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Abstract

The worldwide market of bioplastic products, both film (e.g. biobags) and rigid (e.g.
cutleries, dishes, coffee capsules), underwent a significative increase in the last decade
Bioplastics have been considered a suitable alternative to conventional plastics for thei
cleaner life cycle. They can derive from renewable resourcesedndithettreat

organic waste, to become compost and enter in the chain of foodeafithagricultur

they are posedwasuous example of circular economy. Compostable bioplastics,
meaning those materials certified to be treatable in aerobic antblagariobic b
processes, should be collected with the organic waste and conferred to aerobic
compostingossibly precededahgerobic digestion. However, some issues have risen

in the last years about bioplastic waste management in the industral ttheatments f
organic waste. In fact, the conditions set during the tests for standard certifications can
largely differ from those of the biological industrial aerobic and anaerobic plants, referring
to temperature, humidity and times of the processes.

This remarch aims to stress the effect of the operative conditions on bioplastics
degradation, particularly in aerobic compostingdft@tathe observation of the

industrial composting plants in Italy and Europe to carry out lab scale tests with various
operative conditions, and degdlbynergic approatimethodologits monitor

their effect on the degradation of-Bl@tempolybutylene adipageepthdate,

polylactic acid and polyethylene. The study ecbddiéeent aspect of the
degradatiomcluding chemical and physical analyses to assess the level of deterioration
at different times of the tests, and microbiological analyses to investigate how the bacteria
community can become more specialized in degrading polymers.

The obtained results disclosed that some critical operative conditions cannot ensure &
complete degradation of the complex biogastigse issue of microplastics release

as part of compost in soil and definitively in water environmentslabhscefere,

tests were carried out in saidfresh and saltwater, to explore the behaviour of
bioplastic residues derived from incomplete degradation in composting. Unfortunately,
it was demonstrated that the outside conditions are not favberdblrddation

process to continue. Finally, it was stressed an important question related to microplastics
monitoring in compost and sludge, derived from both aerobic and anaerobic biological
treatmentd.he current legislats@tathresholdizeof 2 nm for plastics quantification

in these matrices, basically for a lack of a standardized protocol allowing to identify and
recover items smaller than this size. Therefore, an extraction method was tested on
microplastics derived from both conventioieal gataksbioplastics, with the objective

to make a step more towhedsapability to properly monitor and charectepast

and sludge quality.



Il mercato mondialelle bioplastiche, sia prodditimn(essacchetti per la raccolta

dei rifiu) che rigidi (eposate, piatti, capspée ilcaffe), ha subito significativo
aumento nell'ultimo decennio. Le bioplastidhéatimmumsiderate un'alterngiva
sostenibile rispedite plastictedizionaln quanto possono essere @dadoisorse
rinnovabile trattaé con i rifiuti organici, per divenpai€ompost ed entrare nella

filiera agroalimentdrequesto modo si pongonowoesempio virtuoso di economia
circolareln particolaree Ibioplastiche compostabili, ovverangteriali certificati

come degradabili nei trattantbéwitigici aerobici e anaerobici, dovrebbero essere
raccolti con i rifiuti organici e conferiti a compostaggio o digestione anaerobica. Tuttavia,
negli ultimi anni sono sorte alcune problemédigestsane dei rifuai bioplastica

nei trattamenti industriali. Infatti, le condiezitest per le certificazioni starddard
compostabilipssono differire ampiamente da quelle degli impianti industriali aerobici
e anaerobian termini diemperatura, umidita e tempracess

La ricerca esposta nella tesi ha lo scopo di itwketigandla degradazione delle
bioplasticlaelle condizioni operdiiehe degli impianti industmaparticolae|
compostaggio aerobBbé sviluppata a pada#'osservazione degli impianti di
compostaggio industriale in Italia e in paragettuare prove su scala di laboratorio
con diverse condizioni operatheejrapostato approccio sinerglcmetodologie

per monitorare effdtt® sulla degradazioneMdterBi®, polibutileneadipato
terefdao, acido polilattico e polietilene. Lo $tadionsideradversi aspetti della
degradazione comprese analisi chimiche e fisiche per vialutadetéitoeamento

in diversi momenti dei,testnalisi microbiologiche per indagare su come la comunita
batterica puo specializzarsi nella degradazione dei polimeri.

