can be both
biodegradable and non-biodegradable [3]. However, the most desirable are biodegrada-
ble or compostable products, which degrade anaerobically or aerobically in the presence
of microorganisms. Among biodegradable bio-based products, starch-based materials
and polylactic acid (PLA) are the most common, constituting 44% and 24% of the global
production capacity for biodegradable polymers, respectively. Other biopolymers pro-
duced at an industrial scale are poly(butylene succinate) (PBS) and poly(butyleneadipate-
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terephthalate) (PBAT), which constitute 23% of the global production capacity, and poly-
hydroxyalkanoates (PHA), which constitute 6% [4]. PLA can be synthesized from renew-
able biomass (e.g., molasses, whey, bagasse, potato, tapioca, wheat) via microbial fermen-
tation process by bacteria and fungi [5]. However, the yield of lactic acid produced by
fungi is lower than produced by bacteria. The microorganisms used for PLA production
are the following: Lactococcus, Enterococcus, Streptococcus, Leuconostoc, Weissella, some Lac-
tobacilli, and Lactobacillus brevis. PLA can be produced in batch, fed batch, or continuous
fermentation, whereof the first two produce a high concentration of lactic acid and the last
one has higher productivity [6-8]. Starch is a natural material, composed of amylose and
amylopectin. For bio-based material production, thermoplastic starch (TPS) is the most
often used. TPS is formed during, e.g., mechanical shearing under heat or the addition of
plasticizers (typically water or glycerol) to starch [9].

Although they should not be confused with bio-based materials, petroleum-based
products to which oxidants have been added (i.e., oxo-degradable products) are often
classified as biodegradable plastics, and they can degrade via an abiotic—biotic process
[10,11]. The additives used in oxo-degradable products facilitate the breakdown of molec-
ular chains, leading to the products” degradation [12]. For example, photodegradation of
low-density polyethylene and polypropylene films can be activated using metal oxides
(e.g., Fe20s3, CuxO, ZnO, and TiOz) as catalysts [13,14].

Biodegradable bio-based products often contain various non-organic additives to in-
crease their thermal stability and mechanical properties. Bio-based materials may contain
additives such as stabilizers, plasticizers, fillers, reinforcing agents, colorants, and fire re-
tardants, which influence the biodegradability of these materials [15]. For example, re-
garding starch-based materials, the most common plasticizers used for the improvement
of their thermal stability are polyols (glycerol and sorbitol) [16]. Moreover, to improve
their mechanical and thermal properties, sodium silicate [17] or silica [18] can be used.
Other common plasticizers used for bio-based material production are glycerol [19], urea
[20], or citrate esters [21]. However, these additives decrease both the degree and the rate
of degradation of the bio-based products [22]. The complete degradation of bio-based
products occurs only under optimized conditions (i.e., optimal temperature, pH), which
may be different for different materials. Generally, the large fragments of these products
are first fragmented into smaller particles. This fragmentation, as well as incomplete deg-
radation, may cause the biopolymers to be released into the environment as microplastics
[23]. Due to the increasing amount of waste from bio-based products, it is necessary to
assess the effect of these products on waste management, including organic recycling.
Waste from bio-based products can be found in streams of selectively collected plastic
waste and biowaste. If bioplastics are handled with conventional plastics, they will likely
be recycled or incinerated. However, assuming that they are labeled as bio-based prod-
ucts, they should be collected with biowaste (kitchen waste and green waste). Therefore,
it is necessary to carry out the degradation of bio-based products under the process con-
ditions used during the treatment of the biowaste. Mechanical-biological treatment (MBT)
plants treat biowaste via anaerobic digestion (AD) and/or aerobic stabilization/compost-
ing. In organic recycling of bio-waste, methane fermentation is increasingly used because
it improves the economy of MBT plants and provides other benefits like decomposition
of organic matter, production of biogas, and reduction of the waste volume. Moreover,
the process enables production of naturally used digestate and other substrates for chem-
ical syntheses (e.g., for volatile fatty acids) [24-26]. Therefore, it is important that bio-
based products should be completely biodegradable, and after they become a part of com-
post or digestate in an MBT plant, they should not contaminate these materials.

Due to rapid growth in the amount of bio-based products and their waste, there is a
need to determine the optimal conditions for degrading these products, especially under
anaerobic conditions. AD can be carried out in MBT plants at mesophilic (3540 °C) or
thermophilic (50-60 °C) temperatures. However, the mesophilic process is more stable
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and requires a smaller energy input [27]. Generally, anaerobic tests are based on the meas-
urement of biogas or methane production. The principal standard methods for monitoring
the anaerobic degradation of bio-based products use mesophilic temperatures. For exam-
ple, ISO 14853:2016, used to determine the anaerobic biodegradability of plastic materials
in an aqueous medium, calls for exposure of the test polymers to sludge at 35 °C + 2 °C
for a period of up to 90 days [28]. This time is longer than the conventional sludge reten-
tion time (25 to 30 days) in anaerobic digesters. Massardier-Negotte et al. [29] used ISO
14853 for anaerobic tests and found that, in these conditions, biopolymers (PLA, poly-
caprolactone, starch/polycaprolactone, and PBAT) degraded slightly or did not degrade.

To determine the degree and rate of anaerobic mesophilic biodegradation of plastic
materials, ASTM D5526 may be also used [30]. In this test, the inoculum should be derived
from anaerobic digesters operating only with pretreated household waste. Biodegrada-
tion should be carried out under dry (>30% total solids (TS)) and static non-mixed condi-
tions. Another test of polymer biodegradability is provided by EN 13432, which defines
the requirements for determining the compostability and anaerobic treatability of plastic
packaging materials [31]. Zhang et al. [32] carried out mesophilic anaerobic degradation
of nine different bioplastics (based on cellulose, starch, and PLA) according to EN13432.
They concluded that only four bioplastics showed substantial biodegradability, but less
than 20% of their carbon was converted into methane.

In summary, many products on the market are labeled as biodegradable. However,
even though various products can be based on the same main component, e.g., starch or
PLA, its content in the products can differ. Moreover, manufacturers use various types of
additives in different proportions to improve the functional properties of a material. Un-
fortunately, however, the manufacturers do not provide detailed information on the com-
position of their products. Most likely, the types and proportions of the additives are the
main factors determining the biodegradability of bioplastics and the time frame for their
biodegradation. Thus, reports on the degree of biodegradation of different bioplastics dur-
ing anaerobic treatment differ substantially [33-36]. Moreover, for waste-management
and end-of-life considerations, it is essential to provide information on as many as possi-
ble of the commercially available materials that are considered biodegradable. Therefore,
the aim of this study was to investigate the degradation of selected bio-based and oxo-
degradable products (waste disposal bags) during a long-term (1-year) anaerobic meso-
philic biodegradation test. Three different commercially available foil materials were
studied by observing changes in their structure with the use of polarizing and digital mi-
croscopic analyses, Fourier transform infrared spectroscopy (FTIR), and differential scan-
ning calorimetry (DSC).

2. Materials and Methods
2.1. Bio-Based Materials and Oxo-Degradable Material

In the present study, three different commercially available foils were subjected to
anaerobic mesophilic (37 °C) degradation. Two of them were bio-based products: BioBag
waste bags made from Mater-Bi® material based on starch (Fs) and bags made from pol-
ylactic acid (Fra). The third foil was an oxo-degradable product (Foxo), consisting of con-
ventional polyethylene containing the pro-oxidant additive d2w. Each of the investigated
foils was cut to a particle size of 10x10 mm. The characteristics of the materials are pre-
sented in Table 1. To improve their functional properties, these products, which were pur-
chased on the commercial public market, may have contained other additives. Unfortu-
nately, however, the manufacturer did not provide details of their composition.
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Table 1. Characteristics of the materials used in the experiment.

Material Fria Fs Foxo
Basic characteristics

VS (% of DM) 99.3 99.9 93.1

COD (g/kg) 71.5 63.9 n.d.
TN (mg/kg) 454.9 408.6 3766.8

Elemental composition

Carbon, % 57.56 55.36 n.d.

Hydrogen, % 6.88 6.90 n.d.

Oxygen, % 34.86 37.64 n.d.

Nitrogen, % 0 0 n.d.

n.d., not determined; VS, volatile solids; DM, dry mass; COD, chemical oxygen demand; TN, total

nitrogen.

2.2. Measurement of Biogas Production

An anaerobic biodegradation test with measurement of biogas production from bio-
based and oxo-degradable foils was performed under mesophilic conditions (37 + 0.5 °C)
with the use of a standard test of gas potential (ISO 14853:2016) with modifications [28].
The measurement lasted 1 year and was carried out in triplicate for each foil with the use
of the OxiTop® Control system (WTW Wissenschaftlich-Technische Werkstdtten GmbH,
Germany), which consists of measuring vessels (bioreactors) with a capacity of 630 mL
and measuring heads with built-in pressure sensors. Pressure values obtained from respi-
rometric measurements allowed determination of the volume of biogas produced. To en-
sure anaerobic conditions, the space above the sample was flushed with nitrogen gas be-
fore measurements.

To determine the biogas production from foil, the inoculum (approximately 100 mL)
and the foil were introduced into the OxiTop bioreactors. The inoculum was fermented
sludge from a closed mesophilic digester chamber from a municipal wastewater treatment
plant employing the activated sludge method (north-eastern Poland). The planned initial
organic load (OL) was 4 kg VS/m?, indicating that the doses of foils were 0.4 g. Addition-
ally, biogas production by the inoculum alone was determined. The biogas production of
the foils themselves was determined by taking the difference between the amount of bio-
gas generated in the bioreactors with inoculum and foil and the amount of biogas gener-
ated in the bioreactors with only inoculum.

Additional glass bottles, with volume identical to those of the bioreactors, were pre-
pared to enable sampling of foil pieces from these bottles. These bottles were prepared in
the same manner as the OxiTop vessels, which were used only for measuring biogas pro-
duction. All the bioreactors and bottles were placed in a thermostatic incubator. Every
month during anaerobic biodegradation tests, pieces of Fs, Frra, and Foxo were removed
from the inoculum for the microscopic, differential scanning calorimetry (DSC), and FTIR
analyses. However, the results of these analyses did not show any changes in comparison
with the raw materials during the first year. Changes finally appeared after 1 year, and
only these results are shown below.

2.3. Microscopic and FTIR Analysis

The changes on the surface of the bio-based and oxo-degradable materials were ana-
lyzed using a Nikon eclipse50i polarizing microscope at a magnification of 100x and dig-
ital microscope (Keyence VHX-7000, Osaka, Japan) at a magnification of 1000x. Addition-
ally, the digital microscope allows to determine 3D geometric structure (topography) at
the microscale without contact with the investigated foil sample.

The FTIR spectra were collected using a PerkinElmer Spectrum Two (with diamond
ATR) brand device within the wavenumber range of 4000—400 cm™ and resolution of 4
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cm™ at room temperature and repeated in triplicate for each foil material. Smoothing func-
tions were not employed.

2.4. Differential Scanning Calorimetry Analysis

In the raw foil materials and after 1 year of the degradation, thermal properties of
bio-based and oxo-degradable foils were investigated with a differential scanning calo-
rimetry analysis (DSC) on DSC Phoenix 204 F1 differential scanning calorimeter utilizing
hit flow method (NETZSCH, Selb, Germany). The measured parameter is free heat flow.
Small amounts (ca. 5 mg) of dry samples of each of the foils were placed into aluminum
crucibles, sealed, and heated at between 30 °C and 200 °C at a heating rate of 5 °C/min.
An empty aluminum crucible was used as reference. The analysis based on the measure-
ment of energy required to establish a zero-temperature difference between the analyzed
sample and a reference sample. The thermal characteristics such as the glass transition
temperature (Tg), cold crystallization temperature (Tcc), cold crystallization enthalpy
(AHcc), melting temperature (Tm), and melting enthalpy (AHm) were determined from
DSC curves.

2.5. Analytical Methods

Volatile solids (VS) as loss on ignition and the contents of COD and TN (as total
Kjeldahl nitrogen) in foil materials (if possible) were determined according to APHA [37].
Elemental composition of the materials was determined with the use of Flash 2000 Or-
ganic Elemental Analyzer (Thermo Scientific, Milan, Italy).

3. Results and Discussion

3.1. Anaerobic Biodegradation Test of Selected Bio-Based and Oxo-Degradable Materials in
OxiTop System

Anaerobic biodegradation of pieces of foils of Fs, Frra, and Foxo were carried out un-
der mesophilic conditions at 35 °C. The OxiTop system allowed measurement of the vol-
ume of biogas (in mL) produced during the anaerobic test. During the analyses of biogas
volume (BV) from investigated material, two BV profiles were considered. The inoculum
alone (I) represents the first profile. The inoculum with the material (Fs+ I, FrLa + I) repre-
sents the second profile. The profile of the biogas volume for the material alone is possible
to be obtained by subtracting the values of the first profile from the second. As shown in
Figure 1, the profiles of biogas volume corresponding to the inoculum alone and to both
the inoculum and the foil material were very close to each other. This means that the bio-
gas volume corresponding to the foil material alone would be very low. This was con-
firmed by the value of BP in liters per kg of organic matter (L/kg VS), that is, the most
commonly used units for BP during anaerobic measurements in this kind of system, as
the VS content of the foil materials was considered to reflect the organic matter content.
The profiles corresponding to the inoculum alone and to both the inoculum and the foil
material of Foxo showed no differences indicating lack of degradation; thus, no BV and BP
profiles are provided.

The profiles of the biogas volume for the bio-based foil materials of FPLA and FS
showed the initial long lag phases. With FS, the lag phase was even longer, lasting 70 days,
whereas with FPLA, it lasted 60 days. After the lag phase, BP started to increase very
slowly until 160-180 day of the measurements, and then, the biogas volumes remained
the same until the end of an almost 400-day anaerobic test. The final biogas production
for FPLA and FS was similar: 25.2 and 30.4 L/kg VS, respectively.

55:9677593036



Sustainability 2021, 13, 6818

6 of 14

Fs Foia
0.25 0.25
BV of Fg +l BV of Fpa +
0.2 — 0.2 —
1888500 089888000
P BV of | st BV of
o
=015 & Z015 -
z a
0.1 0.1
0.05 0.05
BV of Fs BV of Fpa
0 ; ' f t t t t | 0 ! Y ! ; n ! ' ]
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time (day) Time (day)
(a) (b)
Fs FPLA
200 —— r 700 200 T TMP of Fos 700
o [ 600 600
150 1 L 500 & 150 500
@ » 2 o
2 Lao 2 2 400 ®
< 100 = 00+ S
= F300c 2 300 &
o = a =
o = o
50 + + 200 50 4 + 200 F
BP of Fs BP Of Fpis
F 100 t 100
nupupgnunn"-’ Dpp“m,xu
0 00082 t t t t t 0 0 qooaa®—y t t t t t 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time (day) Time (day)
(c) (d)

Figure 1. Biogas volume (BV; in L) profiles (a,b) from the inoculum (I) only and bio-based materials with the inoculum (Fs
+1, Frea+ I) and biogas production (BP; in L/kg VS) profiles (c,d) during an anaerobic biodegradation test at 35 °C of bio-
based materials of FrLa and Fs; the values of theoretical methane potential (TMP) of Fs and Frra (based on the elemental
composition) are also shown; the Foxo did not degrade, and thus, no BP was observed and the profiles are not provided.

Based on the elementary composition of the foil materials, the theoretical amounts of
methane (theoretical methane potential, TMP), assuming complete conversion of organics
into biogas, were calculated using the Buswell equation [38]:

CH0+( b C)HO (a b+C>co +(‘?'+b C)CH
_b ¢ L(2_b,c a b ¢
aflpVe T\ = —5) e 27874 T\ g Ty

@™
The theoretical molar compositions of the methane that could be obtained from one
mole of the tested foil materials were as follows:

o  Frra: CaaoHe3102 + 1.99 H20 — 2.71 CHa4 + 2.08 COy;
. Fs: Co.ssH147005 + 1.71 H2O — 2.58 CHa4 + 2.03 COa.

To calculate the mass of methane and carbon dioxide, molar masses were considered.
Then, to determine the theoretical volumes of gases, their densities were considered as
0.717 g/L and 1.978 g/L, respectively (at 0 °C, 101 kPa). The values of TMP of Fs and Frra
(based on the elemental composition) are 577 and 610 L/kg VS, and they are also shown
in Figure 1 for comparison with the obtained BP. Assuming that methane content in bio-
gas from Fs and FrLa would be ca. 50% [38], the values of methane production (MP) would
be two times lower than biogas production, ca. 12 and ca. 15 L/kg VS, respectively.

Most of the studies assumed that the value of TMP is the maximal value of methane
that could be obtained. The ratios of MP/TMP for Fs and FrLa are 0.021 and 0.025. Thus, Fs
and Frra produced methane in amounts constituting only 2.1% and 2.5%, respectively, of
the TMP values.

There are discrepancies concerning the time frame for the biodegradation of different
biopolymers, and most researchers have not provided information on biogas yield. Batori
etal. [36] found that some biopolymers, such as starch, cellulose, pectin, and poly(hydrox-
yalkanoate), can be degraded at hydraulic retention times commonly used in biogas
plants. Shin et al. [39] reported that 89% of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHB/HV; 92/8, w/w) could be degraded within 20 days under anaerobic mesophilic con-
ditions. Similarly, Noda et al. [33] found that 80% of 14-C-labeled poly(3-hydroxybutyr-
ate-co-3-hydroxyoctanate) biodegraded after 25 days under anaerobic conditions at 37 °C.
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Yagi et al. [35] found that during mesophilic (37 °C) anaerobic degradation, PHB was over
90% biodegraded in 10 days, whereas PLA was only 7% biodegraded in 90 days, and PBS
did not degrade. Kolstad et al. [34] tested the degradability of a commercially available
PLA product at two temperatures: 21 °C (under simulated landfill conditions) and 35 °C.
The duration of the tests was 13 months (390 days) and 170 days, respectively. The authors
found that, in a year-long psychrophilic test, the amorphous and semicrystalline PLA did
not produce a significant volume of biogas. At 37 °C, it was predicted that amorphous
PLA would yield approximately 189 L/kg (40% of the theoretical potential), whereas it
was observed that the semicrystalline samples did not generate a significant volume of
methane.

3.2. Microscopic Analyses and Topography of the Investigated Materials

The small amount of biogas produced by the bio-based materials is connected with
the fact that, until 365 days of anaerobic degradation had passed, pieces of the foils were
still visible in the inoculum, and these fragments only started to show damage. Polymer
degradation can be determined based on the changes in the surface, e.g., formation of
holes and/or cracks, and changes in color or roughness parameters. Moreover, thermal
properties (DSC) or the results of FTIR analyses can provide information about the struc-
tural changes in the material [40].

The foils used in the present study came from commonly available bags for waste
collection. Initially, each of the foils had a green color and was smooth. Microscopic anal-
yses at 100-fold magnification showed no changes after 1 year of degradation of the Frra
material, but analyses at 1000-fold revealed some pores in the material structure (Figure
2). Analyses of surface topography indicated that, after long-term anaerobic degradation,
the structure of Fr.a had become more heterogeneous than that of the raw material (Figure
3). The distance between the valleys and peaks decreased after degradation, which may
have been caused by diffusion of water into the material structure and may indicate that
the foil’s thickness was gradually decreasing and it was being degraded [41].