| risultati ottenittianno rivelathie alcune condizioni opemiigatiche nopossono
garantirana completa degradadieliebioplastiche complesse, sollevando il problema
delle microplastiche presahtcompost del loro percorso sabloagricolo agli
ambienti acquatici. Pertanto, sono stati effettuati test su satlaogolahomlo,

sabbia, acqua dolce e salata, per esplorare il comportamento dei residui di bioplastica
derivatdalla degradazione incompleta nel compostagi@nrdimostrato che le
condizioni esterne non sono favorevoli al proseguipnecéssizldegradazione

Infine, é stataffrontataun'importante questione relativa al monitoraggio delle
microplastiche in compost e fanghi,idixivedttamenti biologici sia aerobici che
anaerobici. La normativa vigente ha fissato unansoiglisore2 mm per la
quantificazione della plastica in queste imajueinto non esiste puotocollo
standardizzato che consenta di identificare e fesmnpeeatdi dimensioni inferiori

a questa. Pertanto, € stato testato un metodo di @stnaiziopdastiche derivate sia

da plastiché&radizionaleche da bioplastiche, con [I'obiettivperdeguirain
miglioramento della qualita del compost e dei fanghi.



Le marché mondial des bioplastiques, qu'il s'agisse de films (par exemple sacs pour |
collecte des déchets) et de produits rigides (par exemple couverts, assiettes, capsules c
café), a connu une augmentation significative au cours de la derniére décennie. Les
bioplastiques sont en effet considérés comme une alternative plus stiqaéte aux pla
traditionnels car ils peuvent étre produits a partir de ressources renouvelables et traités
avec des déchets organiques, pour ensuite devenir du compost et entrer dans la chair
agroalimentaire. De cette maniere, ils constituent un exempld'écenoeoie

circulaire. En particulier, les bioplastiques compostabldise destmatériaux

certifiés dégradables dans les traitements biologiques aérobies et anaérobies, devraie
étre collectés avec les déchets organiques et envoyés aolcanpatigestion

anaérobie. Cependant, ces dernieres années, certains problemes sont apparus concern:
la gestion des déchets bioplastiques dans les traitements industriels. En fait, les conditior
de test pour les certifications standard de cotépostitit différer largement de

celles des installations industrielles aérobies et anaérobies, en termes de température
d'humidité et de temps de traitement.

Les recherches présentées dans la thése visent a étudier l'effet sur la dégradation di
bioplagfues des conditions de fonctionnement typiques des installations industrielles, en
particulier du compostage aérobstdéveloppa partir de l'observation d'usines de
compostage industriel en Italie et en Europe, pour réaliser des ess@isieadaborato
différentes conditions de fonctionnemeentj®eh place une approche synergique de
méthodologies pour suivre leur effet sur la dégradatiorBi Malidyutylene

adipate téréphtalate, acide polylactique et polyéthylereecdnéidadeplusieurs

aspects de la dégradation, y compris des analyses chimiques et physiques pour évaluet
niveau de détérioration a différents moments des tests et des analyses microbiologique
pour étudier comment la communauté bactérienne peut sessdaiaépadation

des polymeéres.

Les résultats obteonigé\eléque certaines conditions d'exploitation plus critiques ne
peuvent garantir une dégradation compléte des bioplastiques complexes, soulevant le
probléme des microplastiques présentsatapsdeat de leur cheminement du sol

agricole vers les milieux aquatiques. Par conséquent, des tests a I'échelle du laboratoir
avec du sol, du sable, de l'eau douce et salée ont été réalisés pour explorer le
comportement des résidus bioplastiqgues dasnétatégradation incompléete lors du
compostage. Des tests ont montré que les conditions extérieures ne sont pas propices
la poursuite du processus de dégradation. Enfin, une question importante a été abordé
concernant la surveillance des micnoptadags le compost et les boues, issus de
traitements biologiques aérobies et anaérobies. La |égislation actuelle a fixé un seuil d'a
moins 2 mm pour la quantification du plastique dans ces matrices, car il n'existe pas de
protocole normalisé permelttdantification et la récupération de fragments plus petits

gue cela. Par conséquent, une méthode d'extraction a été testée sur des microplastique
dérivés a la fois de plastiques traditionnels et de bioplastiques, dans le but de faire un p:s
de plus vefamélioration de la qualité du compost et des boues.
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Chapter 1

1 Background and aim of the PhD activity

Plastic litter (eith@rmacreor micrescale) is a major global environmental problem,
however the real scale of the problem, and the ultimate fate of plaspcspéeriyot
known Plastics can age and degraaecruplastica, term which indicates iteins
sizebetween 5 mm andub), under various environmental conditions afigatill

both waters and s@lsruti and Kutralktuniaamy, 2039hompson et al., 2004)

In order to reduce the amount of plastic waste aabgmieonmental impact of

plastics, there is a drive towards using bidplasftiean Bioplastics agency classified
bioplastics in three categories: biodegradable and produced form renewable resource,
biodegradable and produced fromemewable @srces, nebiodegradable but

produced from renewable reso{Megeancic et al., 202Bjpowever, the term of
biodegradability requires specifications about environmental conditions which ensure a
complete deterioration of the mateenkrally, biodegradable bioplastaisediezl|

as compostable in accordance with EN 13432:2006temattienatandards
Compostabl@oplasticaere borrio be manageahd disposedvath the organic

fractionof municipal solid wasBASW) in biologicaherobic and anaerobic
treamentsHowever, concerning the fate of compostable bioplastics, the present thesis
ismainlyfocused on aerobic composting treatment. Indeed, it was evaluated that in Italy
3.3 Mt of organic was treated in 281 Italian composting plants, in 2019. The amount
corresponds to more than 50%@F¥SWjeneratedSPRA, 201Moreover, the

wide variability of process conditions hdsulsstbout the bioplastics degradation

in composting. This issoae of the main driving forces of the preserirtladgis.

in anaerobic digesbaplastics are preferentially removedneapreents. In fact,
theycaustydraulic problems in putihgislead/aste to the digestor. Moreover, their

density, lower than sludge, makes them float on digestor surfacee gradatiting

to occur. lsombined anaerobic and aerobic treatments, bioplastingcdndeel

in the aerobtmmpostinghaseTherefore, aerobic composting resulted a treatment of
majolinteresto implement experimental studies about bioplastics degradation.

Composprodicedht the enafcompostingrocesisan organic soil improvement agent

(or amendanthat finds a usage in agriculfinereforat allows compostable

bioplastics to be properly recycled in the perspective of a circular economy and to be part
of a stiginable agricultural sygfdrareChavez et al., 2012pwever, to provide

a safe use of compost, it is necessary to etegnadtteand stabilization of the

organic waste, together with the removal of potential pddatpreéz and Soto,

2017.

To this purpose, three aspects are stressed by standards about bioplastics compostabili
(ultimate) biodegradability, disintegration and compdShaqetlia). 2008.ucas

et al. 2008Jji) Biodegradability includes those and abiotic conditions leading firstly

to hydrolysis of the complex biopolymers and then to assimilation by microorganisms,
thus modifying them up to biomass and simple metaboli@i pisinttgration is

1



Chapter 1

the physical falling apart of tegiahanto small fragméotmventionally smaller than

2 mm) (iii) Gompost quality, also called spfetydes information about the impact
of the tested material on cultivated(éagpdseduction of the agronomic value and
presence of eimxicologal effects on the growth of plants).