In contrast to Frra, the FS material changed visibly after 1 year of degradation, and
individual cracks and fissures were visible in its structure (Figure 2). These changes cor-
responded to slightly higher biogas production from Fs than from Frra. A change in the
color of the material was also observed. Such changes in the color of a polymer may be
considered an important indicator of the biodegradation process [42]. Lee et al. [43] ob-
served that, during anaerobic degradation of a foil consisting of a mixture of PLA and
pure lactic acid, its color changed from transparent to white after 10 days of the process,
whereas a foil consisting of pure PLA did not change color during this time. In the study
present here, the analyses of Fs surface topography indicated that, after degradation, the
structure of the material became more homogeneous (Figure 3). The change in the color
of the bio-based product may be one of the indicators of the biodegradation of the poly-
mer. Fortunati et al. [44] observed changes of color of the PLA material during composting
due to hydrolytic degradation of the polymer, which led to a change in the refraction in-
dex. This was caused by water absorption and/or the presence of hydrolysis product. The
same results were obtained by Arrieta et al. [45] during composting of PLA and plasticized
PLA/PHB films. Moreover, the authors suggested that an increase in lightness of plasti-
cized films may be caused by loss of the plasticizer and the compression of macromolec-
ular chains of polymer. The color change of bio-based products may also correspond to
the embrittlement of materials, which is associated with increase in crystallinity [46].

Microscopic analyses of Foxo did not show any changes in the foil’s structure (Figure
2), whereas an analysis of surface topography showed a decrease in the height of the peaks
and the depth of the valleys on the material surface (Figure 3). This may have been caused
by washing away the pro-oxidant additive.
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Figure 2. Polarizing and digital microscopic images of raw foil materials and of foil materials after a 365-day anaerobic meso-
philic degradation test.
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Figure 3. Topography of raw foil materials (a,c,e) and of foil materials after a 365-day (b,d,f) anaerobic mesophilic degra-
dation test.

3.3. Differential Scanning Calorimetry (DSC) Measurements

Regarding the DSC curve of raw foil of Fra before degradation, the cold crystalliza-
tion peak was observed at 75 °C. After one-year degradation, this peak was not noted,
which may indicate the hydrolysis of Fr.a and the rapid increase in polymer matrix crys-
tallinity [47]. A shift in the melting point from 166 °C (FrLa before degradation) to 164 °C
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(FrLa after degradation) was observed. Moreover, the enthalpy of the melting process de-
creased by about 2 J/g. The decrease of FrLa melting point during degradation may be
connected with molecular mass reduction [48]. The glass transition temperature increased
after degradation from 55 °C to 66 °C, and no enthalpy changes were observed (Figure 4).

Regarding raw foil of Fs before degradation, the three melting points at 64 °C, 118 °C,
and at 152.8 °C were observed (Figure 4). Aldas et al. [49] reported that the melting point
in starch-based material Mater-Bi at 56.3 °C and 107.3 °C corresponded to poly(e-capro-
lactone) (PCL) and poly(butylene adipate-co-terephthalate) (PBAT) addition, respec-
tively. Whereas a melting point at ca. 150.3 °C refers to the melting of the plasticized starch
fraction [49,50]. Abdullah et al. [51] found that glass transition temperature and melting
temperature of starch-based bioplastics decrease with the decrease of starch to glycerol
ratio (glycerol is a common plasticizer for producing starch-based bio-based products). In
the presented study, after one-year degradation of Fs, a shift of all peaks of the DSC curve
was observed. However, the area under both curves was similar, which indicated no en-
thalpy changes for Fs before degradation and after the process.

DSC analyses for Foxo material (in raw material and after one-year degradation)
showed typical DSC curves of polyethylene, without substantial changes due to pro-oxi-
dant additive. Contant-Rodrigo [52], during thermal characterization of polypropylene
with the addition of pro-oxidant, also showed that the additive did not modify the DSC
curve. In the presented study, the DSC curve of the material after the long-term degrada-
tion did not change. Melting process was in the range from 114 °C to ca. 128 °C. The melt-
ing point was observed at 124 + 0.1 °C. A slightly lower melting point value (117-119 °C)
was obtained by Benitez et al. [53] for linear low-density polyethylene.

lexo
Foun (0 day) Y

Fs (0 day)

Fs (365 day) f

Foxo (0 day)

Foxo (365 dav)

50 100 150 200
Temperature (°C)

Figure 4. The DSC curves of raw foil materials and of foil materials after a 365-day anaerobic meso-
philic degradation test.

3.4. FTIR Spectra

The FTIR spectra of investigated foils allowed to detect their chemical composition
before and after long-term degradation (Figure 5). The spectrum of raw material of Frra
showed typical bands for pure PLA. The peak between 3612 and 3000 cm™ indicated hy-
drogen-bonded (intra- and intermolecular) -OH groups. The bands located at 2964-2880
cm™ corresponded to asymmetric and symmetric vibrations of the -CHs groups. The peak
at 1710 cm™ represented asymmetric stretching of carbonyl C=0O groups by lactide [45,54],
which may indicate the amorphous phase of PLA. The peaks at 1263, 1133, and 1098 cm™!
corresponded to stretching vibrations of the C-O-C and -CH-O- groups. The band at 931
cm™! combined contributions of both -CHs rocking and deformation of the carboxylic -
OH-H groups [55]. At 874 and 727 cm™, the O-CH-CHS, esters and/or C-C, and rocking
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vibrations of -CHs groups were noted. After one-year anaerobic degradation, no shifts or
new peaks appeared in FTIR spectra of Fra. However, the intensity of all bands increased,
indicating minor degradation. The increase in peak corresponding to carbonyl C=0O
groups is associated with the increase in the number of carboxylic end groups in the pol-
ymer chain due to hydrolytic degradation [45].

Feia
100 e —

80

60
g |
— i
40 }
R
o
20 +
= /
0 day — /
0 4 36sday | | | | | |
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)
F (a)
00 G e
80 -

0 7 I — -
4000/{600 3200 2800 800 400
Foxo
100 —+

80 ~

60 +

T (%)

40 -~

20 +

0 day

< 365 day
0 1 1 1 1 1 1 1 1 |
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

(c)

Figure 5. FTIR spectra of raw foil materials and of foil materials after a 365-day anaerobic mesophilic
degradation test; (a) Frra, (b) Fs, (c) Foxo.

Infrared spectra for the raw material of Fs exhibited bands characteristic of plasticized
starch. Over the one-year anaerobic degradation, no new peaks appeared in the IR spectra,
and transmittance across all peaks slightly changed, indicating minor degradation. The
peaks between 3600 and 3100 cm™ and between 1270 and 900 cm™! related to O-H stretch-
ing groups and to C-O stretching and hydrogen bonding peaks, respectively. Peaks at
1140 and 1103 cm™, indicated the C-O stretching of the C-O-H group, which is a typical
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starch group in hydrogen bonding. The peak at 1016 cm™ corresponded to the C-O
stretching of the C-O-C group of the starch glycosidic bonds [56]. The peak located at 727
cm™! represented four or more adjacent methylene (-CH2-) groups. The bands at 2917 cm™!
corresponded to C-H stretching in aliphatic and aromatic groups. The bands at 1715, 1272
cm™, and 1019 cm™ corresponded to the carbonyl groups C=0, the C-O link, and the
stretching of phenylene groups, respectively.

Regarding Foxo, the FTIR spectrum was typical for polyethylene. The difference was
a small band at 1630 cm™ corresponding to a double bond (or aromatic rings), which was
indicated probably as a result of surface antioxidant addition. This band was not noted
after 365 days of anaerobic degradation, and the Foxo spectrum was as for pure PE. This
means that antioxidant additive was washed away or assimilated by bacteria [57]. The
peaks located at 2894 and 2846 cm belong to C-H stretching asymmetric and symmetric
vibrations. The band at 1464 cm™ related to CHo: scissoring groups, whereas the bands at
720 cm™ and 717 em™ indicated CH:z rocking vibration.

In summary, due to the development of the market of bio-based products, their waste
may appear in the waste management system. As was mentioned, such kind of waste can
be found in different streams, i.e., mixed municipal waste and selectively collected plastic
waste or biowaste. Given the priorities in the waste management hierarchy, bio-based
products should be collected with biowaste and biologically treated. Thus, researchers
and future studies should focus on searching for the most optimal conditions for biodeg-
radation of bio-based products and potential microorganisms that have the capability to
degrade these polymers. The knowledge about the microbiological community structure
involved in the biodegradation and the pathways of biodegradation of bio-based materi-
als during composting or anaerobic digestion would provide valuable information. For
waste management and end-of-life scenarios, it is essential to provide as much infor-
mation as possible to create a database on the biodegradability of commercially available
bio-based materials. This information may also be useful for assessing regulations for the
management of bio-based materials.

4. Conclusions

During one year under mesophilic anaerobic conditions, Foxo did not degrade (no
biogas was produced). Moreover, no microscopic changes were found in the foil structure.
The bio-based materials (Fs and Fra) produced small amounts of biogas, 25.2 and 30.4
L/kg VS for Frra and Fs, respectively, whereas TMP indicated that even 610 and 577 L/kg
VS could be obtained. The structure of bio-based foils started to show damage. However,
the individual cracks and fissures were visible in the structure of Fs. This indicates that
they were in the initial phase of degradation. Although the manufacturers labeled these
commercially available bio-based products as biodegradable, this study found that they
did not disintegrate even after 1 year of mesophilic anaerobic degradation, indicating that
the foils would persist for an unknown but lengthy amount of time. Thus, providing
guidelines for bio-based foil treatment remains a challenge in waste management.
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Abstract: Although the manufacturers labelled commercially available bio-based products as biodegrad-
able, there are discrepancies concerning the time frame for their sustainable biodegradation and
methane production. Starch-based, polylactic acid-based and oxo-degradable foils were anaerobically
treated in thermophilic condition (55 °C, 100 days). The effect of alkaline pretreatment on foils
degradation was also investigated. To examine changes in their mechanical and physical properties,
static tensile tests and microscopic analyses, FTIR and surface roughness analyses were conducted.
Despite the thermophilic condition, and the longer retention time compared to that needed for
biowaste, a small amount of methane was produced with bio-based foils, even after pretreatment
(ca. 30 vs. 50 L/kg VS) and foils only lost functional and mechanical properties. The pieces of
bio-based materials had only disintegrated, which means that digestate may become contaminated
with fragments of these materials. Thus, providing guidelines for bio-based foil treatment remains a
challenge in waste management.

Keywords: biopolymers; starch- and polylactic acid-based material; methane production; surface
roughness; tensile strength; FTIR and microscopic analyses

1. Introduction

Bio-based products are defined as entirely or partially biological in origin. Among
the bio-based products, biodegradable polymers (biopolymers) play an important role.
Biopolymers can be degraded by microorganisms into water and biomass, and depending
on whether oxygen is present, into carbon dioxide under aerobic conditions, or into carbon
dioxide and methane under anaerobic conditions. In recent years, the share of biopolymers
on the market has been increasing and, in 2019, 1.174 million tons were produced at a
global level. Further increases in the share of these plastics on the market are expected (i.e.,
1.334 million tons by 2024) [1,2].

One of the most known biopolymers is polylactide (PLA), which is produced by the
polymerization of lactic acid via the fermentation of dextrose derived from carbohydrate-
rich crops, such as potatoes or corn. PLA is widely used because of its properties, including
its biodegradability, biocompatibility, high elastic modulus, transparency and mechanical
strength [3]. The other commonly used natural polymer (meaning that it is produced
directly in nature) is starch, which is, more specifically, a reserve polysaccharide composed
of amylopectin (75—80%) and amylose (20—25%). Starch is used due to its abundance, inex-
pensiveness, and biodegradability. It is known that, on the market, apart from biopolymers,
oxo-degradable polymers are still used in some countries [4]. They contain pro-degradants
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(e.g., d2w® or TDPA (totally degradable plastic additives)), usually produced from cobalt,
manganese, and iron compounds, which should ensure the polymer decomposition. Some
authors indicate that oxo-degradable polymers may be partially biodegradable, e.g., with
mineralization level of 12.4% after three months of incubation with compost [5].

Among the bio-based and oxo-degradable products present on the market, the most
popular are materials used for food packaging or waste bags for biowaste collection.
Because they are labelled as biodegradable, these products should be separately collected,
together with biowaste. Thus, most of the waste from these products is eventually gathered
and processed, aerobically or anaerobically, in mechanical-biological treatment plants (MBT
installations), or via a combination of the two methods. Because the share of biodegradable
polymers in the stream of selectively collected biowaste will likely continue to increase, it
is important to better understand the mechanisms and characteristics of their degradation.
Most studies have focused on the biodegradation of biopolymers under environmental
conditions, i.e., in soil, compost, and aquatic environments [6]. In aerobic conditions,
the characteristics of the process depend on the types of polymers involved (i.e., their
molecular weight, crystallinity or type of functional groups) and environmental factors (i.e.,
temperature, moisture, pH, and presence of oxygen) [7,8]. However, knowledge concerning
the possibility of polymer degradation under anaerobic conditions is limited, especially
in the context of commonly used methods for the treatment of biowaste. Therefore, it
is necessary to determine the conditions that facilitate biodegradation of bio-based and
oxo-degradable products and the characteristics of this process. Anaerobic processes seem
to be especially profitable because they produce methane, which can be used for energy
generation. However, because of amount of time needed for methane production from
bio-based products [9], pretreatment is needed. The use of pretreatment may increase the
surface area of the material, resulting in more rapid degradation and improved methane
production [10]. For example, Yu et al. [11] reported over 70% abiotic degradation of PHB
at 70 °C in 4 M sodium hydroxide after 4 h of treatment. However, the treatment of PHB
in acidic solutions of sulfuric acid (0.05-2 M) at 70 °C for up to 14 h did not result in
abiotic degradation. Myung et al. [12] observed the near complete abiotic degradation of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) at 60 °C in 0.1 M sodium hydroxide
after 18 h of treatment.

In conclusion, despite many commercial products on the market being labeled as
biodegradable, their detailed compositions are not provided by manufacturers. The con-
tent of the polymer and various types of additives in the products can differ, but most
likely, the composition affects the biodegradability of polymers and the time frame for
their biodegradation, especially in the context of their end-of-life considerations in waste
management. Thus, in the present study, degradability and methane production (MP) from
commercially available bio-based foils based on starch (FS), polylactic acid (PLA), and ad-
ditionally oxo-degradable product (OXO), was analyzed. Moreover, alkaline pretreatment
was used to check the acceleration of the process. Microscopic and FTIR analyses, and
determination of the functional properties of the surfaces and the mechanical properties of
the materials (static tensile tests) were also performed. Determination of the mechanical
properties of material, as another indicator of its degradation, is not a common practice.

2. Materials and Methods
2.1. Bio-Based and Oxo-Degradable Materials Used in the Experiment

In the experiment, commonly available waste bags made of bio-based materials and
oxo-degradable material were used. As bio-based materials, BioBag waste bags made from
Mater-Bi® material based on starch (FS) and bags made from polylactic acid (PLA) were
used. The oxo-degradable waste bag (OXO) was made from petroleum-based polyethylene
containing d2w pro-degradant additive. The characteristics of the materials are as follows:

e  PLA (the VS content of 99.3 % DM, 71.5 g COD/kg DM, 454.9 mg Nt/ kg DM);
FS (the VS content of 99.9 % DM, 63.9 g COD/kg DM, 408.6 mg Nt/ kg DM);

71:2738002554



Energies 2021, 14, 4775 30f 19

e  OXO (the VS content of 93.1 % DM, 3766.8 mg Nt/ kg DM (COD was not possible
to determine)).

The products were obtained from the commercial public market; thus, they may have
contained other additives, improving their functional properties but, unfortunately, the
manufacturer did not report their detailed composition. The waste bags were shredded to
a particle size of 10 x 10 mm.

Two sets of experiments were carried out. In the first, all materials (PLA, FS, OXO)
were used without pretreatment. In the second set, PLA, FS and OXO were pretreated
with 0.1 M potassium hydroxide (KOH) for 2 h; pretreatment was performed at ambient
temperature (PLAxon, FSkon, OXOxkomn). After 2 h, the mixture was neutralized with
hydrochloric acid. Solubilized PLA (PLAgybilized) and FS (FSgoiubilized) Were used as
control samples. Each material was solubilized with the use of 1 M KOH for 24 h. The
OXO material did not solubilize under these conditions.

2.2. Measurement of Methane Production (MP) under Thermophilic Conditions

The anaerobic degradation test of bio-based and oxo-degradable products was carried
out in thermophilic conditions (55 °C). The experiment was carried out in a methane
potential analysis device (Automatic Methane Potential Test System, AMPTS 11, Bioprocess
Control, Sweden AB) for 100 days. The device consisted of reactors with a volume of
630 mL. The reactors were mixed at a speed of 80 rpm for 1 min every hour. To each
reactor, 200 mL of inoculum and the appropriate amount of material was added to ensure a
starting organic load of 4 kg VS/m>. Anaerobic conditions were achieved by flushing each
reactor with pure nitrogen for 2 min. The inoculum was obtained from a closed chamber
for the mesophilic anaerobic digestion of sewage sludge. Thermophilic preincubation of
the inoculum was carried out at 55 °C for 14 days. The dry mass (DM) content of the
inoculum was approximately 1.7%, whereas VS constituted 69.5% of DM.

The anaerobic degradation test was based on determining the volume of methane
produced online. The measurement of MP with each material and inoculum, and with
inoculum alone was performed in triplicate. In order to not disturb the MP in the AMPTS I,
additional glass bottles were prepared for sampling for microscopic analysis, and roughness
and static tensile tests. These bottles had the same volume as the reactors used in the
AMPTS II and were dosed with the same amount of inoculum and material, and placed in
a thermostatic incubator at 55 °C. When the fragments of bio-based and oxo-degradable
materials were collected for analysis, they were cleaned with distilled water.

Based on the anaerobic degradation test in the methane potential system, the biodegra-
dation degree (BD) was assumed. The BD of the bio-based materials (PLA, FS, PLAxop and
FSxon) during anaerobic treatment at 55 °C was calculated as the ratio of the cumulative
MP from the material (after pretreatment (treated) or without pretreatment (untreated))
to the cumulative MP from the material after its solubilization. The cumulative MP from
the solubilized material was assumed to be the maximal MP from this material under the
experimental conditions. For the OXO material, which did not solubilize, the BD was
not determinable.

Methane production (MP) followed pseudo first-order kinetics, and can be described
with this equation:

Cicns = Copa - (1 — M 0+ Co opg, (1)

where Ci.cpa (L/kg VS) is the cumulative MP at time t (days) of anaerobic measurement;
Ccra (L/kg VS) is the maximal MP; Cy cpa (L/kg VS) is the initial MP; kcpa (d71) is the
kinetic coefficient of MP.

The rate of MP is the product of Ccps and kcpa.

The values of Ccpa, Co,cra and kcpa were obtained by nonlinear regression analysis
with Statistica software, version 13.0 (StatSoft, Tulsa, OK, USA).
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2.3. Microscopic and FTIR Analysis

During anaerobic degradation tests, pieces of FS, PLA, OXO, PLAkon, FSkon, and
OXOkon were removed from the inoculum and cleaned with distilled water for the micro-
scopic analysis, and the roughness and static tensile tests.

The changes on the surface of the bio-based and oxo-degradable materials were
analyzed using a Nikon eclipse50i (Nikon, Tokyo, Japan) polarizing microscope at a
magnification of 10x. Pictures were taken at 0, 20, 45, 59 and 100 days.