In accordance with the international standards, these features are tested as follows: (i)
biodegradability is determined by measuring the actual metabolic conversion of the
compostable material into carbon dibkedacceptance level is 90% of conversion,

which must be reached in less than 6 Tnthadamental chemical re#adibn

qualitatively describes the process takidgriplgaerobicomposting is presented

below.

6'Qéhdd)i06'w&bi&)i'§2é o i
O 00 ™00 0LQW Q¢ awi bW AIQABRERXWO Qi
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(i) Disintegrability is measured after sieving fresidaes monthemposting test

with a 2 mm sieve. The residues of test material with dimensions higher than 2 mm are
considered as not having disintegrated. This fraction must be less than 10% of the initial
masslhe undersieve is considered analogous tq(iiprpsshce of negaeffects

on the composting process, low levels of heavy metals (below the predefined maximum
values), and absence of negative effects on the quality of the compost are evaluated with
a plant growth test (OECD test 208). There mustabsticallygsiificandifference

from control compost. Other chepfigsical parameters that must not be different

from those of the control compost after the degradaitipsadisity, volatile solids,

N, P, Mg, K. Each of these requirements must be mebsshuftara material to be

defined as compostable.

The degradation of compostable bioplastics includes several steps and the process can stop
at each staffeelnont, 2005) The biopolymer is a complex material which cannot
directlyenter the bacterial cell walls: biodeterioration is the first step occurring, which
ensures the fragmentation of the material into a millimetre structure and the appearance
of crackand fissures. Bioplastics present weakness, diseaobsratiosigns and

polymer splittif@uo and Wang, 20I®)en, due to its easier biadagte potential

and its tiny structure, the second step can occur: the depolymerization will generate a
mixture of oligomers and monomers. The energy for the scission of the chemical bonds
during this step may have different origins. In fact, a earhlaipiatic and biotic

factors contribute in both biodeterioration and depolymerizgtionastegtsal.,

2008)

The main abiotic factors are mechanical, physical and chemical. Mechanical factors (e.qg.
stresses, weathering), cause damages, sometimes visible at microscopic level more than
maroscopicallAs physical factor, temperaanmecause partial melting of a material

and a change in the disorganization of chains, facilitating the further accessibility to
chemical and biological degradation et al., 20Q8)loreover, among the chemical

2
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factors, oxygen is the most powerful agent to induce degradation of the material by
attacking covalent bonds and producing free radicals. Water splits polymers containing
hydrolysable covalent bondsgiotgps of ethers, esters, anhydride and so forth.
Oxidative and hydrolytic degradations are more easily performed within disorganised
molecular regions (amorphous). Finally, UV irradiation which generally causes different
levels of chemical weatherirgpendence on the environ{@antt al., 2018)

Considering the biotic factors, microbial species can adhere to polymer surface due to the
secretion of an adhesive glue which is a complex matrix made oepdayshccharid
proteins. The bacterial aggregahim is attached to the polymer surface through this
matrix is visible with SEM and often referred to as a biofilm. It can produce disruption
and erosion of the polymeric surface, but also infiltraté&s o p@es increasing

their size and weakening the mechanical strength of tiiBopbigmere et al.,

2003) An important role in the biotic degradation is played by thsyetistined

by microorganisms. They are responsible for the breakdown of specific bonds in a
polymer(Pelmont, 2005)n literature some authors adopt a radarenalith the
abbreviate name of t he (Lpcasleyam@008)f ol | owe d
The oligomers and monomers generated from the previous steps go through the cellulat
membranes and are integrated inside the microbial medalecbboth assimilative

and dissimilative procggseproduce energgdnew biomas3hen,simple and

complex metabolites may be excreted and reach the extracellula(Suaousalings

2019)

Therefore, bioplastics degradation is complex and londotocelssgely enhanced

by suitablenvionmentatonditions afompostingrocessinternational standards

provide specific conditions under which degradatiarsttestarried out: high
temperature (58+2°C) over {bnig me s  sdaya (Jeasd h(n@ditysnot lower

than 550%.

These calitions unfortunately do not strictly represent the highly variable conditions of
industriatompostinglantsin these lattethermophilic phase is expected to last a
minimum of 180dat 5660°C However, the new EU Regulation 2019/1009 reported
thathygienizatios ensured providing one of the following alternatives: 70°C for 3 days,
65°C for 5 days, 60°C for 7 days or 55°C for(Thel&gopean Parliament and the

Council of the European Union et al., ZB&8fore, it is possible that some industrial

plants h& a very short thermophilic phBseing compost maturation, the
decomposiin declines to a slow and steady pace at temperatures <40°C, with synthesis
of humic substan(esropean Bioplastics, 2009he endof the treatment, final

compost qualitpus comply with theequired values of monitoring parameters
(Legislative Decrég 2010 Annex)I(Corsorzio Italiano Compostatori, 2017)

Most of the reseastindies dmioplastics degradatiave been carried ostandard
conditiongenerally at lab s@@maadian et al., 20TH)erefore, there isubstantial

lack of knowledge about bioplastics fate in variable temperature and humidity conditions
of industrial plants.
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This issue is of great concern because the market of bioplasacsiyascssgsiéd

in the last decade, and it is foreseen to furtherly increase of 20% in five years (European
Bioplastics, 2019). Consolidated products in bioplastic films, such as biobags for shopping
and waste collection, are available in the supantiadm@taonly used by population.

In some countries, compostable bioplastic bags have become the main kind of shopper
andbags fogarbageollection for example, in Italy biobags are imposed by the
Government for organic waste collection since 20hninthew 123/2017).

Moreover, the strict limitations promised in the near future about the usage of single use
plastic products and plastic padagiogean Commission, 28d8javouring the

change towards the usage of compostable bioplastics also for this kind of products
(Peelman et al., 2013)

If the degradation process remains incomplete, some bioplasticmesidplestics

are likely to be released into the envirartii@obmpostThe fate and the time scale

of degradation of mitastics deriving from bioplastics are mostly (Akvenen

Chéavez et al. 20 Emadian et al., 2Q1tAus making them potentially hazaslous

well asnicroplastics fraranventionpblymes.

Other soursef microplastiese pretreatmerstin anaerobic digestfmocessAs

previously mentioned, laistics are preferentially removed before entering digestors.
Pretreatments generally cons$isiewing and/or shreddimdnich can generate
microplastic¥hese items derive both from bioplastic products cr/émtional

plastic bagshich sometés continue to be incorrectly conferr€-s8WWwWhile

microplastics from bioplastics have tbe tohdegrade or partially degrade during
digestiormgonventionaticroplastics will directly end up irsliiigie

In the last decade, microplastiarime and freshwater environhamdecome of

great concer®n the contrary, microplastics in simdgeompoate stilpboorly
investigated, with a conseétpenof standard methods for samplings, identification and
guantification in these matrices.

Thepresent thesis aimsnjarove the background about bigphestegemefitpm

waste degradatwith the organic fractitoresidueseleasato theenvironment as

part of compost.

In particular, it deals with three bioplastic typesylBwylulipateTerghthdate
(PBAT), MateBi® and Polylactic Acid (PLA). The materials are widely discussed
through the thesis, butlieleprovided a chemist@aicture of each material (Figure
1.1). It is fair to mention that MAi®ris a commercial product made of starch and
PBAT, and it has different percenfatpe two compounds in accordandéevith
needs to producefihal itemdnthis workit isconsidered Ma&i® materialhich

is employed to prodba¥ags for waste collechimieed, it the most common use

of the materjah particulan the Italian market.
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Mater-Bi®
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Figurel.1 Chemical structure of the tested materials considered in this-B®kPMatEtBAT.