The FTIR spectra (with three replicates for each foil material) were obtained using a
Perkin Elmer Spectrum Two (with diamond ATR) (Perkin Elmer, Waltham, MA, USA) brand
device having a resolution of 4 cm~! within the wavenumber range of 4000-400 cm ! at
room temperature.

2.4. Functional Properties of the Surface

The geometric structure of the surface and the functional properties of the fragments
of foils (five replications) were performed with the profile method (PN-ISO 3274) using
a Mitutoyo Surftest SJ-210 profilometer (Mitutoyo, Kawasaki, Japan) with a diamond
measuring tip with a point angle of 60° and a stylus radius of 2 um. The measured
length for each material consisted of five elementary sections that were 0.8 mm long.
The changes in amplitude (arithmetical mean roughness value (Ra), mean square surface
profile deviation (Rq)) were determined. The Abbott-Firestone curves [13] were used to
determine the reduced peak height without bearing properties (Rpk); the roughness core
height (roughness core profile), characterizing the surface bearing properties (Rk); the
reduced valleys depth, characterizing the ability of the surface to hold liquids (Rvk); total
height of the roughness profile (Rt) and the percentage of the peaks and valleys (Mr1, Mr2,
respectively). A detailed description is given in [14].

2.5. Static Tensile Tests

Static tensile tests (tensile strength at break and elongation at break) were performed
according to ISO standard (ISO 527-2:2012, ISO 527-3:2019) with the use of a TA.HD.Plus
(Stable Microsystems, Surrey, UK). Five replicate samples of foils were used for the mea-
surements until they were too fragile for analysis, and it was impossible to place them in
the tensile test device. The samples were subjected to a tensile force at a constant speed
until the moment of fracture.

2.6. Analytical Methods

The volatile substance (VS) content of the FS, PLA and OXO materials was determined
as loss after ignition at 550 °C. The chemical oxygen demand (COD) of these materials
and the content of nitrogen (Kiejdahl nitrogen) were also determined. All physicochemical
analyses were performed according to Greenberg et al. [15]. Flash 2000 Organic Elemental
Analyzer (Thermo Scientific, Milan, Italy) was used to determine elemental composition of
bio-based materials according to the manufacturer’s protocol.

3. Results and Discussion
3.1. Methane Production during Anaerobic Test

Biodegradation anaerobic of pieces of waste bags made of PLA, FS, OXO, and also
the materials after pretreatment (PLAkom, FS xon, and OXOxkop) were carried out under
thermophilic conditions at 55 °C. The MP analysis tool allowed measurement of the volume
of methane (in mL) produced online. Two MP profiles are considered during the analyses
of each material: the first profile corresponds to the inoculum alone, and the second, to
both the inoculum and the material. By subtracting the values of the first profile from
the second, the profile of the methane volume for the material alone is obtained. In the
present study, the VS content of the materials was considered to reflect the organic matter
content, and the MP was shown as L/kg VS (Figure 1). To improve the readability of the
figure, 60 days of measurements are shown, although the time of measurements was ca.
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100 days. The OXO material did not degrade; thus, no MP was observed, and the profiles
are not provided.
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Figure 1. Methane production profiles during an anaerobic degradation test at 55 °C of bio-based materials made of PLA
and FS without pretreatment (a,b), of these materials with pretreatment (c,d), and solubilized materials (e,f); to improve the
readability of the figure, 60 days of measurements are shown, although the time of measurements was ca. 100 days.

Regarding bio-based materials made of PLA and FS without pretreatment, lag phases
in MP were observed. With FS, the lag phase was shorter, lasting 6 days, whereas with
PLA, it lasted 7 days. After the lag phase, MP increased until day 15 or 16 of measurements.
Then, the methane volumes remained the same until the end of the anaerobic test, which
lasted almost 100 days, and the final methane volumes for PLA and FS were similar, 34.5
and 32.7 L/kg VS, respectively.
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After pretreatment, the lag phases shortened to 4 days for both PLAxop and FSkop,
and after this time, intensive MP took place. After the lag phase, during next 6 days of
measurement, PLAgoy produced 47.5 L/kg VS, whereas FSxop produced almost 25%
more, 58.6 L/kg VS.

When solubilized materials were investigated in anaerobic degradation tests, it was
found that MP started from the beginning of the measurements. After 15 and 12 days of
the measurements with PLAg,1bitized and FSgoupitized, respectively, MP reached maximum.
Despite the fact that PLA needed a longer time to obtain maximum MP, the final value
was 1.3 times higher than MP with FS (162 L/kg VS for PLAoybilized VS- 125 L/kg VS for
FS solubilized)-

Cumulative MP after 100 days of anaerobic treatment of PLA and FS, without pre-
treatment, with pretreatment, and the solubilized materials, is shown in Figure 2a. To
summarize, cumulative MP was similar with both materials without pretreatment. After
pretreatment, cumulative MP with PLAgoy and FSxop increased almost 40% and 80%,
respectively; with the solubilized materials, it was highest. However, the values were much
lower than with pure PLA and pure starch materials.

200 100 ~+
w
= 160 80 +
£ 5
- [
=120 + i 60 +
= of o
e o
2 80 T = 40 +
s = =4
=2 (%]
= =
E 40 + 20 1+
3
w
0 - 0 -
without pre- with pre-treatment  solubilized material without pre- with pre-treatment  solubilized material
treatment EPLA EFS treatment mPLA EFS
(a) (b)

BD (%)

without pre- with pre-treatment  solubilized material
treatment EPLA EFS
(c)

Figure 2. Cumulative methane production after 100 days of anaerobic degradation of PLA and FS (a), the rate of methane
production (b), and the biodegradation degree (BD) (c).

Methane production proceeded with first-order kinetics, and the model fit the experi-
mental data well (R? = 0.98-0.99). The kinetic models and the initial rates of MP are shown
in Figure 1.

The rates of MP, summarized in Figure 2b, corresponded with the cumulative MP with
untreated and treated materials. However, the rates of MP with both solubilized materials
were similar, despite the difference in cumulative MP.

It was assumed that the solubilized materials (PLAgubilized @Nd FSeolubilized, 1-€-/
control samples) produced the maximal methane volume, and this equaled 100% of the
biodegradation degree (BD) of these materials. For PLA without pretreatment and FS
without pretreatment, BD was higher for FS, but for both of the materials, it did not exceed
26% in comparison with solubilize materials. The BD of PLAxo1 FSxop increased to 30
and 47.5%, respectively (Figure 2c).
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It should be emphasized that, during the long-term anaerobic biodegradation test, the
pieces of the materials were still visible in the inoculum, and they did not disintegrate, as
shown by the microscopic analyses.

The elemental compositions of the bio-based products, PLA and FS, were determined
(Table 1).

Table 1. Elemental composition, empirical formula, and theoretical methane production (TMP) of foil materials (PLA, FS)
and of pure polymers (pure PLA, pure FS).

Characteristics Pure PLA PLA Pure FS FS
Empirical formula C3H402 C4‘4H6.3102 C6H1005 C9‘8H14'705
Elemental composition
Carbon, % TS 50.00 57.56 44.44 55.36
Hydrogen, % TS 5.56 6.88 6.17 6.90
Oxygen, % TS 4444 34.86 49.38 37.64
Methane production
*TMP, L/kg 467 610 413 577
**MP, L/kg - 162 - 125

* TMP calculated using the Buswell equation [16]; ** cumulative methane production (MP) after 100 days of anaerobic thermophilic
treatment of solubilized PLA and FS.

PLA contained more carbon and less oxygen than S. The hydrogen content of both
foils was about 6.9%. However, it must be emphasized that both foils (PLA, FS) contained
more C and H than pure PLA and pure FS, with lower content of O.

The FS foil material is described by the manufacturer as consisting mainly (as much as
85% or more) of modified thermoplastic starch that is biodegradable and compostable [17].
On the basis of the elementary composition of the foil materials and pure polymers (pure
PLA, pure FS), the theoretical amounts of methane (TMP) and carbon dioxide that could be
obtained, assuming complete conversion of organics into biogas, were calculated using the
Buswell equation [16]:

CaHyOc + (a—z—§> H,0 — (;—E+Z> CO, + (‘;‘Jrz—i) CH, (2

The TMP values of pure PLA and pure FS were approximately 1.3-1.4-times lower
than those of the PLA and FS foils, due to the lower carbon and hydrogen contents of the
pure materials (Table 1). As for the cumulative MP during anaerobic digestion at 55° C, PLA
and FS produced more than two-times less methane than PLAypilized and FSgoupitized-
However, even solubilized materials produced methane in amounts constituted only 27%
and 22%, respectively, of the TMP values. The small amount of methane produced by
all the bio-based materials is connected with the fact that, until 100 days of anaerobic
degradation had passed, pieces of the foils were still visible in the inoculum, and these
fragments only disintegrated when they were touched.

The results concerning anaerobic treatment of starch-based material are scarce. For
example, Mohee et al. [18] found that the cumulative methane production from starch-
based material was of 245 mL over 32 days of batch digestion assays. The value was much
higher than that obtained in the present study; however, the authors did not provide the
initial doses of the material. Therefore, it is not known what the methane production was
per 1 g VS, and the efficiency of the process cannot be estimated.

Studies with PLA are more numerous, however, most of them are carried out with the
used of pure polymer, not with commercially available foil materials. Itidvaara et al. [19]
found that at temperatures of 37 °C during 40 days of measurements PLA degradation was
not higher than 5%. They reported 60% of PLA degradation after 100 days of an anaerobic
test without providing more specific information. Under thermophilic conditions, about
60% of PLA was also degraded, but after 40 days. Contrarily, the results of Yagi et al. [20]
showed that PLA biodegradability was 80-91% in aquatic conditions at a thermophilic
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temperature. In another study, Yagi et al. [21] found approximately 60% biodegradability
of PLA powder of 90% in 60 days under thermophilic conditions. However, these studies
focused on the biodegradation degree but without determination of the efficiency of
methane production. The recovery of energy from municipal waste one of the main key
points of the strategy of circular economy. Thus, it is important to determine the biogas
potential of packaging materials (foils) considered to be biodegradable. This was done in
the present study.

3.2. Changes in the Structure of Tested Materials—Microscopic Analysis

At the beginning, the foil pieces of the investigated materials looked like typical foil
waste bag materials, and all of them were green in color and smooth.

Microscopic images of the structure of untreated and treated foils were present in
Figure 3. Regarding the structure of FS, the changes were visible from the 28th day of
degradation, whereas changes in the structure of PLA were visible from about the 59th
day. When the changes became apparent, there were individual cracks and fissures in the
structure. After this time, the cracks and fissures had become deeper and more numerous on
the surface. Unfortunately, both of the bio-based materials did not disintegrate completely,
and they were still visible until almost 100 days of anaerobic treatment. The use of the
pretreatment step did not facilitate the process of disintegration of the bio-based foils. The
visible changes, in the form of cracks and fissures, appeared on the surface of foils around
the same time as in the variant without pretreatment. However, the pretreatment step
caused the foil pieces to become severely weakened and fragile, so that they crumbled
when touched after a shorter time of degradation.

As mentioned, the OXO foil did not produce methane, and microscopic analyses did
not show any structural changes even after the pretreatment step.

3.3. Changes in the Mechanical Properties of the Materials

During the anaerobic degradation test, the mechanical properties of the foils before
and after the pretreatment were investigated. The results of tensile strength are presented in
Figure 4a,b. Regarding the untreated OXO material, the tensile strength decreased by about
17.5 £ 6.8% in the first 10 days of the experiment. Then, until the end of the test, the tensile
strength remained at a similar level. The initial decrease could result from the presence
of the oxo-degradant, which may weaken the mechanical properties of polyethylene (PE)
under thermophilic conditions [22,23].

Regarding the bio-based products without pretreatment, a decrease in tensile strength
was observed, which indicated that degradation was progressing (Figure 4). It was possible
to measure the tensile strength of FS until to the 39th day of the anaerobic degradation
test, at which point the tensile strength had decreased by almost three fold. After this
time, the foil was too brittle to be subjected to the strength test and it was not possible to
place particles of FS in the measuring device. During the first 10 days, the tensile strength
decreased sharply, from 16.6 £ 0.8 MPa in the raw material, to 11.1 &+ 0.7 MPa. After
this time, the tensile strength continued to decrease steadily, and after 39 days, it reached
5.9 £ 0.9 MPa (Figure 4a).

Tensile strength measurements of PLA were possible until the 59th day of the test,
which means that, in this regard, the material was more resistant than FS.
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Figure 3. Microscopic images of the structure of untreated and treated foil materials during anaerobic thermophilic degradation test.
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Figure 4. Changes in the mechanical properties (tensile strength and elongation at break ¢) during an anaerobic degradation
test of untreated foils (a,b) and foils after pretreatment with KOH (c,d).

Up to day 14 of the experiment, the tensile strength of PLA increased by about 9%
because the material stiffened. Vasile et al. [24] carried out burial soil degradation of pure
PLA and found that, after an initial decrease in tensile strength by about 14% on day 50,
the material stiffened slightly, corresponding to a tensile strength increase after 100 days.
After 150 days, the tensile strength decreased again. Stiffening of PLA may be caused by
the water diffusing into the amorphous region of the material and random scission of ester
bonds. This causes an increase in the degree of crystallinity during the degradation process.
Next, after the degradation of the amorphous regions, degradation proceeds towards the
center of the crystalline parts [25,26].

In the present study, the tensile strength of the PLA continuously decreased from day
14 to day 52 of the test, reaching 11.3 &= 1.0 MPa. On the last day, the PLA material was still
collectible for the test, and the tensile strength was 3.6 £ 2.0 MPa, which was almost six
times lower than in the raw /starting material (Figure 4a).

Rajesh et al. [27] carried out the soil burial degradation of pure PLA for 90 days at
room temperature. Before starting degradation, the tensile strength of the material was
50 MPa and, during their study, it decreased by 26.5% (to ca. 38 MPa). Compared to the
present study, the reduction in tensile strength was much smaller, but the tensile strength
values were much higher. It should be emphasized that those authors conducted their
degradation tests under aerobic conditions at room temperature, and they used pure PLA,
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which has greater tensile strength than the material used in the study presented here. The
decrease in the tensile strength of bio-based products during degradation tests may be
caused by the diffusion of water into the polymer matrix, causing hydrolysis to begin
faster [28].

Then, as a result of breaking the secondary bonds (hydrogen, van der Waals bonds),
the polymer is weakened, and the long polymer chains are converted to chains of low
molecular weight. Then, the covalent bonds between the monomers are broken, which
continues until the polymer is completely degraded [29].

The elongation at break (¢) of PLA, FS and OXO was also determined (Figure 4b,d).
The value of € for OXO material slightly decreased during the first 10 days of the degrada-
tion test, but over the next few days, only the small changes were noted. However, it should
be emphasized that the initial ¢ of OXO was the highest of all the tested materials (375%),
in contrast to its tensile strength, which was similar to that of the other foil materials.

Generally, the ¢ value of FS and PLA decreased as anaerobic degradation progressed.
Despite the fact that the tensile strengths of both materials were similar, the elongation
at the break of PLA was almost two-times higher than that of FS (ca. 220% and ca. 120%,
respectively). However, in the case of PLA foil, a rapid initial decrease in ¢ (to ca. 85%)
corresponded to the initial increase in tensile strength (from ca. 21 to ca. 23 MPa). The
material may have stiffened due to an increase in its degree of crystallinity, which caused
its tensile strength to increase. Then, at ca. 15 days, its elongation at break increased to
135%, which may have been caused by the breakdown of the secondary bonds between the
polymer chains. From day 14 to day 45, the ¢ value decreased, reaching ca. 7%, which was
only 3.2% of the initial value. The ¢ value then remained the same until the 59th day of
the test, when the last measurement of this characteristic was possible. Regarding FS, its ¢
value increased by about 6% (from ca. 122%) during the first 10 days of measurement. This
might have been caused by the polymer absorbing water. Then, at day 39, when the last
measurement was possible, ¢ had decreased to ca. 10 = 2% (Figure 4b,d).

The tensile strength and ¢ of KOH-pretreated OXO were virtually the same as those
of OXO that had not been pretreated. Initially, the tensile strength slowly decreased, and
after the 14th it was 22 £ 6% lower than the initial value. Then, the tensile strength
and ¢ remained the same until the end of the degradation test. However, it should be
emphasized that the KOH-pretreatment of OXO increased the standard deviation of the ¢
values (Figure 4c,d).

In contrast, pretreatment weakened the mechanical properties of both bio-based
materials. Moreover, the time during which it was possible to determine the mechanical
properties of these two foils was shorter with pretreatment than without pretreatment (for
PLAxon, reduced from 52 to 28 days; for FSxop, from 39 to 35 days).

After 7 days of anaerobic degradation of PLAkop, the tensile strength decreased by
about 11 £ 4% in comparison to the raw material (ca. 21 MPa). No temporary stiffness
was observed, unlike the PLA, which was not pretreated. This lack of stiffness was also
confirmed by the fact that, during this time, elongation at break decreased rapidly to 45%,
which was almost two-times lower than the value obtained during the first days with
the untreated PLA. Until 21 days of the test, the tensile strength remained at a similar
level, while ¢ decreased slightly. Then, at 28 days, the tensile strength and ¢ decreased to
ca. 8 MPa and 5%, respectively. With regard to both FS and FSxop, the tensile strength
decreased sharply to ca. 10 MPa within the first 10 days of degradation.

In general, the decrease in elongation at the break of both the pretreated bio-based
products and those without pretreatment was caused by an increase in the stiffness and a
decrease in the flexibility of those materials. Similarly, Vasile et al. [24] reported that the
tensile strength and elongation at break of pure PLA materials and PLA biocomposites
decreased during soil burial biodegradation. The authors stated that, as the time of
degradation progressed, the stiffness of the investigated materials increased.
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3.4. Changes in the Surface Roughness of the Foils

During anaerobic degradation, the surface roughness of the foils decreased. Measure-
ments of roughness were carried out to days 59 and 53 of degradation of the untreated and
treated foils, respectively. After this time, the foils were too brittle to be analyzed.

During the first 9 days of anaerobic degradation, the Ra, Rq and Rt values of untreated
PLA decreased, corresponding to a decrease in the roughness core (Rk). In addition, the
reduced valley depth (Rvk) also decreased. Taken together, the decreases in these values
indicated that the roughness of the PLA decreased, which may be due to the diffusion of
the inoculum into the polymer matrix and water adsorption by the polymer. From day 9 to
day 20, the Ra, Rq, Rt values increased, and on day 28, these values were similar to values
noted in the raw material. In contrast, the Rpk value decreased until day 4, and then until
day 14, it increased more than 2-times, and then remained at a similar level until the end of
the measurements (Figures 5 and 6).

Until day 45, the the Ra, Rq, Rt values for PLA decreased again by about 1.4-1.5 times
compared to the raw material, which was probably related to the secondary diffusion of
water into the material structure. This also may indicate a gradual decrease in the thickness
of the foil. The percentage of the peaks and valleys (Mrl and Mr2) remained at a same
level until day 45, then slightly decreased.

Regarding the FS foil, the Ra, Rq and Rt values increased during the first days of the
anaerobic testing, which may indicate that the top layer of the material quickly dissolved.
The structure of the material then became more complex and non-homogeneous. The
roughness (Ra, Rq, Rt, Rk) of foil FS decreased to the 39th day of the analysis, and after this
time, it remained at a constant level. However, the total height of the profile (Rt) increased,
which may mean that larger random height peaks occurred in the structure, which are
characteristic of damage to the surface structure.

Regarding the OXO foil, the roughness indicators did not display any differences up to
day 14, and then, on day 20, all of these values except Mr1 and Mr2 increased 1.7-2.3-times.
After day 20, all roughness indicators decreased. However, on the 59th day of degradation,
the Ra, Rq, Rt, Rk, Rpk and Rvk values increased, which may have been related to the
removal of oxo-additives from the surface structure. During the degradation test, the value
of Mr1 decreased slightly, while that of Mr2 remained at a similar level (Figures 5 and 6).

Generally, after the pretreatment with KOH, the roughness of the bio-based materials
decreased. This may be due to degradation of the external layers of the foils. However,
the MR2 and MR1 values remained at a level similar to that in the untreated materials
(Figures 5 and 6).

The pretreatment caused the initial weakening of the surface structure of the PLA.
After the pretreatment with KOH, binding of PLA and KOH might have taken place, which
would have created a layer that partially blocked the pores in the structure, resulting in the
lack of change in the roughness indicators. The slight fluctuations in their values may have
resulted from the damage to the surface of the materials after pretreatment. The Ra, Rq, Rt,
Rk, Rpk and Rvk values decreased on day 53 of the anaerobic test. This may indicate that
particles were rinsed out of the material into the inoculum. Moreover, the lower Rk value
indicated a decrease in the roughness core, which could be connected with damage to the
top layer of the material. At this time, the material defragmented when it was touched and
further determination of the surface roughness was not possible. In contrast, Luo et al. [30]
found that, in compost conditions, the neat PLA did not present significant changes on the
surface after 5 days biodegradation, but after 20 days, the surface roughness increased. This
could be owned to the hydrolysis of PLA and microorganism activities. With increasing
incubation time, the cracks and voids became substantially deep and large.
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Figure 5. The surface roughness indicators (arithmetical mean roughness value (Ra), mean square surface profile deviation
(Rq), the roughness core height (roughness core profile) (Rk), total height of the roughness profile (Rt)) during an anaerobic
degradation test of untreated foils (PLA, FS, OXO) (a,c,e,g) and foils after pretreatment with KOH (PLAxon, FSxon,

OXOkon) (b,dfh).
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Figure 6. The surface roughness indicators (the reduced peak height without bearing properties (Rpk), the reduced valleys
depth (Rvk); the percentage of the peaks and valleys (Mrl, Mr2, respectively)) during an anaerobic degradation test of
untreated foils (PLA, FS, OXO) (a,c,e,g) and foils after pretreatment with KOH (PLAxon, FSxon, OXOxon) (b,d f/h).
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After the KOH pretreatment, the roughness indicators of the FS were lower than those
of the untreated material, and they decreased with time until 14 days of the anaerobic
test had passed, indicating rapid initial degradation of S. The changes in the values of the
roughness indicators corresponded to changes in the MP profile. The lag phase of MP
lasted only 4 days and was shorter with pretreated material than with untreated foil, and
after this time methane started to be produced rapidly until day 15.

Cumulative MP was higher with treated FS than with the untreated material. Between
15 and 35 days of the test, the roughness indicators did not change much. On day 53, these
values differed from what was observed on the other days. This was connected with the
non-homogenous structure of Sxoy and the presence of small, deep micropores on the
surface, which increased the roughness indicator values.

The pretreatment of OXO foil caused the initial values of its roughness indicators to be
higher than those of the untreated material. This might have been caused by rapid removal
of oxo-additives from the surface structure of OXO. It should be emphasized that the OXO
was very rough and heterogenous in its structure. The polymer was not damaged during
the anaerobic test, even after the pretreatment, and the changes in its roughness resulted
from this heterogenous structure and degradation of the oxo-additive.

3.5. Changes in the Structure of Bio-Based and Oxo-Degradable Foil Materials—FTIR Analysis

Regarding the raw PLA foil material, the FTIR analysis showed typical peaks for
pure PLA. Hydrogen-bonded (intra- and intermolecular) -OH groups corresponded to
the band at 3371 cm~!. The asymmetric and symmetric vibrations of the -CHjz groups
were represented by the bands located at 3000-2850 cm~!. The strong band at 1713 cm ™!
indicated asymmetric stretching of carbonyl C=0O groups, which may correspond to the
amorphous phase of PLA.

In contrast, if a weak band is observed at ~1720 cm~!, it may be assigned to C=O
stretching of the crystalline phase of PLA [31]. The bands at 1271, 1104, and 1019 cm !
corresponded to stretching vibrations of the C-O-C and -CH-O- groups. The band at
930 cm ! combined contributions of both -CHj rocking and deformation of the carboxylic
-OH ... H groups [32]. The O-CH-CH3, esters and/or C-C and rocking vibrations of -CHj3
groups were noted at 874 and 727 cm ™!, respectively (Figure 7).

With the untreated PLA foil material, the intensity of all bands increased after ca.
100 days of the anaerobic thermophilic test, except the one corresponding to -OH (at
3371 cm 1), which indicated PLA degradation. For example, the intensity of the peak at
1713 cm~! increased, which corresponds to a larger amount of carbonyl C=0 groups, which
are terminal groups in PLA chains. This indicates that the molecular weight of the PLA
chains decreased. Although high molecular weight PLA is insoluble in water, during the
degradation process, water diffuses into the polymer matrix, causing the hydrolysis of the
ester groups of the amorphous phase. As a result, short-chain soluble carboxyl-terminated
oligomers and monomers are formed and penetrate the aqueous environment. This causes
an increase in the number of carboxyl chain ends, which was shown by the greater intensity
of the peak corresponding to this group [33,34].

On the contrary, with PLA foil pretreated with KOH, the intensity of all bands de-
creased. However, in both cases biodegradation took place, which was confirmed by the
weakness of the mechanical properties of the material and MP.

However, the time during which it was possible to determine the mechanical prop-
erties of PLAgoy was 28 days, which was almost 2 two times shorter than that during
which the properties of PLA could be determined. Pretreatment influenced the mechanical
properties more than biogas production.
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Figure 7. FTIR spectra of untreated foil materials (PLA, FS, OXO) (a,c,e) and foil materials after pretreatment with KOH
(PLAxon, FSkon, OXOkon) (b,d,f) before and after 100 days of anaerobic degradation at 55 °C.

400

Vasile et al. [24] found that, during the degradation of PLA and its composite in soil
burial conditions, degradation included the ester groups destroyed by hydrolysis.

In the present study, the intensity of the ATR-FI-IR spectra decreased due to hydrolytic
degradation. These results are consistent with those in the literature, Maharana et al. [35]
concluded that chain scission of the PLA main chain takes place where the ester bonds are
located, leading to the formation of oligomers.

Regarding the raw FS foil material, the bands at 2915 cm ™! indicated C-H stretching in
aliphatic and aromatic groups (Figure 7). The bands at 1715 and 1272 cm ™! corresponded to
C=0 groups and C-O bonds found in ester linkages. The peak at 1019 cm~! was caused by
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the stretching of phenylene groups. The band at 727 cm~! indicated four or more adjacent
methylene (—CHjy—) groups. The FTIR spectra of FS foil contained bands characteristic
of plasticized starch. The peaks between 3558-3100 cm~! and between 1269-900 cm ™!
corresponded to O-H stretching groups and to C-O stretching and hydrogen bonding
peaks, respectively. The peaks recorded at 1140 and 1103 cm~! corresponded to C-O
stretching in the C-O-H group. At 1016 cm ™!, evidence of C-O stretching in the C-O-
C group of the starch anhydroglucose ring could be seen. After 100 days of anaerobic
degradation of untreated FS foil material, the bands in the FTIR spectrum were almost
identical to those in the spectrum of the raw material, and no new peaks were formed.
Only the intensity of the spectra increased.

Regarding the treated FS foil material, the bands in the FTIR spectrum and their
intensities were even more similar to those in the spectrum obtained from the raw material.
It should be emphasized that pretreatment weakened the mechanical properties of the
material more rapidly, and FSxoy produced 80% more methane than FS. Thus, the FTIR
spectrums that were obtained after degradation of FS and FSxoy differed.

The FTIR spectra of OXO and OXOxon were typical of PE (Figure 7). The bands
at 2849 and 2846 cm~! corresponded to C-H stretching asymmetric and symmetric vi-
brations, whereas the band at 1464 cm ™! was due to scissoring CH, groups. The bands
at 720 cm~! and 717 cm~! were caused by CH, rocking vibrations. A small band was
noted at 1630 cm !, related to a double bond (or aromatic rings), probably due to some
surface antioxidant additive. The spectra obtained from the material after 100 days of
anaerobic treatment displayed lower intensity peaks. The band at 1630 cm ™! was not
observed, which means that the antioxidant additive was washed away or assimilated by
bacteria and the spectrum was from pure PE [36]. As a result of the disappearance of the
additive, the OXO chains shortened, which slightly weakened the mechanical properties of
the material. Degradation of modified polyethylene can proceed via two mechanisms (i)
hydro-biodegradation and (ii) oxo-biodegradation, depending on the two additives, starch
or pro-oxidant, used in the synthesis polymer [37]. Starch blend polyethylene contains
starch inclusions which makes the material hydrophilic and, therefore, microbial amylase
enzymes can easily access, attack and remove this part.

Polyethylene with pro-oxidant additive can be photodegraded and chemically de-
graded, and low molecular weight products are sequentially oxidized [38,39].

4. Conclusions

Because the share of usable polymers has increased in municipal waste streams, it
is necessary to the determine the degradability of these materials, which is the current
challenge of organic recycling strategies. It was shown that untreated and treated OXO
did not degrade; thus, there was no methane production and no visible changes on the
surface or in the mechanical properties. Untreated bio-based foils began to lose mechanical
properties by day 50 of the anaerobic thermophilic degradation test; the pieces were still
visible even after 100 days, and they only disintegrated when touched. Cumulative MP
reached only 34 L/kg VS. After pretreatment, cumulative MP increased to 47.5 L/kg
VS (PLAkopn) and 58.6 L/kg VS (FSxon). However, these values constituted only 8-
10% of the theoretical MP. Pretreatment of bio-based foils increased surface damage and
weakened their mechanical properties (tensile strength, elongation at break). This means
that the pieces of bio-based materials may contaminate digestate at municipal waste
treatment plant.
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ARTICLE INFO ABSTRACT

Keywords:
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Currently, the production of bio-based polymeric materials, of which poly(lactic acid) (PLA) is the most popular,
has been increasing, causing the growth of PLA waste in municipal waste. Thus, it is necessary to develop
sustainable methods for treating it. Methane production, resulting from anaerobic digestion (AD), is a potential
end-of-life scenario for PLA waste that needs to be investigated. To obtain high efficiency of AD, thermophilic
fermentation was applied, and to overcome low rates of biodegradation, hydrothermal (HT) and alkaline (A)
pretreatments were used. For a deep insight into the process, differential scanning calorimetry (DSC), Fourier-
transform infrared spectroscopy (FTIR), and microscopic and microbial analyses (based on 16S rDNA) were
applied. For both untreated (PLA) and pretreated (PLAyt, PLAA) samples a high maximal methane production
(MP) of 453 L/kg volatile solids (VS) was obtained, almost 100 % of the theoretical methane yield from PLA. The
use of pretreatment allowed shortening of the time for obtaining maximal MP, especially the hydrothermal
pretreatment, which shortened the overall time of MP 1.3-fold, and methane was produced at an almost 10 %
higher rate (8.35 vs 7.79 L/(kg VS-d)). However, DSC and microscopic analyses revealed that, in all cases,
methane was intensively produced i) after the reduction of the molecular mass of the PLA material and ii) also
when PLA pieces were not visible. This should be considered when designing the operational time for the AD
process. Parallel to the gradual biodegradation of PLA, the abundances of Firmicutes, Thermotogae, and Eur-
yarcheota increased. With PLAyr, Syntrophobacteraceae, Thermoanaerobacteraceae, and methanogens were iden-
tified as potential key thermophilic PLA biodegraders.

Microscopic and microbial analyses
The topography of PLA structure

of valuable biogas.
Studies on the treatment conditions of PLA-ms are carried out

1. Introduction

One of the solutions for reducing the release of petroleum-based
plastics into the environment is replacing them with bio-based mate-
rials. Nowadays, among bio-based materials, those based on polylactic
acid (PLA) are the most common (Kervran et al. 2022). Due to its
desirable mechanical properties, similar to polystyrene or polyethylene
terephthalate, or even better (Hamad et al., 2015), PLA is increasingly
widely used in different industries, which results in an increasing
amount of waste from PLA-based products. Due to the high content of
readily biodegradable organic matter in PLA materials (PLA-ms),
organic recycling (anaerobic digestion (AD) or composting) should be
the most desirable option. AD seems to be the most attractive method
because it allows for organic matter decomposition and the production

* Corresponding author.
E-mail address: magdalena.zaborowska@uwm.edu.pl (M. Zaborowska).
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because they are crucial for waste management in the context of the
circular economy. It is necessary to determine and monitor its biode-
gradability and characterize the limits and bottlenecks during degra-
dation to find and develop sustainable treatment methods. However, so
far, most of the studies have focused on PLA-ms biodegradability based
on a single degradation parameter, i.e. only respiration index, biogas, or
methane production (MP). Microbial analyses during PLA-ms degrada-
tion, especially in anaerobic conditions, are not numerous. Furthermore,
analyses of structural material changes are scarce, even though all the
analyses mentioned here should be performed together for deeper
insight into the process and a better understanding of PLA anaerobic
biodegradation (AnB). Therefore, in this study, a holistic approach was
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applied for the assessment of the PLA-m biodegradability, and not only
the amount of methane was determined, but also the kinetics of its
production. Moreover, changes in microbial composition and the
structure of the biodegrading material were analyzed.

So far, studies on microorganisms involved in PLA biodegradation
have mainly been carried out during composting or in a soil environ-
ment. One of the approaches during PLA biodegradation is to enrich the
number of interesting microbes or to apply crude enzymes produced by
microorganisms. The first reported PLA degrader was Bacillus brevis,
isolated from soil (Tomita et al., 1999). Other PLA-degrading bacteria
that have been isolated include Paenibacillus amylolyticus (Akutsu-Shi-
geno et al., 2003), Bacillus pumilus (Bonifer et al., 2019), Steno-
trophomonas pavanii,Pseudomonas geniculate (Bubpachat et al., 2018),
Pseudomonas sp. MYK1, and Bacillus sp. MYK2 (Kim et al., 2017). Most
PLA degraders isolated from soil or compost belonged to actinomycetes
Butbunchu and Pathom-Aree, (2019) and the dominant genus is Amy-
colatopsis, including, for example, Amycolatopsis thailandensis sp. nov.
(strain CMU-PLAQ7) (Chomchoei et al., 2011), Amycolatopsis oliviviridis
sp. nov. (Penkhrue et al., 2018), or Amycolatopsis sp. SCM_MK2-4
(Penkhrue et al., 2015). PLA degradation by various bacteria and
fungi has not been as extensively studied as in the case of actinomycetes
(Qi et al., 2017). Among filamentous fungi such as Aspergillus ustus, A.
sydowii, A. fumigatus, Paecilomyces lilicanus, and Penicillium verrucosum,
A. ustus and P. verrucosum were most active during PLA foil degradation
(Szumigaj et al., 2008).

Effective fungal degradation of PLA has also been studied using
Tritirachium album (Jarerat and Tokiwa, 2001), or Parengyodontium
album VKM F-3028 and A. calidoustus VKM F-2909 (Antipova et al.,
2018). Regarding enzyme application, Masaki et al. (2005) reported
degradation of PLA with purified lipase from the yeast Cryptococcus sp.
strain S-2. Bacteria that can degrade PLA produce mostly proteases and
lipases and belong mainly to the genera Bacillus, Pseudomonas, and
Stenotrophomonas.

Although research on microorganisms responsible for PLA biodeg-
radation has been carried out for several years, it mainly concerned
aerobic conditions, and focused on the application of pure microbial
cultures or crude enzymes. Such an approach gives an idea of which
selected microorganisms/enzymes are most useful in PLA biodegrada-
tion but does not provide information about their performance under
technological conditions, where mixed microbial consortia with com-
plex intra-species relationships are used. Therefore, it is advisable to
determine microbiome changes during biodegradation of commercially
available PLA-ms by mixed microbial consortia.

AD, which allows for organic matter decomposition and the pro-
duction of valuable biogas, seems to be the most attractive method of
organic recycling. This method can be used for various organic wastes
which may differ in biodegradability, which in turn affects the effec-
tiveness of biogas production. Different pretreatment methods (hydro-
thermal, physical, or chemical) are used to increase the susceptibility to
anaerobic degradation of hard-to-degrade materials (e.g., lignocellulosic
waste). The pretreatment step before AD has also been tested for some
bio-based materials, but the results are contradictory. Most of the studies
showed enhancement of methane production, but there are also reports
of little/no impact on the effectiveness of AD (Yagi et al., 2009, Mu et al.,
2021, Hobbs et al., 2019).

In the present study, to increase the efficiency/rate of the biodeg-
radation process, abiotic hydrolysis of PLA-m was applied. During hy-
drolysis, complex organic compounds are converted to low molecular
weight products, which can be assimilated by microorganisms (Gorrasi
and Pantani, 2018).

Other important indications of polymer biodegradation are struc-
tural microscopic changes, such as deep, numerous cracks and fissures
(Zaborowska et al., 2021), or colour changes (Lee et al., 2016) with time.
Indications may also be obtained based on thermal properties (differ-
ential scanning calorimetry, DSC) and Fourier-transform infrared spec-
troscopy (FTIR). Changes in DSC-thermograms may suggest an increase
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in the crystallinity of PLA and a rapid reduction of molecular mass (Luo
et al., 2019). This takes place because PLA crystalline regions are less
susceptible to hydrolysis than less ordered amorphous regions due to the
hindered diffusion of water, and consequently, the crystalline regions
are also less susceptible to degradation (Reeve et al., 2002; Hakkarainen,
2002). Based on FTIR spectra, a decrease in the polymeric molecular
weight may also be determined.

Some studies have reported that mesophilic anaerobic PLA degra-
dation takes place to a limited extent (Kolstad et al., 2012; Zhang et al.,
2018; Shrestha et al., 2020). Degradation occurs but requires hydraulic
retention times that are much longer than those conventionally
employed at the technical scale (Bernat et al., 2021; Yagi et al., 2009,
2013). Therefore, in this study, a pretreatment step was applied to in-
crease the susceptibility of PLA-m to microbial degradation. To assess
the impact of pretreatment on biodegradation of PLA-m, multi-faceted
analyses were done which is crucial in the context of organic recycling of
waste from PLA-m. Data on the yields and rates of MP from PLA-m (the
most important technological parameters for AD process design) were
combined with the characteristics of the degrading material based on
DSC, FTIR, and microscopic analyses. This approach shows the rela-
tionship between changes in the structure of the biodegrading material
and MP. Moreover, microbial analyses (based on 16S rDNA) were
applied to determine the effect of pretreatment of PLA-m on the
microbiome during thermophilic AnB.