Chapter 2 opehg thesis with a reviéiae studies of the last two detealey) with

bioplastics degradation are expbseain of the review is to provide a comparison
between different studies, in terms of methodologies for degradation monitoring,
reference standard tests, as well as thermophilic andperatighitonditiombis

literature review rises some impguastiong\re theoperative conditioesjuired

by standard tests for compostability assepsasentative of industrial composting?

Thus, Wwich is the influencetemperature and length of composting phases on
bioplastics degradatioHave ioplascs thickness and typolegy influence on
degradation, t®o Moreover,is it possible to develop a synergic approach of
methodologies to broadly monitor many important aspects of degradation?

Chapter 3 starts from these questions to develop exgteidieentdloth film and

rigid bioplastics commonly used inQtaehposting process is simulated at lab scale,
under ten different operative condifioagxperimental research aims: (i) to develop

a synergic approach of monitoring methodologgditedhoughouthe thesis. (ii)

to study the influence of temperature, humidity and thermophilic ptwase length
bioplastics degradation. (iii) to elaborate a kinetic study which allows to foresee the
degradation time required under different capgaoaditions, for both film and rigid
bioplasticiHowever, this chapter leaves some questions open: which role does the
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microbial community play in degrading bioplastics? Will degradation continue in the
environment, if some residues are released esrppoist?

Chapter 4 expands the experimental research to a wider variety of bioplastics, including
throughouhe study alsoanventionplasti@sabenchmarkhe operative conditions

of thelabscaldestare based :ofi) the results of the previous studiiatic

composting conditions of industrial plants in Europe.

First, theexperimental study in this chapter examines the chemical and physical aspects
of bioplastics degradation with the previously developedagyraagh of
methodologieShen,it goes in deeboutthe microbial community colonizing
bioplastics in compostMgrobial communisgructure, studieglith 16S rRNA
metagenomic analyisisexamined in the different tested plastics and during both
thermophilic amdaturatiophassof composting. The interesting results of the analysis
would open new perspective for bioaugmentation in corbpyststrdégraitg

species.

Finallyjt is tested the degradation in soil and water enswobioy@astic residues
incompletely degraded during the compostiAgaiestthe synergic approach of
monitoring methodologies is applied.

Bioplastic residues tested in this chapter have the size of macroplastics. But it is fair to
highlight thatisamicroplastics monitoringuld be requd¢o preserve the compost

quality.ls the current regulation about compost quality too less precautionary about
microplastics? Amgcroplastics, smaller than the threshold of 2 mm, effectively
assimilable to compds$t® current lack of a standardized method for microplastics
recovery in organic fertilizers, both compost and sludge, can be overcome? The last
chapters deal with these issues.

Chapter 5 presents a brief review about methodologies to recover and identify
microplastics in solid heterogeneous matrices.

Chapter 6 is focused on the fate oflasttcwemerived from film bioplastics, both in
sludge and in compost, aiming to provide further knowledge about their characterization
and quantification in thesgaes.

A scheme of the thesis structure is reported in Zigine scheme shows the
University where each experimental part of the thesis was carried sperihdeed,
most of my jouthD at University of Firekaeulty of Engineeribgpartment of

Civil and Environmental Engineering. | stayed 6 mon#rsigt ffvions, Faculty

of Scienc®epartment of Proteomics and Microbandgyhad also the opportunity
to spend 3 months at Imperial College,feancidty of Engineering, Department of
Materials
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2 Methodologies to assess bioplasticglegradation
during aerobic composting and anaerobicdigestion:
a review