2. Materials and methods
2.1. PLA-m used in the experiment

PLA-based cups obtained from the commercial public market were
used. The manufacturer does not disclose the detailed composition of
the cups, but they may contain other additives that improve their
functional properties. PLA characteristics were as follows: the contents
of volatile solids (VS) were 99.3 % dry matter (DM), chemical oxygen
demand (COD) was 71.5 g COD/kg DM, nitrogen (Kiejdahl nitrogen,
Ntot) was 454.9 mg Ntot/kg DM). Elemental composition of PLA-m was
49.56 % C, 44.48 % O, 5.56 %H, 0 % N. The cups were cut to a particle
size of 10x10 mm.

2.2. Organisation of the experiment

Three sets of experiments were carried out. In set 1, PLA-m were used
without pretreatment (PLA). In set 2 and 3, PLA-m were pretreated. In
set 2 hydrothermal pretreatment (2 h, 90 °C) (PLAyt), whereas in set 3,
alkaline pretreatment (2 h, 0.1 M KOH, ambient temperature) (PLA,)
were used. Before MP determination in set 3, the samples were
neutralized with hydrochloric acid.

2.3. AnB test of PLA-m

To assess the MP of the PLA-m during a 100-day degradation test in
55 °C, an Automatic Methane Potential Test System (AMPTS II) was
employed. The biogas produced in the bioreactors flows through a CO4
absorber and then through an automatic methane volume meter.

The inoculum was fermented sludge from the technical-scale closed
mesophilic digester chamber at the local municipal wastewater treat-
ment plant (north-eastern Poland). Thermophilic preincubation of the
inoculum was carried out at 55 °C for 14 days. The DM content of the
inoculum was 2.1 %, and vS constituted 71.6 % of the DM.

The inoculum (200 mL) was introduced to 500 mL-bioreactors. For a
starting organic load of 4 kg VS/m® about 0.8 g of PLA-m was used,
taking into account that the substrate had an organic matter content of
almost 100 %. An inoculum:PLA ratio was 1:250 (w/w), of 1:5.25 (g DM:
g DM), of 1:3.76 (g VS:g VS).

Each bioreactor was flushed with pure nitrogen for 2 min, and placed
in a thermostatic incubator and mixed by a multifunctional agitation
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system (80 rpm/min every hour).

The MP was determined as the methane volume produced online.
The MP of the inoculum alone and of the inoculum with the substrate
were measured in triplicate. To determine the MP of the PLA-m itself,
the MP of the inoculum alone was subtracted from that of the inoculum
with the substrate.

The additional glass bottles that were identical to the AMPTS II
bioreactors were dosed with the same amount of inoculum and substrate
and were placed at 55 °C. These bottles were prepared for sampling PLA-
m and biomass for analysis without disturbing the measurement of MP
in the bioreactors. When the fragments of PLA-m were sampled for
further analysis, they were cleaned with distilled water.

2.4. Analytical methods

The DM content of the inoculum at 105 °C, the vS contents of the
inoculum and PLA-m as at 550 °C, and the COD and Ntot of the PLA-m
were determined (Greenberg et al.,, 1992). Flash 2000 Organic
Elemental Analyzer (Thermo Scientific, Milan, Italy) was used to
determine the elemental composition of PLA-m according to the man-
ufacturer’s protocol.

2.5. Microscopic analysis

The microscopic analysis of surface of PLA-m using a polarizing
microscope (Nikon eclipse50i, 100 x ) and digital microscope (Keyence
VHX-7000, Japan, 1000 x ). The latter determined 3D geometric PLA
structure (topography) at the microscale without contact with the ma-
terial. Pictures were taken up to 66, 60, and 46 days, respectively for
PLA, PLA, and PLAyr, because after this time the pieces were too
crumbled to further analyze.

2.6. FTIR and DSC analysis

In the untreated and pretreated PLA pieces and in materials collected
after 23 days of biodegradation and the last possible day of sampling,
FTIR and DSC analyses were performed.

The FTIR spectra (with three replicates) were obtained using a Perkin
Elmer Spectrum Two (with diamond ATR) brand device having a reso-
lution of 4 em™! within the wavenumber range of 4000-400 cm ™' at
room temperature. Smoothing functions were not employed. The
average FTIR spectra were shown in the graphical form.

Thermal properties of PLA-m were assessed with the use of a DSC
Phoenix 204 F1 differential scanning calorimeter utilizing the hit flow
method (Netzsch). The measured parameter was free heat flow. Small
amounts (ca. 5 mg) of dry samples were placed into aluminum crucibles,
sealed, and heated between 30 °C and 200 °C at a heating rate of 5 °C/
min. An empty aluminum crucible was used as a reference. The analysis
was based on the measurement of the energy required to establish a
zero-temperature difference between the analyzed sample and a refer-
ence sample. The thermal characteristics such as the glass transition
temperature (Tg), cold crystallization temperature (Tc), melting tem-
perature (Tm), and melting enthalpy (AHm) were determined from DSC
curves.

2.7. Microbial analysis

Biomass from inoculum alone and from inoculum and PLA-m after
14, 38, and 60 days of AnB in each experimental set were taken into a
sterile falcon and subjected to molecular analysis. In the notation that
will be used here, the subscript indicates the application or not of the
pretreatment method, and after the underscore, the day of the collection
is given. For example, PLAyy_14d means the biomass collected during
biodegradation of PLAyt on the 14th day. After centrifugation for 15
min at 8000 rpm (MPW-380 centrifuge, MPW), 500 pL of the wet sludge
was taken from the bottom of the falcon. DNA isolation was performed
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using the FastDNA®SPIN Kit for Soil (MP Biomedical). The quantity and
quality of DNA were assessed spectrophotometrically (NanoDrop,
Thermo Scientific) and by agarose electrophoresis. The DNA was
amplified using a primer set 515F/806R (GTGCCAGCMGCCGCGGTAA/
GGACTACHVGGGTWTCTAAT) targeting the V4 region of the bacterial
16S rDNA gene (Caporaso et al., 2011). Sequencing was performed in
Research and Testing Laboratory (USA, MiSeq Illumina Platform). The
obtained sequences were analyzed bioinformatically as described in
Jachimowicz et al. (2022) and deposited in the NCBI Sequence Read
Archive (experiment entitled “Effect of PLA pretreatment on the mi-
crobial community during anaerobic digestion”, accession:
PRJNA857548).

2.8. Statistical methods

Statistical and metagenomic analysis of microbiome data obtained
during anaerobic PLA biodegradation was conducted using Micro-
biomeAnalyst (Dhariwal et al., 2017; Chong et al., 2020; p < 0.05). To
maintain the highest possible precision for each sample, the number of
reads obtained during sequencing was not normalized before the
calculation of diversity indices (McMurdie and Holmes, 2014).

3. Results and discussion
3.1. MP from PLA-m

The authors’ previous study (Bernat et al., 2021) showed that, during
280-day mesophilic AnB of PLA-m (37 °C), biogas was produced.
However, the maximal biogas production was 1.5-times lower than that
obtained at 58 °C. The time needed for mesophilic biodegradation was
not acceptable in anaerobic chambers at technical scale. However, if
waste from PLA-m was collected with mixed municipal waste and then
landfilled, long-term biogas production from the materials would take
place under landfill conditions. Bernat et al. (2021) also revealed that at
58 °C (the temperature imposed by the standards for degradation of
polymers), the PLA-m required 40 days to biodegrade, which was longer
than the time for municipal biowaste degradation. In commonly used
technical-scale thermophilic anaerobic digesters, e.g., for biowaste
treatment, the temperature is maintained at 54-55 °C. Thus, to over-
come the low rates of biodegradation, pretreatments of PLA-m (PLA,,
PLAyT) were used prior to thermophilic AD at 55 °C in the present study.

In each set, methane was produced intensively until PLA pieces were
visible in the inoculum. This coincided with 90 % of maximal MP. Then,
when the material was not visible, the remaining volume of methane
was produced (Fig. 1).

Pretreatment reduced the length of the lag phase, during which
methane was not produced, the time during which PLA pieces were
visible, the time to reach 90 % of total MP, and the overall time of MP.
With PLA, methane was not produced during the first 12 days.

After this lag phase, intensive MP took place, during which two
phases were distinguished. In both phases, MP over time was described
with a zero order kinetic model. According to this model, the rate con-
stant equals the rate of MP (rCHy).

During the first phase, from the end of the lag phase to day 66,
406.18 L/kg vS of methane were produced, which constituted 90 % of
total MP. The second phase of MP lasted until day 75, when the methane
volume plateaued. The rate of MP was 2-times higher in the first phase
than in the second one (7.9 L/(kg VSed) vs 3.9 L/(kg VSed)). The
maximal MP was ca. 453 L/kg vS.

With PLA,, no lag phase was observed, the overall time of MP was
1.1-fold shorter than with PLA, and the time during which PLA pieces
were visible was 10 % shorter. After 2 h of alkaline pretreatment,
organic compounds, expressed as COD, were released, and the organics
concentration was 2844 mg COD/L. Thus, until day 5, methane was
produced at a rate of 11.16 L/(kg VSed). The lack of a lag phase and the
high initial rate of MP might be related to the availability of soluble
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organics to microorganisms.

The subsequent plateau of MP for 10 days might be due to the
depletion of these compounds. From the 15th day, methane started to be
produced again, and two further phases of MP were distinguished.
During the first phase, which lasted until day 60, the pieces of PLA were
still visible and 90 % of total methane (ca. 405 L/kg VS) was produced.
The rate of MP, 7.72 L/(kg VSed), was similar to that obtained during
MP of PLA. However, the pieces of PLAj were visible for a shorter time
than those of PLA. The final phase of MP with PLA, lasted to day 70 and
the rate was 2.53 L/(kg VSed). At this point MP plateaued, reaching its
maximal value of ca. 448 L/kg vS.

Compared to MP from PLA, hydrothermal pretreatment reduced the
lag phase by 60 % (to 5 days), shortened the overall time of MP 1.3- fold,
and reduced the time that PLA-m was visible by 25 %. In the first phase,
90 % of total MP was achieved, and during this time, PLA, pieces were
still visible. This phase was the shortest (50 days) and methane was
produced at the highest rate of the three variants — 8.35 L/(kg VSed).
Between days 50 and 60, the remaining methane was produced at a rate
of 2.20 L/(kg VSed), after which, MP plateaued to ca. 448 L/kg vS Thus,
hydrothermal pretreatment most effectively increased the rate of the MP
from PLA-m and shortened the time necessary to reach maximal MP.
However, the use of both pretreatments did not affect the maximal
amount of MP that was obtained (Fig. 1).

In a previous study, Bernat et al. (2021) investigated PLA degrada-
tion, but the temperature was higher (58 °C) and production of biogas,
not methane, was determined. It was found that degradation proceeded
in two phases, first with intensive biodegradation, and second, with
lower biogas production. The maximal cumulative biogas production
reached after 40 days was approximately 850 L/kg vS Moreover, the
experimentally observed value of MP from PLA was similar to the
theoretical maximum methane production from pure PLA, 467 L CH4/kg
pure PLA, which was determined with the use of Buswell’s equation
based on substrate elemental composition (Buswell and Mueller, 1952).

The authors suggested that a slightly lower MP value may result from
the fact that commercially available PLA-m may contain additives,
which improve properties but reduce MP by making the material less
biodegradable. As mentioned, a process temperature of 58 °C is imposed
by the standards for degradation of polymeric materials but is not
commonly used in thermophilic full-scale digesters, which are operated
at up to 55 °C for economic reasons.

Because some studies have indicated that bio-based material degra-
dation does not occur, or takes place to a limited extent, now more
studies have focused on testing how a pretreatment influences degra-
dation. For example, Benn and Zitomer (2018) studied the influence of
thermal alkaline (>55 °C, pH > 10, >24 h) pretreatment on anaerobic
mesophilic (35.7 °C + 2.1 %) degradation of commercial PHB- and PLA-
based materials. Pretreatment reduced the lag phase up to 60 and 90 %
for PHB and PLA, respectively. PLA did not produce methane, whereas
after pretreatment 22 + 6 % of the material was converted to methane
(average 79 + 8 mL CHj4 per g of theoretical oxygen demand). In the case
of PHB, pretreatment increased methane conversion from 67 + 19 % to
91 + 4 %. Those results indicated that, in mesophilic conditions, it is
expedient to apply pretreatment only in the case of PHB. Similarly,
Battista et al. (2021) showed that under mesophilic conditions at 37 °C,
neither acidic (HClL, pH 2, 48 h) nor basic (NaOH, pH 12, 48 h) pre-
treatment of PLA- and starch-based materials conducted at room tem-
perature improved their biodegradation. Moreover, specific methane
production decreased by around 20 % compared to the untreated ma-
terials. Hobbs et al. (2019) investigated a 15-day alkaline PLA pre-
treatment (pH > 11.5, 21 °C) which resulted in near complete
solubilization of the material. Despite the application of this long-term
pretreatment methane production at mesophilic conditions (37 +
1 °C) increased only by 26 %.

Samitthiwetcharong and Chavalparit (2019) found that alkaline
pretreatment of PLA films (0.5 M NaOH, 60 h) before mesophilic AD
ensured an increase in MP (148 L/kg VSaddeq) in comparison to
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untreated PLA, from which a negligible amount of methane was pro-
duced. The applied mesophilic conditions were advantageous from an
energetic point of view, but the obtained MP was much lower than in the
present study.

The results of a recent study by Mu et al. (2021) showed that, under
mesophilic conditions, PLA-m (cutlery ground to powder) was hard to
biodegrade and only 50.5 &+ 0.5 mL CH4/g vS was obtained after 146
days. In thermophilic conditions the authors obtained 410.3 + 0.5 mL
CHy/g vS after 90 days, but the PLA was in the form of powder, which
can be considered mechanical pretreatment. The authors proposed the
use of hydrothermal and alkali pretreatment of PLA (120-240 °C,
10-120 min, NaOH 0-10 %) prior to mesophilic biodegradation. They
revealed that MP of 460.1 + 25.0 mL/g vS could be achieved, but the
pretreatment temperature needed to be at least 200 °C, which increase
the energy consumption and cost of the digestion process (Mu et al.
2021). Samitthiwetcharong et al. (2017) found that for more efficient
PLA film degradation under mesophilic conditions, the application of
alkaline conditions (NaOH) had a more significant effect than thermal
pretreatment. The authors suggested that the most optimal conditions
for pretreatment were 0.5 M of NaOH, 60 °C, and 24 h. In these con-
ditions, biogas production was 3.7-times higher than from untreated
material (215.47 mL/g vS vs 58.28 mL/g VS). The combination of
thermal-alkaline pretreatment increased PLA degradation from 4.32 %
to 20.14 % (Samitthiwetcharong et al. 2017).

For most previously mentioned results of studies on bio-based ma-
terials, methane fermentation was carried out under mesophilic, not
thermophilic, conditions, and the results of the aforementioned studies
concerned pretreatment prior to mesophilic fermentation. However,
these results indicated that mesophilic fermentation was not effective,
regardless of the pretreatment used. Therefore, in the present study, as
in the previous work (Bernat et al., 2021), a different approach was used
including i) the use of thermophilic conditions for methane production
from PLA-m and ii) the use of pretreatment to increase the rate of
methane production, which may shorten the retention time in the di-
gesters at technical scale. This study has confirmed that this is the right
approach because, in thermophilic conditions, the effectiveness of MP
from PLA-m was almost 100 % (compared to the theoretical methane
yield from PLA), and the use of pretreatment allowed shortening of the
time necessary to obtain maximal MP.

3.2. Changes in the surface of PLA-m

The biodegradation of bio-based materials is accompanied by
changes in the surface of the material (Figs. 2-3; microscopic images of
material sampled more frequently are provided Supplementary Mate-
rials (Tab. 1-3.SM)). Changes in the surface homogeneity, the formation
of defects in the structure (holes, cracks), as well as visible changes in
color or tarnishing are a sign of the loss of the original properties of the
polymer and its degradation.

As mentioned, the intensive production of methane occurred until
pieces of PLA-m were visible in the inoculum. Initially, the untreated
material was transparent, hard, and smooth. The use of alkaline pre-
treatment (PLAp) resulted in the appearance of numerous scratches in
the structure of the material, and the release of organic compounds from
the PLA4 surface was noted which was confirmed by the increase in COD
concentration.

The hydrothermal pretreatment (PLAg) caused only a few randomly
occurring signs of structural damage (microcracks). Regardless of the
pretreatment method, the material remained transparent. From the 7th
day, in each set, the color of PLA-m changed from transparent to opaque.
Moreover, individual cracks and fissures appeared on the PLAty surface.
In contrast, Lee et al. (2016) observed no changes in the color of pure
PLA film during mesophilic AnB. However, the addition of lactic acid to
the film caused an increase in biodegradability and the color changed
from transparent to white after 10 days. Changes in PLA colors have
been noted by Fortunati et al. (2011) during the composting of PLA and
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Fig. 2. Digital microscopic images of untreated and pretreated PLA structure during anaerobic thermophilic (55 °C) biodegradation (100x and 1000x magnification)
(microscopic images of the material at other sampling times are provided in the Supplementary Materials (Tab. 2.SM)).

its composites. The authors observed changes in the colors to opaque on
the 7th day of the process, while the first deformation of the surface and
fractures appeared from day 14. They suggested that color changes may
indicate the hydrolytic degradation of the polymer matrix as a result of
water absorption and/or the presence of products formed during the
process. Hydrolytic degradation takes place in both, aerobic and
anaerobic conditions. Moreover, changing the color of PLA to white-
opaque may be related to material embrittlement due to crystallinity
increase (Kliem et al., 2020).

In the present study, although the lag phase of PLA finished on day
12, the structural changes were not visible until day 14. The changes
appeared in the period between 14 and 23 days, and at 23 d, deep cracks
and fissures appeared (Fig. 2; Tab. 1-2.SM — Supplementary Materials).
However, the analysis of the surface topography of PLA showed
numerous peaks and valleys (Fig. 3; Tab. 3.SM - Supplementary Mate-
rials) which was accompanied by a MP. This means that organics were
eluted from the material and served as an energy source for microor-
ganisms. On day 14 of the microscopic analyses, cracks and fissures in
the structure of PLAy become visible, whereas in the PLAyr, they had
become deeper and more numerous. Analysis of the surface of both
pretreated materials showed that from the 14th day, peaks and valleys
disappeared from the structure, and longitudinal microcracks were
formed. The shape of the cracks appearing during degradation may be
related to the manufacturing process of the cups. From day 23, in each
set, PLA pieces darkened and weakened. Then, the most crucial changes
in the structures of both untreated and pretreated PLA occurred, which
corresponded to the most intense MP. The surface topography analysis
revealed numerous cracks and fissures in each set (Figs. 2-3; Tab. 1-3.
SM - Supplementary Materials). Benn and Zitomer (2018) found that
pretreatment caused visible surface erosion, and increased porosity and
surface area, which may facilitate enzymatic degradation of the poly-
mer. Therefore, the hydrolysis rate may increase, resulting in an increase
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in the rate of methanogenesis (Venkiteshwaran et al., 2019). Samitthi-
wetcharong and Chavalparit (2019) found that pretreatment of PLA
increased its porosity and increased its availability to microorganisms or
enzymes.

PLA-m was visible in the inoculum for the longest time, up to 66
days. The last possible day to sample the PLAy was day 60, whereas
PLAyr pieces were fragile and crumbled when touched at day 46. After
66, 60, and 46 days, respectively, the PLA, PLA, and PLAyT materials
had crumbled too much for further analysis and were almost invisible in
the inoculum.

3.3. FTIR spectra and DSC curves for PLA-m

The FTIR spectra are shown in Fig. 4 a,c,e. The FTIR spectra showed
typical bands for poly(lactic acid), which were similar to those reported
in the literature (Arrieta et al., 2014; Kumar et al., 2019). The bands at
2998 cm™! and 2920 cm™! correspond to ~CHs and —CHy— groups,
respectively. At 1455 cm ™%, signs of symmetric deformation and scissor
vibrations of -CHy— groups are noticeable, whereas the bands at 1383
em™! and 1358 ¢cm™! correspond to asymmetric and symmetric de-
formations of ~CHs— groups. The peak at 1748 cm ™' indicates asym-
metric stretching of the C=0 group in lactide (Fortunati et al., 2012). At
1209 ecm™! and 1043 ecm™, stretching vibrations of the C—O—C and
—CH-O- groups can be seen. The peaks at 956 cm™! and 920 cm ™’
indicate —-CH3 rocking and deformation of carboxylic -OH'H groups.
The peaks at 870 em! (O-CH-CH3) and 755 cm ! (rocking vibrations
of —~CH3 groups) correspond to the amorphous and crystalline phases of
PLA, respectively (Ruggero et al., 2021).

The PLAyr spectrum did not exhibit changes, and no shift in the
formation of peaks was observed. However, after alkaline pretreatment,
a new peak at 1585 cm ™! appeared, which indicates C=0 stretching of
carboxylic acid salts and may be the result of PLA chain hydrolysis (Lee
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Fig. 3. Digital microscopic images of the topography of untreated (PLA) and pretreated material (PLA,, PLAyt) during anaerobic thermophilic (55 °C) biodegra-
dation (microscopic images of the material at other sampling times are provided in the Supplementary Materials (Tab. 3.SM)).

et al., 2016). Moreover, none of the applied pretreatments changed the
intensity of the FTIR spectra. After 23 days of PLAyr and PLA, degra-
dation, new peaks appeared at 3300 cm™!, corresponding to —OH
stretching vibrations in carboxylic acids. This may indicate that ester
bonds were hydrolyzed (Bernat et al., 2021). Regarding PLA, a new peak
at 1585 cm ™! was noted at this time. With each set, both on day 23 and
on the last day that the material was visible, peaks appeared at ~ 1650
cm ™}, which correspond to amides. These peaks may be related to the
presence of biofilm on the surface (Socrates, 2001). Although the ma-
terials were cleaned with distilled water prior to analysis, their struc-
tures were probably so degraded and incrusted with biofilm that it was
impossible to remove all of it.

On the last day in each set, when materials were available for ana-
lyses, the intensity of the peaks corresponding to carbonyl C=0 groups
increased. The formation of these groups, which are terminal groups in
PLA chains, may be caused by microbial activity and hydrolytic degra-
dation (Arrieta et al., 2014; Fortunati et al., 2011).

Based on the ratios of the FTIR bands at 755 cm ™! and 870 cm’l, the
crystallinity indexes (CI) of the PLA-m can be calculated (Stoleru et al.,
2017). Before degradation, the CI values were 0.97, 0.98, and 0.99 for
PLA, PLA,, and PLAyr, respectively. This indicates that pretreatments
slightly increased PLA crystallinity. Generally, biodegradation proceeds
first in the amorphous region of the material because the organized
structure of the crystalline part is more resistant to hydrolysis. The
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amorphous part can be more easily penetrated by water, which leads to
the scission of the hydrolyzable ester linkages and to an increase in
polymer crystallinity (Elsawy et al., 2017). For example, Stoleru et al.
(2017) reported that, during fungal biodegradation of PLA films, the CI
of the material increased from 0.531 to 1.942 after 14 days. In the
present study, the CI ratios on the final day, when the materials were
available for analyses, increased to 0.98 and 1.00 for PLA and PLAgr,
respectively, whereas that of PLA, remained unchanged.

Before degradation, the DSC curve for the untreated and pretreated
PLA-m showed a Tg peak at 65.5 °C and a Tm at 150.6 °C, with a cor-
responding enthalpy value of 30.45 J.g~! (Fig. 4b,d, ). Similarly, Sundar
et al. (2021) found that neat PLA had a Tm of 156.6 °C with an enthalpy
of 30.92 J'g L. For PLA,, Tg was slightly lower, and Tm was the same as
that of untreated PLA. In contrast, for PLAgT, Tg and Tm were higher, at
67.0 °C and 151.6 °C, respectively. None of the DSC curves displayed
cold crystallization peaks. Similarly, other authors did not observe
crystallization peaks in PLA cooling curves, which may indicate that the
crystallization rate of PLA was slow (Luyt and Gasmi, 2016; Sundar
et al., 2020).

After degradation, the Tg of the PLA did not change, but its Tm
decreased to 125 °C. With both pretreated materials, Tg changed to ca.
69 °C, while Tm decreased to 120 °C and 133 °C for PLA; and PLAyr,
respectively. These decreases in the Tm are related to a rapid molecular
mass reduction (Hakkarainen et al., 2000) and may be caused by
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Fig. 4. FTIR spectra (a, ¢, ) and DSC curves (b, d, f) of untreated PLA and pretreated PLA-based materials (PLAA, PLAyr), as well as materials collected after 23 days

of biodegradation and on the last possible day of material sampling.

continuing hydrolysis of the crystalline domain of the polymer; this
hydrolysis starts mainly with surface erosion (Pantani and Sorrentino,
2013). Luo et al. (2019) reported a slight decrease in the Tg during
composting of PLA-m filled with functionalized titanium nanoparticles.
Those authors suggested that the Tg decreased due to an increase in
molecule mobility caused by hydrolysis and the plasticizing effect of the
oligomer fragments and water during biodegradation.

3.4. Microorganisms in anaerobic PLA degradation

The microbiome was characterized using 16S rRNA gene amplicon
sequencing. After sequencing, over 277 k of high-quality reads were
obtained, with an average of 27,715 reads per sample (Table 1). The
amount of extracted, high-quality DNA averaged 265 + 21 ng/uL.
Sequencing depth was assessed using rarefaction curves (data not
shown), and the number of observed OTUs varied from 120 in the
inoculum to 158 in PLA _38d (Table 1). The microbial community was
most diverse in samples of pretreated PLA on the 60th day of biodeg-
radation as indicated by the Shannon index.

Principal component analysis (PCA) of beta diversity between the

Table 1
Alpha diversity values of biomass from inoculum alone and from PLA, PLAyr,
and PLA,, based on amplicon analysis.

Sample Reads Observed OTUs Shannon index
Inoculum 23,532 120 2.51
PLA_14d 15,737 136 2.56
PLAyr 14d 23,506 145 2.56
PLAA 14d 31,238 151 2.52
PLA_38d 41,195 158 2.61
PLAyr 38d 30,690 152 2.73
PLA _38d 31,705 155 2.55
PLA_60d 19,016 123 2.44
PLAy7 60d 24,743 155 291
PLAA_60d 36,461 157 3.08

analyzed samples (data not shown) indicated that the time of the
experiment explained the largest amount of variation in microbial
composition (PERMANOVA, F = 11.98, p < 0.001). Additionally, the
application of a pretreatment was also significantly associated with
microbial composition, although the amount of variance explained was
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smaller (PERMANOVA, F = 3.01, p < 0.05).

When PLA, PLAyt, and PLA, samples, were grouped by the time of
biodegradation (14 d, 38 d, 60 d), regardless of the application (or not)
of pretreatment, the microbial composition changed over time and
differed from that in the inoculum (inoculum (0 d)) (Fig. 5a).

At the phylum level, the percent abundances of Firmicutes increased
substantially, from 2.6 % in the inoculum to an average of 29.1 % on day
60 of PLA biodegradation. Similarly, the abundances of Thermotogae and
Euryarcheota increased, from 1.9 % to 4.6 % and from 0.3 % to 2.7 %,
respectively.

The abundance of Chloroflexi was highest after 14 days of PLA
biodegradation, reaching 18.4 %. The phylum Chloroflexi is a diverse
group of microorganisms that include, among others, anaerobic organ-
isms that can obtain energy by reducing organic chlorinated compounds
via dehalogenation (Garrity et al., 2001; Hugenholtz and Stackebrandt,
2004).

During methanogenesis, members of Chloroflexi and Firmicutes as
well as Bacteroidetes are the major phyla involved in hydrolysis and
acidogenesis (Wang et al., 2018). After 14 days of biodegradation, the
abundance of microorganisms belonging to the phylum Actinobacteria
increased. Actinobacteria are among the few microorganisms with po-
tential for PLA degradation (Penkhrue et al., 2015; Panyachanakul et al.,
2019), and an increase in their number may indicate intensive PLA
degradation, as confirmed by microscopic observation (Fig. 2; Tab.1-3.
SM - Supplementary Materials). Additionally, this study identified
bacterial genera from other phyla whose abundance was positively
correlated with the time of PLA biodegradation (Fig. 1.SMa — Supple-
mentary Materials) such as Treponema, Paludibacter, Rubrobacter, or

Leptolinea.
a) .
60d |Il -
38d |I. _

14d
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Regarding the effect of PLA pretreatment on the microbial commu-
nity, the average abundances of phyla Cloacimonetes (3.5 vs 6.3 %),
Bacteroidetes (1.9 vs 6.5 %), and Proteobacteria (from 3.0 vs 4.7 %) were
higher in samples with pretreated PLA than in samples with untreated
PLA (Fig. 5b). At the genus level, PLA pretreatment significantly
increased the abundances of Bacteroides, Terrimonas, Cytophaga, Desul-
fofaba, Curvibacter, Thermomonas, and Flavobacterium in biomass (Fig. 1.
SMb - Supplementary Materials). Most of these genera belong to the
phyla Firmicutes and Bacteroidetes, which were reported to have the
highest activity in all methane-producing reactors and are responsible
for producing high concentrations of VFAs during the AD process (Guo
et al., 2015; Nguyen et al., 2019).

Some studies indicated that the composition of microbial commu-
nities during AnB of biodegradable materials closely depends on their
composition in the inoculum. For example, Bandini et al. (2020)
investigated the dynamics of microbial communities during 23-day
thermophilic AnB (55 + 2 °C) of PLA-based bottles. In the inoculum,
which was a mixture of food waste slurry and anaerobic sludge from a
thermophilic treatment of an organic fraction of municipal solid waste,
the phyla Bacteroidetes, Firmicutes, and Proteobacteria were identified.
During degradation, the abundance of these microorganisms increased,
which directly resulted from their presence in the inoculum. Cazaude-
hore et al. (2021) carried out a mesophilic and thermophilic (38 and
55 °C) AnB of commercially available coffee capsules made of biode-
gradable PLA and starch. They used two different inocula: the meso-
philic inoculum was a mixture of grass and sewage sludge; the
thermophilic one was a mixture of grass, wheat waste, and sludge.
Bacteroidetes, Firmicutes, and Chloroflexi were the major phyla identified
in the mesophilic inoculum, whereas Bacteroidetes (49 %), Thermotogae
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Fig. 5. A stacked bar graph presenting the microbial composition at the phylum level (percent abundance; the 21 most abundant taxa are presented); (a) PLA, PLAg
and PLA, samples were grouped by the time of biodegradation (14 d, 38 d, 60 d) regardless of the application (or not) of pretreatment and compared with the
inoculum (inoculum (0 d)) and (b) samples were grouped by the application (or not) of pretreatment (pretreated PLA (PLAyt and PLA,) or untreated PLA) regardless

of the time of biodegradation.
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(27 %) and Firmicutes (22 %) predominated in the thermophilic inoc-
ulum. These microbes were abundant during the degradation of bio-
plastic. However, Firmicutes increased to 55-85 %, whereas Bacteroidetes
decreased to<8 %. Moreover, Tepidimicrobium sp. was identified as the
potential key microorganism during thermophilic AnB of bioplastics. In
the present study, it was shown that, after 14 days of AnB, the micro-
biological structure of the samples to which the inoculum and PLA were

Waste Management 155 (2023) 40-52

dosed was different from that of the samples with inoculum alone
(Fig. 6). All the samples to which PLA was added had larger shares of
Lachnospiraceae, Methanosaetaceae, Kosmotogaceae, Ruminococcaceae,
Prevotellaceae, Intracporangiaceae, Peptostreptococcaceae, Pseudomona-
daceae, Caldilneaceae, Clostridiaceae, and Rhodobiaceae.

Kim et al. (2017) isolated two PLA degrading microorganisms from
digester sludge, which were identified with a polymer-film-based
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Fig. 6. Heatmap presenting differences between the investigated samples of biomass from inoculum alone and from inoculum and PLA undergoing biodegradation
tests in each set (family level, Euclidean distance measure, average algorithm used for clustering).
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screening method as Pseudomonas sp. MYK1 and Bacillus sp. MYK2. The
isolates produced more biogas during complete biodegradation of PLA
than biodegradation of the initial sludge inoculum. The authors
emphasized that the screening method and isolation of PLA-degraders
might be a significant stepping-stone for the further application and
development of treatment methods for bio-based polymer degradation.

In the PLAgt_14d sample, the abundance of Clostridiaceae, Tissier-
ellaceae, Symbiobacteriaceae, and Streptomycetaceae increased substan-
tially. Members of these bacterial groups take part in the first stages of
AD and are efficient degraders. Streptomycetaceae were also identified as
important PLA-degrading players Butbunchu and Pathom-Aree, (2019).
The PLA had begun to be degraded, as also indicated by the MP (Fig. 1).
Efficient organics degradation and the availability of methane pre-
cursors favored the growth of methanogens whose abundance was
highest in all samples with PLA on day 38. The PLAyr 38d sample,
which had the fastest MP, also had the most diverse and abundant mi-
crobial community, including Thermoanaerobacteraceae, which can
anaerobically degrade carbohydrates (Stackebrandt, 2014), Syntropho-
bacteraceae, which were identified as major acetotrophic sulfate re-
ducers (Liu et al, 2018) and methanogens belonging to
Methanosarcinaceae, Methanoregulaceae, Methanospirillaceae, and Meth-
anosaetaceae. These four methanogen families were also most numerous
in the PLAyr_60d sample.

Among the methanogens, both families that utilize diverse substrates
for energy generation and those that use a very limited range of sub-
strates were identified which may have influenced the effectiveness of
MP. Members of the family Methanosarcinaceae generate energy from
methylated amines and methanol, many of those species can grow on
Hy/CO,, and some use acetate, as well as other substrates such as
methanethiol, dimethyl sulfide, or carbon monoxide. Members of the
families Methanoregulaceae and Methanospirillaceae use Hy/CO5 and
sometimes formate as substrates for methanogenesis while Meth-
anosarcinales use acetate as their sole source of energy (Oren, 2014).

Among the bacteria involved in the biodegradation of PLA and PLA,,
the abundances of Acetobacteraceae and Mathanobacteriaceae had
increased on day 38. However, on day 60, the abundances of these two
groups remained high only in samples with PLAyT or PLA,. In samples
with PLA, the shares of Peptococcaceae and Porphyromonadacea
increased. On day 60 of PLA, biodegradation, the abundance of the
families Rubrobacteraceae, Bacillaceae, Planococcaceae, Dehalococcoida-
ceae, Synergistaceae, Nocardioidaceae, Bifidobacteriaceae, Planctomycea-
ceae, Rhodobacteraceae, Anaerolineaceae, and Pseudonocardiaceae
increased.

In samples with PLAyr or PLA,, there was an increase in the share of
microorganisms belonging to the families Actinomycetaceae, Beu-
tenbergiaceae, Alcaligenaceae, Burkholderiaceae, Fusobacteriaceae, Natar-
anaerobiaceae, Thermodesulfobiaceae, and Hyphomicrobiaceae (Fig. 6).
Members of Actinomycetaceae such as Actinomadura keratinilytica strain
T16-1 can produce PLA-degrading enzymes. The results of Pan-
yachanakul et al. (2019) concerning PLA degradation with the use of the
enzyme from A. keratinilytica strain T16-1 indicated that the highest
efficiency (89 %) was obtained after 72 h at 60 °C with an agitation
speed of 50 rpm and a controlled pH of 8.0.

4. Conclusion

Thermophilic conditions allow MP from both untreated and pre-
treated PLA-m to reach 453 L/kg vS which is almost 100 % of the
theoretical methane yield from PLA. Although, the use of pretreatment
prior to AnB of PLA-m shortened the lag phase and the time to reach
maximal MP, the use of HT most effectively improved both the time
necessary to reach maximal MP (shortening the time by more than 2
weeks in comparison to untreated PLA) and methane was produced with
almost 10 % higher rate (8.35 vs 7.79 L/(kg VS-d)).

The FTIR spectra of the PLA-m showed typical bands for poly(lactic
acid). On the last day that materials were available, the intensity of the
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peaks corresponding to carbonyl C=O groups increased, which may
reflect the activity of microorganisms and hydrolytic material degra-
dation. The cracks and fissures in PLA structure became deeper and
more numerous, which was accompanied by the most intense MP and
the most diverse microbial community. Regardless of the application of
pretreatment, the abundances of Firmicutes, Thermotogae, and Eur-
yarcheota increased. With PLAyr, the microbial community was the most
diverse and abundant, including Syntrophobacteraceae, Thermoanaer-
obacteraceae, and methanogens such as Methanosarcinaceae, Methanor-
egulaceae, Methanospirillaceae, and Methanosaetaceae.

As more and more new bio-base products have appeared on the
market (especially those labeled as biodegradable), the biodegradability
of these materials must be determined to facilitate further waste man-
agement. Knowledge of the average time needed for the degradation of
various bio-based materials is required to design e.g. the retention time
in digesters operated in full-scale conditions.
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Despite the increasing interest in bioplastics, there are still contradictory results on their actual biodegradability,
which cause difficulties in choosing and developing appropriate sustainable treatment methods. Two biofoils
(based on poly(butylene succinate) (PBS37) and cellulose (Cels;)) were anaerobically degraded during 100-day
mesophilic (37 °C) and thermophilic (55 °C) tests (PBSss, Celss). To overcome low degradation rates in meso-
philic conditions, alkaline pre-treatment was also used (Pre-PBS3y, Pre-Celsy). For comprehensive understanding
of biodegradability, not only methane production (MP), but also the structure (topography, microscopic anal-
ysis), tensile properties, and FTIR spectra of the materials undergoing anaerobic degradation (AD) analysed.

PBS37 and Pre-PBS3; were visible in 100-day degradation, and the cumulative MP reached 25.5 and 29.3 L/kg
VS, respectively (4.3-4.9% of theoretical MP (TMP)). The biofoils started to show damage, losing their me-
chanical properties over 35 days. In contrast, PBSs5 was visible for 14 days (cracks and fissures appeared), cu-
mulative MP was 180.2 L/kg VS (30.2% of the TMP).

Pieces of Cel were visible only during 2 days of degradation, and the MP was 311.4-315.0 L/kg VS
(77.3-78.2% of the TMP) at 37 °C and 319.5 L/kg VS (79.3% of the TMP) at 55 °C. The FTIR spectra of Cel and
PBS did not show shifts and formation of peaks.

These findings showed differences in terms of the actual biodegradability of the bioplastics and provided a
deeper understanding of their behaviour in AD, thus indicating limitations of AD as the final treatment of some
materials, and also may support the establishment of guidelines for bioplastic management.

1. Introduction biodegradable polymers. Among the various polymers, cellulose and its

derivatives are some of the most important natural compounds that can

In recent decades, the global demand for plastics has increased
rapidly, resulting in a high amount of waste. The European Union, for
example, recorded more than 29 million tonnes of plastic waste in 2020,
of which only 30% was recycled and 40% was recovered for energy.
However, about 23% of this waste is still sent to landfills, which is more
than 6.5 million tonnes (Plastic Europe, 2021). Plastic waste is long-term
pollution that requires both mandatory and voluntary measures to
minimise its impact on the environment. Growing consumer awareness,
pressure from non-governmental organisations, and the need to reduce
the accumulation of plastic and microplastics have necessitated the
search for sustainable alternatives to plastics, such as bio-based and

* Corresponding author.
E-mail address: magdalena.zaborowska@uwm.edu.pl (M. Zaborowska).
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be alternatives to conventional plastics due to their potential biode-
gradability, renewability, relatively good mechanical properties, and
low price (Jin et al., 2023). Cellulose-based bioplastic produced from
rice straw has been reported to have mechanical properties (tensile
strength and elongation) similar to those of polystyrene and plasticized
poly(vinyl chloride) in the dry and wet states, respectively (Bilo et al.,
2018). Currently, most cellulose is derived from plant resources, e.g.,
wood (Andreu-Hayles, 2019), hemp (Manian et al., 2021) and tomato
residues (Kassab et al., 2020)). It can also be produced by microorgan-
isms, e.g., Rhizobium, Acetobacter, or Sarcina (Chen et al., 2022). It
should be noted that despite the chemical similarity of plant and

Received 3 April 2023; Received in revised form 12 June 2023; Accepted 14 June 2023

Available online 22 June 2023
0956-053X/© 2023 Elsevier Ltd. All rights reserved.

113:5326179834


mailto:magdalena.zaborowska@uwm.edu.pl
www.sciencedirect.com/science/journal/0956053X
https://www.elsevier.com/locate/wasman
https://doi.org/10.1016/j.wasman.2023.06.022
https://doi.org/10.1016/j.wasman.2023.06.022
https://doi.org/10.1016/j.wasman.2023.06.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2023.06.022&domain=pdf

M. Zaborowska et al.

microbial cellulose, their mechanical and physical properties are
different (Czaja et al., 2007). For example, plant cellulose is charac-
terised by a lower degree of crystallisation and a higher degree of
polymerisation than microbial cellulose (de Amorim et al., 2020). Since
the latter is chemically pure, it is desirable for certain applications, e.g.,
in biomedicine and pharmaceutics. In contrast, plant cellulose may
contain impurities (e.g., hemicellulose, ash, or pectin) that make it
suitable for other applications, such as the paper and textile industries
(Naomi et al., 2020).

Cellulose is characterized by strong and highly structured intermo-
lecular hydrogen bonds and is neither meltable nor soluble in water or
conventional organic solvents. Therefore, cellulose derivatives are
mostly used in commercial applications instead of pure polymers (Bayer
et al., 2014; Ashter, 2016). Cellulose is also used as an additive to
improve the mechanical and barrier properties of bioplastics (Vilarinho
et al., 2018). The main applications of cellulose-based plastics are
biodegradable food packaging, especially for short-life products (Qua-
sim et al., 2021). Even though cellulose-based bioplastics have gained
much popularity because they are considered biodegradable, among
other reasons), there are only a few studies on their actual biodegrad-
ability (Nigam et al., 2022).

Another biodegradable material that has recently become a viable
substitute for conventional polymers is bio-based poly(butylene succi-
nate) (PBS). For many years, PBS was produced from petrochemical
feedstocks, but nowadays the production of the polymer from renewable
sources (maize, cassava, or sugarcane) has gained attention (Aliotta
et al., 2022). Bio-based PBS is a relatively new polymer on the market,
but due to its ease of processing, it has found various applications, from
agricultural mulch films, disposable bags or packaging to biomedical
materials (Hann et al., 2020). The main obstacle to expanding the use of
bio-PBS is its high production cost (Ni et al., 2020). Therefore, in order
to reduce the price of the final product, the polymer is blended with
other biodegradable materials (Guidotti et al., 2017). The mechanical
properties of PBS (tensile and impact strength, moderate stiffness, and
hardness) are similar to those of conventional polymers such as poly-
ethylene and polypropylene (Avérous and Kalia, 2016).

Despite growing consumer and industry interest in bio-based and
biodegradable plastics, reports on their biodegradability are contradic-
tory. Bio-based and biodegradable materials should be sorted into
selectively collected biowaste streams according to their labelling and
then processed via organic recycling processes, i.e., anaerobic digestion
or composting. However, due to the development of new materials, their
recyclability, especially in the AD process, has not been sufficiently
investigated, and they may not be compatible with existing recycling
infrastructures and processes. A better understanding of the mechanisms
of bio-based materials’ biodegradation and their properties could lead to
finding the most beneficial end-of-life option and reducing their envi-
ronmentally harmful impact by using the existing recycling infrastruc-
ture. It should be noted that the biodegradability of bio-based materials
may vary depending on environmental conditions such as temperature,
humidity, and presence of light or oxygen (Zaborowska and Bernat,
2023). In addition, bio-based products may have limited degradability,
e.g., due to additives that improve their functional properties, e.g.,
processability, flexibility, or softness (Kemper and Lichtblau 2019). As
mentioned, proper disposal of waste from bio-based products involves
organic recycling with biowaste. Among organic recycling methods, AD
has gained increasing importance due to its favourable energy yield,
process duration, odour management and added value of the final
product. Pre-treatment techniques such as thermal, chemical, and me-
chanical processes have been used to improve the rate of anaerobic
degradation and increase methane production. These methods cause the
breakdown of complex organic compounds into smaller, more accessible
compounds that can be better utilized by microorganisms.

The current literature contains little data on the anaerobic degra-
dation (AD) of cellulose- and PBS-based materials as well as the corre-
sponding changes in their mechanical properties during the
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biodegradation process. In order to address this gap in knowledge, this
study was conducted to investigate the AD and methane production
from these bio-based materials (commercially available) under different
temperatures. The study also provides a comprehensive understanding
of the changes that occur in the mechanical properties of the investi-
gated bio-based materials during biodegradation as evidenced by tensile
properties, Fourier transform infrared (FTIR) analysis, and microscopic
analysis. These findings contribute to a deeper understanding of the
behaviour of cellulose- and PBS-based materials during the AD process,
which may support the development of more sustainable materials for
future use. In the context of their waste management and end-of-life
scenarios, the results may also support the establishment of guidelines
for bioplastics treatment. Since previous studies have shown that AD of
certain bio-based materials (e.g., poly(lactic acid) (PLA)- or starch-based
bioplastics) is limited under mesophilic conditions (Bernat et al., 2021;
Zaborowska et al., 2021a; Cazaudehore et al., 2021), it was deemed
necessary to perform a pre-treatment procedure prior to the mesophilic
test to facilitate the methane production (MP) process. To find out
whether higher temperatures than those in mesophilic conditions ensure
or improve the efficiency of AD and methane production and overcome
low degradation rates, thermophilic fermentation was also performed. It
is important to compare the degree/rate of biodegradability of different
materials considered biodegradable since their treatment under tech-
nical conditions requires the same operational conditions (there is no
technical possibility of separate processing of different types of bio-
plastics). Information about large differences in the biodegradability of
bioplastics and the low biodegradability and methane production of
some bioplastics can help to develop guidelines for the possibility/
impossibility of production of packaging considered biodegradable.

2. Materials and methods
2.1. Bioplastics used in the experiment

This study investigated two commercially available bio-based
products (bioplastics), cellulose (Cel)- and polybutylene succinate
(PBS)-based foils used for food packaging. The Cel- and PBS-based ma-
terials had volatile solids (VS) contents of 99.7% and 89.9% dry matter
(DM), respectively. The elemental compositions of bioplastics are pre-
sented in Table 1. Because these materials come from the public market,
they may contain undisclosed additives that could affect their properties
and biodegradability.

2.2. Organisation of the experiment

Anaerobic biodegradation of the bioplastics: untreated (Celsy, PBS37)
and pre-treated (Pre-Cels;, Pre-PBS3;) was investigated under meso-
philic conditions. The materials were subjected to pre-treatment with
0.1 M potassium hydroxide (KOH) (the mass ratio of the material to the
pure reagent (KOH) was 14.5) for 2 h at room temperature. To find out
whether thermophilic conditions improve the rate of anaerobic
biodegradation, a higher temperature (55 °C) was also applied (Celss,
PBSss).

2.3. Measurement of methane production (MP) under mesophilic and
thermophilic conditions

The MP from PBS- and Cel-based materials was determined with the
biomethane potential (BMP) test using the Automated Methane Poten-
tial Testing System (AMPTS-II) (Bioprocess control, Sweden) under
mesophilic (37 + 1 °C) and thermophilic (55 + 1 °C) conditions. Both
materials were shredded into 5 mm x 5 mm pieces before BMP test. The
AMPTS-II device consists of three units, (sample incubation unit, CO5-
absorbing unit, and gas volume measuring device) and allows online
measurement of biomethane flows. The applied starting load was 4 kg
VS/m? (the substrate to inoculum ratio, expressed as VS/VS, was 0.27)

114:3919200105
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Table 1
Elemental composition and empirical formula of the materials, molar compo-
sition of the biogas, and methane production from materials.

Cellulose-based materials

Elemental composition (%)

Carbon Hydrogen Oxygen Nitrogen
Pure Cel 44.44 6.17 49.38 -
Cel-based material 40.67 6.67 50.75 1.91

The empirical formula and molar composition of the biogas obtained from one mole of
material

Pure Cel

Cel-based material

CgH100s + H20 — 3 CHy + 3 CO, (CH4:CO2 = 1)
Ca4.8Hag.90233N + 0.89 HyO — 2.11 CHy + 2.03 CO, +
NH; (CH4:CO, = 1.04)

Poly(butylene succinate)-based materials

Elemental composition (%)

Carbon Hydrogen Oxygen Nitrogen
Pure PBS 55.81 6.98 37.21 -
PBS-based material 55.93 7.03 36.31 0.74

The empirical formula and molar composition of the biogas obtained from one mole of
material

Pure PBS CgH1204 + 3.00 Hy0 — 4.50 CH,4 + 3.50 CO, (CH4:CO,

=1.28)

Csg.gH133.8043.0N + 34.46 H,O — 50.68 CH,4 + 38.84

CO, + NH3 (CH4:CO, = 1.30)

PBS-based material

Methane production
Pure Cel-based Pure PBS-based
Cel material PBS material
*TMP, L/kg VS 415 403 586 596
MP at 37 °C, L/kg VS - 311.4 (77.3% - 25.5 (4.3% of
of TMP) TMP)
MP at 37 °C, after - 315.0 (78.2% - 29.3 (4.9% of
material pre- of TMP) TMP)

treatment, L/kg VS
MP at 55 °C, L/kg VS 319.5 (79.3%

of TMP)

180.2 (30.2%
of TMP)

* TMP calculated using the O’Rourke’s equation (Nyns, 1986); MP refers to
cumulative MP after 100 days of anaerobic mesophilic treatment at 37 °C and
after 40 days of thermophilic treatment at 55 °C.

and the measurement time was 100 and 40 days for mesophilic and
thermophilic temperatures, respectively. The inoculum used for the
mesophilic test was obtained from the closed mesophilic chamber of the
wastewater treatment plant and provided the nutrients needed for the
correct course of the process. The inoculum characteristics were pH 7.17
+ 0.10, alkalinity 42.80 + 1.20 meq/L (2140 + 60 mg CaCOs/L), total
solids (TS) 2.02 + 0.22%, VS 68.44 + 0.22% of TS, total nitrogen 36.20
+ 1.30 mg/g TS, total phosphorus 1.86 + 0.21 mg/g TS, total carbon
(TC) 336.5 + 5.2 mg/g TS, and total organic carbon (TOC) 211.6 + 6.2
mg/g TS. For the thermophilic test the inoculum was pre-incubated at
55 °C for fourteen days. To maintain anaerobic conditions, the reactors
were purged with nitrogen gas for 2 min. Each of the reactors was stirred
intermittently at a stirring speed of 80 rpm for 1 min every 30 min. The
BMP test was performed in triplicate for each investigated material
(untreated and pre-treated) and inoculum only. MP of each of the ma-
terials was calculated as the difference between the MP of inoculum
combined with material and inoculum alone.

The MP followed pseudo first-order kinetics, according to the
following formula:

kCH4ot) (1)

where: Ccug (L/kg VS) is the cumulative MP at time t (days) of
anaerobic biodegradation test; Ccyq (L/kg VS) is the maximal MP; kcpg
(dY) is the kinetic coefficient of MP. The values of Cqus and Kgus were
obtained by nonlinear regression analysis with Statistica software,
version 13.0 (StatSoft, Tulsa, OK, USA).

O’Rourke’s equation (Nyns, 1986) was used to determine the theo-
retical methane potential (TMP) of the foil materials based on their
elemental composition, assuming the complete conversion of the
organic compounds into biogas:

Cicus = Cera ® (1 —e
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In order not to disturb the MP and to allow sampling for additional
analyses of the bioplastics, such as FTIR spectroscopy, microscopic
analysis, and static tensile tests, additional glass bioreactors with the
same amount of inoculum and material as in AMPTS II were set up in
parallel for both temperatures. The bioreactors were placed in a ther-
mostatic incubator and mixed twice a day. Pieces of PBS-based material
were collected during 100 days at 37 °C and 14 days at 55 °C. In the case
of the Cel-based material, the 2nd day was the last possible day of ma-
terial sampling, regardless of the temperature conditions.

2.4. FTIR spectroscopy, microscopic analysis, and static tensile tests

FTIR was used to evaluate the changes in functional groups of PBS-
and Cel-based materials during anaerobic biodegradation. FTIR spectra
were recorded with a Perkin Elmer Spectrum Two (with diamond ATR)
instrument (Perkin Elmer, Waltham, MA, USA) with a resolution of 4
cm ! in the wavenumber range 4000-400 cm™! at room temperature.

The changes on the surface of the bio-based materials were analysed
with a Nikon eclipse50i polarising microscope (Nikon, Tokyo, Japan) at
a magnification of 100 x and binocular microscope at a magnification of
1.5x (Delta Optical). The 3D geometric structure (topography) at the
microscale was determined with the use of Surface Roughness Contour
Measuring Instrument (Mitutoyo Corporation, Kanagawa, Japan).

For analyses of FTIR and structure the following abbreviations were
used: untreated (PBSs3;_100d) and pre-treated (Pre-PBS3;_100d) mate-
rial after 100 days at 37 °C and after 14 days (PBSs5_14d) at 55 °C (the
last possible day of untreated material sampling under those conditions).
In the case of Cel-based material, the 2nd day was the last possible day of
material sampling both at 37 °C (untreated (Celsy_2d) and pre-treated
material (Pre-Cels;_2d)) and at 55 °C (Celss_2d).

The changes in the mechanical properties (tensile strength and
elongation at break) of the bioplastics during biodegradation were
investigated within a static tensile test according to the standard ISO
(ISO 527-2:2012; 1SO 527-3:2019). The tensile measurement was per-
formed using a TA.HD.Plus (Stable Microsystems, Surrey, UK) for at
least five repetitions for samples of each foil. The specimens were sub-
jected to a constant speed tensile force until the moment of fracture. The
test was performed every some days until the samples were too fragile
for analysis and it was no longer possible to place the samples in the
tensile testing machine.

2.5. Analytical methods

The DM (or TS) and VS contents of Cel- and PBS-based materials and
inoculum were determined at 105 °C and 550 °C, respectively. Total
nitrogen, total phosphorus pH and alkalinity were also determined in
the inoculum (Greenberg et al. (1992)). TOC and inorganic carbon (IC)
were determined using a Shimadzu Liquid TOC-VCSN. The elemental
composition of the foils was analysed using the Flash 2000 Organic
Elemental Analyzer (Thermo Scientific, Milan, Italy) according to the
manufacturer’s instructions.

3. Results and discussion

3.1. Anaerobic biodegradation of Cel- and PBS-based materials based on
MP

Based on the experience and results obtained in the previous studies
with PLA- and starch-based materials (Bernat et al., 2021; Zaborowska
et al., 2021a, 2021b), in the present study, MP was evaluated as an
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indicator of biodegradation of two other bio-based materials (PBS- and
Cel-based foils commercially available on the market) under mesophilic
and thermophilic conditions. As our previous study showed limited
degradation under mesophilic conditions (Zaborowska et al., 2021a),
this led to the proposal to pre-treat the bio-based materials before AD
under these conditions.

Regarding the degradation of PBS foil under mesophilic conditions
(PBSg3y), intense MP was noted until day 10, after which no further
changes in the amount of methane produced were observed. The
maximum cumulative MP was only 25.50 L/kg VS. The kinetic coeffi-
cient of MP based on the first-order equation was calculated to be 0.49 d°
! while the initial rate of MP was 12.7 L/ (kg VS d). The pieces of PBS3;
remained visibly present throughout the 100 days of observation
(Fig. 1). Pre-treatment before the mesophilic degradation of PBS-based
material (Pre-PBSsy) only slightly increased the cumulative MP to 29.3
L/kg VS. Moreover, the kinetic coefficient and the initial rate of MP
increased to 0.51 d"! and to 14.6 L/(kg VS d), respectively. Pieces of Pre-
PBS3; were visible in the inoculum for the 100-day experimental period,
similar to the untreated foils. However, progressive degradation of the
polymer had occurred, as indicated by the gradual thinning of the ma-
terial over the course of the process (see also the description of the
microscopic analyses). Under thermophilic conditions, MP from PBS
material (PBSs5) increase markedly. Pieces of foil were visible in the
inoculum during the 14 days of degradation, during which more than
87% of the cumulative MP was obtained. Although the material was not
visible in the inoculum, methane was still produced for the next 10 days,
and then the MP plateaued at 180 L/kg VS. In contrast, the amount of
methane produced by the Cel-based material was much higher.
Furthermore, regardless of the temperature conditions or the use of pre-
treatment, the Cel-based material was consistently visible for only 2
days of biodegradation. Under mesophilic conditions, during these 2
days, the cumulative MP from Cels; and Pre-Cels; reached 134 and 176
L/kg VS, respectively, which corresponded to 43% and 56% of the
maximal cumulative MP, respectively. The rest of the methane from
Cels; and Pre-Celsy was produced by 7-8 days and 5-6 days of mea-
surements, respectively under thermophilic conditions, MP reached 285
L/kg VS, corresponding to 90% of the total cumulative MP.

However, regardless of the conditions of biodegradation, the
maximum MP was 312-319 L/kg VS. Nevertheless, the applied condi-
tions did influence the kinetics of the process. The lowest kinetic coef-
ficient and the initial rate of MP were noted with Cels;, 0.44 d! and
137.3 L/(kg VS d), respectively. The pre-treatment increased the kinetic
coefficient and rate of MP from Pre-Cels; by 16 and 18%, respectively.
Under thermophilic conditions, maximum MP from Celss was attained
after 3-4 days, and the highest kinetics values were obtained (a kinetic
coefficient and initial rate of MP of 1.1 d’! and 350.9 L/(kg VS d),
respectively) (Fig. 1).

The authors’ previous studies showed that the biodegradation of bio-
based materials is not only affected by the temperature conditions, but
also by the type of polymer (i.e. starch, PLA) that is the main component
of the material. Moreover, among the various materials that were based
on the same type of polymer, e.g., PLA, differences in the degree/rate of
their biodegradation were also found.

For example, PLA- and starch-based foils showed negligible decay
under mesophilic conditions, produced minimal amounts of biogas, and
showed little structural damage after one year of degradation (Zabor-
owska et al., 2021a). Even under thermophilic conditions, methane was
produced with these materials to a limited extent and its amounts
constituted only 5% of the theoretical methane potential (TMP). More-
over, both foils lost their mechanical properties but were still visibly
intact after 100 days of degradation. Despite the use of pre-treatment,
increased surface damage and weakened mechanical properties of the
materials (loss of the mechanical properties in a time shorter than 50
days), their MP constituted only 8-10% of the TMP and the pieces of the
foils were still visible (Zaborowska et al., 2021b). However, another type
of PLA-based material (disposable cups) was completely degraded with
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high biogas production under anaerobic conditions, albeit in a time
frame that is unacceptable for a technical-scale AD. The cumulative
biogas production values achieved after 40 days (thermophilic condi-
tions) and 280 days (mesophilic conditions) were 849 L/kg VS and 558
L/kg VS, respectively (Bernat et al., 2021). Furthermore, the use of pre-
treatment techniques led to an increase in the rate of MP by almost 10%,
and a 1.3-fold reduction in the time needed for achieving the total cu-
mulative MP from PLA cups under thermophilic conditions (Zaborowska
et al., 2023).

The elemental compositions of the Cel-and PBS-based foils used in
this study were determined. The results were compared with those for
pure polymers (consisting only of one type of repeating unit, without
any modifications, and containing no additives, fillers, or other sub-
stances) and then used for the evaluation of TMP (Table 1). The Cel-
based material exhibited around 10% lower carbon content and
slightly higher hydrogen and oxygen contents than pure Cel. In contrast,
the carbon and hydrogen contents in the PBS-based material were
similar to those in the pure polymer. In comparison to pure polymers,
nitrogen was detected in both investigated foils, which could be attrib-
uted to the presence of additives increasing their usable properties that
could have been used in the foil manufacturing process.

Based on the elemental composition of the foils and pure polymers,
theoretical amounts of methane and carbon dioxide that could be ob-
tained through the complete conversion of organics to biogas were
calculated using O’Rourke’s equation (2) (Materials and methods sec-
tion). The molar composition of the biogas from one mole of material
was analysed to determine the CH4:CO3 ratio. The results showed that
the CH4:CO3 ratio in the biogas from both bio-based materials was
slightly higher than from the pure polymers.

The CH4:CO3 ratio in biogas from Cel-based materials was about 30%
lower than that from PBS-based materials (regardless of whether a pure
polymer or a polymer-based material was used), suggesting that PBS
may produce biogas with a higher methane content than cellulose. This
corresponds to the TMP value, which was lower in the case of Cel-based
materials (403-415 L/kg VS) than in the case of PBS-based materials
(586-596 L/kg VS). In the experimental measurements, the MP is lower
than the TMP (Zaborowska et al., 2021a, 2021b; Mu et al., 2021). This
was also confirmed in the present study. The experimentally determined
maximum cumulative MP from the Cel-based material constituted
75-77% of the TMP, which was much higher (311-319 L/kg VS,
regardless of the biodegradation conditions) than that from PBS-based
material obtained under thermophilic conditions (the highest achieved
MP). Even under thermophilic conditions, MP from PBS-based material
was about 180 L/kg VS and accounted for only 30% of the TMP
(Table 1). Although Cel-based products have gained increasing attention
as sustainable alternatives to conventional plastics, research on their
biodegradation is scarce. Moreover, the findings are inconsistent and
contradictory in terms of their biodegradability and indications of which
conditions, mesophilic or thermophilic, are favourable for their degra-
dation. This is because the biodegradability of Cel-based products is
affected by their detailed composition, including the cellulose de-
rivatives used in their manufacture. The results of Zhang et al. (2018)
confirmed this, as those authors studied the 65-day anaerobic meso-
philic degradation (using BMP tests) of Cel-based foils that were certi-
fied as compliant with the EN13432 composting standard and therefore
considered biodegradable. However, that study did not provide infor-
mation on the composition the Cel-based foils in terms of the use of
additives, such as, e.g., plasticisers and dyes. The following Cel-based
foils were used in their study: metallised, heat-sealable, high barrier
heat-sealable, non-heat-sealable film and cellulose diacetate foils. Four
of the five Cel-based foils produced 374-433 L/kg VS methane, indi-
cating a high degree of mesophilic biodegradation, expressed as solids
destruction (88.9-98.3%). However, the cellulose diacetate foil exhibi-
ted only 50 L CH4/kg VS, with a solids destruction of 10.3%. It should be
noted that the authors did not specify the time at which maximal MP was
found in the BMP tests, as was done in our study, where the maximal
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mesophilic MP of the Cel-based foil was reached within 10 days of
measurements. The longer the time needed to reach maximal MP from
the investigated material in the BMP tests, the lower the rate of its
biodegradation. Assuming that the time to reach maximal MP in the
study of Zhang et al. (2018) was around 65 days (total time of the
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experiment), this means that the Cel-based foils they examined were less
biodegradable than the Cel-based foil used in the present study.
Despite the use of a high temperature for anaerobic degradation,
Shrestha et al. (2020) reported incomplete degradation of Cel-based foil
(commercial packaging material) under thermophilic conditions.
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Fig. 2. Topography and microscopic images of PBS-based material (PBS), and these of the PBS-based material (untreated (PBSs;_100d) and pre-treated (Pre-
PBS37.100d)) collected after 100 days of mesophilic degradation, and collected after 14 days of thermophilic degradation (the last possible day of material sampling
under this conditions (PBSss_14d)), and the images of Cel-based material (Cel), and these of the Cel-based material (untreated (Cels;_2d) and pre-treated (Pre-
Celz;_2d)) collected after 2 days of mesophilic degradation, and collected after 2 days of thermophilic degradation (Celss_2d)), in case of Cel-based material, the 2nd

day was the last possible day of material sampling.
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During 21- and 35-day degradation, those authors measured the biogas
potential (BP) from Cel-based foil (three sizes of pieces: 1 x 1, 2 x 2 and
3 x 3 cm) using a gas displacement method for determining the biogas
volume. The BP values were 138-195 L/kg VS and 252-283 L/kg VS
after 21 and 35 days of measurement, respectively, with higher values
for smaller pieces of foil. The methane concentration in the biogas was
41-43% after 35 days. Based on the theoretical BP, the biodegradability
of the Cel-based foil was 9.0-12.7% and 16.3-18.3% after 21 and 35
days, respectively, indicating incomplete degradation. In contrast, in the
present study, under thermophilic conditions, the Cel-based foil was
completely degraded within a few days; the obtained MP was about 320
L/kg VS, which accounted for almost 80% of the TMP. The biodegra-
dation of PBS-based materials under anaerobic conditions has not been
extensively studied. One of the available studies is that of Dvorackova
et al. (2015). Those authors determined the degree of biodegradation
based on the relation of the amount of carbon released in the form of
CH4 and COx, to the theoretical amount of carbon in the dry matter of the
tested sample. They showed that, regardless of the form of PBS (thin or
thick foils, and powder), the material failed to decompose under mes-
ophilic anaerobic conditions (37 °C). Moreover, even under thermo-
philic (55 °C) conditions, degradation was incomplete. After 120 days,
the material degraded to a small extent, reaching 20-23% of the degree
of degradation for the powdered PBS and 10-18% of the degree of
degradation for PBS foils. The authors observed that assimilation by
microorganisms during biodegradation was mainly concentrated in the
amorphous region of the PBS.

3.2. Anaerobic biodegradation of Cel- and PBS-based materials based on
microscopic and surface analyses

As part of the study of the biodegradation of bioplastics under
anaerobic conditions, a microscopic analysis of changes in the bio-based
materials was carried out. Surface cracking, pitting or discolouration
may indicate that the surface of the bioplastic is being degraded by the
microorganisms. Biodegradation can lead to changes in the surface
structure, i.e., increased cracks or holes on the surface and an increase in
the roughness of the material (Zaborowska et al., 2021b). In the present
study, both of the foils were initially smooth and transparent. The
morphological changes in the materials’ structure before and after
degradation were studied and the results are shown in Fig. 2; micro-
scopic images of biofoils sampled more frequently are provided in the
Supplementary Materials (Figs. 1-3SM). The Cel-based pieces remained
visible in the anaerobic inoculum only during the first two days of the
test, when they broke easily and the formation of numerous microcracks
on their surface were noted. Analyses of the topography showed that the
surface of Pre-Cels; exhibited a high degree of heterogeneity, as evi-
denced by numerous valleys and hills. Pre-treatment methods are
commonly employed prior to anaerobic digestion to facilitate the
degradation of polymer chains into smaller, more easily digestible
molecules. However, pre-treatment can also alter the surface of the
material by changing the surface roughness due to its degradation. A
deepening of the valleys was observed in both Cels;_2d and Celss_2d,
indicating possible degradation of the material. The difference between
the highest peak and the deepest valley was about 33 ym and 49 pm for
the Celsy_2d and Celss_2d, respectively. This may indicate that Celss
degraded to a greater extent than Cels;.

In contrast to Cel-, the PBS-based material initially displayed a sur-
face topography with numerous peaks and valleys. During biodegrada-
tion, the PBS3; and Pre-PBS3; foils remained visible in the inoculum for
100 days, moreover, low MP took place for up to 10 days. On the con-
trary, under thermophilic conditions, the PBSs5 pieces were visible only
for 14 days. In these days, microscopic analysis revealed some cracks on
the surface of PBS-based pieces. A reduction in the sample thickness was
also observed.

However, topography analyses indicated that both pre-treated ma-
terials (Pre-PBS37_100d and Pre-Celsy_2d) had the most heterogeneous
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surfaces among all the analysed samples. Moreover, the degradation was
accompanied by a decrease in the number of surface peaks under both
mesophilic and thermophilic conditions, indicating a progressive
degradation of the material. The results of the present study are
consistent with those of previous ones, which have shown that the
biodegradation of PBS-based materials under anaerobic conditions is a
long-term process that remains incomplete even after 100 days of
degradation.

Boonmee et al. (2022) indicated that PBS-based bioplastic buried
under a mixture of landfill soil and fermented sludge did not completely
disintegrate even after a 90-day period of biodegradation at 61 °C under
oxygen-limited conditions, and fragile fragments were still found. In
addition, the surface of the samples became increasingly rough after this
period, and a few holes and cracks appeared. Dvorackova et al. (2015)
reported changes in the surface properties of PBS foil after 113 days of
thermophilic anaerobic biodegradation. Those authors noted the pres-
ence of deep cracks and holes on the surface and emphasized that the
degradation process affected not only the surface of the material but also
its interior. Similarly to the results from the present study concerning the
impact of pre-treatment on the improvement of anaerobic degradation
of PBS, Zaborowska et al. (2021b) found that alkaline pre-treatment,
even prior to thermophilic anaerobic degradation, did not improve the
disintegration process of different bio-based materials (PLA- and starch-
based foils). In that previous study, the only observed effect was an in-
crease in material weakness and brittleness, accompanied by a reduction
in surface roughness.

3.3. FTIR spectra of Cel- and PBS-based materials

After 100 days under mesophilic conditions (regardless of the use of
pre-treatment), after 14 days of thermophilic biodegradation of PBS, and
after 2 days of biodegradation of Cel (regardless of the temperature
conditions and the use of pre-treatment), neither the FTIR spectra of Cel
nor that of PBS showed a shift and formation of peaks during the
biodegradation test, as presented in Fig. 3. The FTIR spectrum of the Cel-
based material showed the characteristic bands reported in the literature
for cellulose (Abderrahim et al., 2015; Hospodarova et al., 2019). The
broad peak between 3500 and 2990 cm™! corresponded to stretching
hydroxyl groups and indicated intra- and intermolecular hydrogen
bonding in cellulose (Popescu et al., 2011). The band at 2891 cm !
corresponded to CH stretching vibration of hydrocarbons in poly-
saccharides. The peak 1644 cm™! indicated water absorption in cellu-
lose (Poletto et al., 2011). In the present study, the intensity of this peak
increased slightly after degradation. The peaks at 1367, 1314, 1020 and
895 cm™! corresponded to bending and stretching vibrations of —~CH,
—CH,, C-O and —OH bonds in cellulose units (Fackler et al., 2011). Ac-
cording to the literature, the band at 895 cm™' is indicative of the
amorphous region in cellulose and is characteristic for p-glycosidic
bonding between glucose units (Poletto et al., 2014).

Analysis of the FTIR spectrum of the PBS-based material revealed the
major functional groups of PBS previously reported in the literature
(Abderrahim et al., 2015). The peaks at 3000-2800 and 1329 cm !
corresponded to the asymmetric and symmetric stretching of the -CH—
groups. The intense peak at 1713 cm™! indicates the C = O stretching
vibration of the carbonyl group, which characterises the ester group in
PBS (Muthuraj, et al., 2015). This band can be attributed to the carbonyl
stretching of the crystalline domains of PBS (Dong et al., 2004). The
peaks between 1312 and 1150 em? corresponded to the C-O-C
stretching of the ester bonds. The band at 1045 indicated -O-C-C—
stretching vibrations (Phua et al., 2013). The peaks at 954 and 919 em !
correspond to -C-OH bending in the terminal carboxylic acid groups of
PBS (de Matos Costa et al., 2020). An absence of changes in the FTIR
spectrum of PBS material during biodegradation was also shown by
Boonmee et al. (2022) during a 90-day test under oxygen-limited con-
ditions at 61 °C.
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3.4. Anaerobic biodegradability of Cel- and PBS-based materials as evaluated by tensile tests, the results of which are shown in Fig. 4. Foils
indicated by changes in their mechanical properties lost their mechanical properties, which indicated progressive biodeg-
radation. Regarding the Cel -based foils, the tensile test could only be
The mechanical behaviour of the foils during anaerobic biodegra- carried out in the first two days of the experiment, regardless of tem-
dation, such as tensile strength and elongation at break (e), was perature and pre-treatment. After that, the material was not visible in
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the inoculum, thus precluding the strength test. The tensile strength of
Cel was about 75 MPa and decreased to about 70 MPa after pre-
treatment (Pre-Cel) of the material before degradation. Leppanen et al.
(2020) report that the tensile strength values of cellulose-based foils can
range from 120 MPa for cellophane to 8 MPa for cellulose acetate film.
In our study, after 12 h, a decrease in tensile strength was observed,
which was greatest (70%) in the foil degraded under thermophilic
conditions and lowest (8%) in the foil degraded under mesophilic con-
ditions. Finally (after 2 days), the tensile strength reached the lowest
value for Celss. The elongation at break (¢) of the Cel material was about
8% and did not change after pre-treatment (Pre-Cel). During the first 12
h of anaerobic degradation, a decrease in € of Pre-Cels; to about 1.6%
was observed, after this time, it remained unchanged. However, the € of
Celsy and Celss started to decrease from 12 h and reached a stable value
after 1 day of biodegradation. Finally (after 2 days), regardless of the
temperature conditions and the use of pre-treatment, the € was about
1.5%, which was 5.3 times lower than the initial value (Fig. 4).

In the present study, the tensile strength of PBS-based foil could be
measured up to the 35th day of anaerobic mesophilic degradation with
untreated and pre-treated foils. Under thermophilic conditions, mea-
surements were possible up to the 14th day of the test. After that, it was
no longer possible to insert foils into the measuring device. This means
that the PBS-based material was more resistant to biodegradation than
the Cel-based foil. The tensile strength of PBS-based material before
degradation was about 25 MPa and slightly decreased after pre-
treatment (Pre-PBS). Generally, the mechanical properties of PBS are
similar to those of aromatic or semi-aromatic polyesters, such as poly
(ethylene terephthalate) (PET) or poly(butylene terephthalate) (PBT));
tensile strength ranges from 25 to 35 MPa (Xu and Guo, 2010, Qi et al.
2019). During the first 9 days of biodegradation, regardless of the
temperature conditions and the use of pre-treatment, the tensile strength
of PBS foil decreased sharply to about 7-12 MPa. After this time, it
decreased more slowly. The last measurable value of tensile strength was
about 5 MPa. The ¢ of the PBS-based material was about 10%, which
corresponds to the value given in the literature for commercial PBS
(Phua et al., 2013, de Matos Costa et al., 2020). For Pre-PBS, the ¢
decreased to about 7%. Similar to the tensile strength, the ¢ decreased
sharply during the first 9 days of degradation. At this time the greatest
decrease, of 4.7-fold, was noted for Pre-PBS37, and the smallest one, of
5.01-fold, for PBSss. From the 9th day, only small changes were
observed. Similarly, Zaborowska et al. (2021b) observed a decrease in
the mechanical properties of starch- and PLA-based materials during
anaerobic thermophilic degradation. The authors found that alkaline
pre-treatment shortened the time in which measurements of mechanical
properties were possible; however, it should be emphasized that the
tested material did not disintegrate during the 100 days of the test. In the
present study, it was possible to determine the mechanical properties
during the same time regardless of whether the pre-treatment was used
or not.

Results concerning the changes in mechanical properties of bio-
plastics during biodegradation under anaerobic conditions are scarce.
Most studies are conducted under aerobic conditions. For example,
Mastalygina et al. (2023) degraded bio-based Cel foils (cellophane) in an
open-air soil test. The tensile strength and the ¢ of the material were 90.3
+ 3.8 MPa and 11 + 1%, respectively, which was similar to the values of
the Cel-based foil used in the present study. However, the material lost
its integrity in a very short time and degraded completely after 3
months, and thus the authors could not determine changes in its me-
chanical properties. In another study, Liu et al. (2022) degraded PBS-
based material and its copolymers in seawater. They reported a 2-fold
decrease in the tensile strength during 250 days. Furthermore, the au-
thors indicated that seawater had a stronger effect on the € than on the
tensile strength. This effect was also observed in the present study with
PBS material. Puchalski et al. (2018) found that, during composting, the
tensile strength and e of PBS-based material decreased from 34.8 MPa to
12.7 MPa and from 321.8% to 1.7%, respectively, indicating a strong
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decrease in the elasticity of the materials.
4. Conclusions

Although there is increasing interest in new bio-based products that
have appeared on the market (labeled as biodegradable), there are still
some contradictory results about their actual biodegradability. Howev-
er, for effective waste management, it is crucial to determine the
biodegradability of these products, which was done in this study for the
tested bio-based materials. The results revealed important differences in
their actual biodegradability under anaerobic conditions, indicating
that, in some cases, there are significant limitations to using AD for final
management.

Cel-based foil produced a large amount of methane (about 310-320
L/kg VS) and degraded rapidly regardless of the temperature conditions
and the use of pre-treatment. During mesophilic and thermophilic
degradation, fragments were visible for only two days. In contrast, under
mesophilic conditions, the PBS-based material degraded slower and
produced a much smaller amount of methane (12 times less than the Cel-
based foil). Untreated and pre-treated PBS lost their mechanical prop-
erties within 35 days, but the pieces were still visible even after 100
days. Under thermophilic conditions, MP increased to 180.2 L/kg VS,
indicating an increase in the degradability of PBS. The pieces were
visible for only 14 days, and during this time the material lost its me-
chanical properties. In conclusion, Cel-based material can be effectively
treated under anaerobic conditions. Further studies should focus on the
challenge of determining if the residues of bioplastics (microbioplastics)
are present in digestate.
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