Abstract

Biopasticsare emerging on the market as sustainable materials which welcome the
challenge to improve theclitde of plasticshe perspective of circular ecofitray

reviewaims at providiagritical insigbta series of research studies carried out in the

last twenty years on the degradation of bioplastics undsyngsrstingnd
anaerobidigestionconditions It maity focuses on the variand different
methodologieghichhave been proposed and developed to monitor the process of
degradatioof several bioplastic mate@@lsand Ckimeasurements, mass loss and
disintegration degree, spectroscopy, visuabadatgsisning electron micyascop
Moreoveronsidering a wide range of sthdmecessonditions of the experimental

setup, such as temperature, test duration and waste composition, often vary from author
to author and in accordance witintémentional standard followEle different

approaches, in termprotessonditions and monitoring methodolgigminted

out in the review and stressed taidinificative correlations between the results
obtained and teeperimental procedurdesé observed correlations allow to reach

critical considerations about the efficiency of the methodologies and the influence of the
mairabiotic factors on the process of biogéagadstion

This chapteris published in Waste Managemen& Researchas:

F. Ruggerdr. Gori, C. Lubello (2019) Methodologies to assess biodegradation of
bioplastics during aerobic composting and anaerobic digestion: A review. Waste
Management & Reseafch 37(10) 99975 Doi 10.1177/07342429854127 .


https://doi.org/10.1177/0734242X1
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Introduction

Over the last decades the market assisted to a continuous evolution, due to the role of
different kinds of materials within the domains of pr@sectioming glass, wood,

ceramic and metal, plastic became a fundamental material to the progression of our man
made environméikarana, 201 Blastics assess their predominance on the market with
360million tonnes produced irv20 this amount is forecast to double over the next

twenty years. Consequently ropE@5.8 million tonnes of plastic waste are generated

every year, 59% of which is paciagiadian et al., 20IN9owaayshe demand for

recycled plastics is very low. Data from Eurostat reported just 6% of kecycled plasti
demand in Europe, therefbtiee enaf life plastics are mainly incinerated or landfilled,

31% and 39% respectivelyA Eur opean Strategy for Pl asti
2018) Plastics disposal has an important impact on the environment, accounting
approximately 400 million tonnes gieC@ear relemkinto the environment, related

to plastic production chain from cradle to end of life. Moreover, up to 4% of global
plastics produced ends up in the oceandaoddseaBur opean Strategy for
Circul ar E pasingamgl knownZigk 1o&hg marine environment but also

to the safety of arilsrand humans. The ingestion of plastics by marine animals results
both in toxicity risks for them and in bioaccumulation of the material in the food chain
(Pathak et al. 20D4&in and Tiwari 20Mosafa and Tayeb 20IH)us, in the

collective imagination severe reactions and criticisms on environmental impacts of plastics
have been risen since the beginning of the last thr¢éndbeagles al. 1995)

such a point of global development in which resources are ever more consumed and waste
increased worldwide, rethinking plastic production, use and dispasgies fok

sustainable product develogPraaht 201 Lrabbé et al. 20R3beiro et al. 2008)

In the perspective of circular economy, wastes and resources could rebalance themselves
by recovering wastes as resources after proper tidanedy. challenge in the

plastic market is to increase the possibilities for material recoverggingsnencour

only the demand for recycled plastics, but also considering possible alternatives to
plastics, with similar features and uses but a etgatesr life

Deriving from renewable resources and ending in the organic fraction of municipal solid
wastgBrockhaus et al., 20b)plastics were created with the objective to welcome

this challenge and to emerge oratket as an environmefrieltglly and sustainable
materialConsideringpmpostable bioplastiesfollowingre pretty commatarch

based materiéiiRe et al., 2013polylactic acid or polylactide (Riditle et al.,

2013) polyhydroxyalkanoates (PHA), bioplstelygroxybutyrates (PHBjaiza et

al., 2013)starch ls@d MateBi® (MB)(Bastioli, 1998polycaprolactone (PCL),
polybutylene succinate (RBS3) et al., 201&hd PBA{Byun and Kim, 2018pt

to be confused with bioplastics, they exist some synthetic polymers €ontaining pro
oxidant compounds and are known with the nardegfadable plastics (Sivan,
2011)These plastics have been found to offer no proven environmental advantage over

10
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convenbnal plastics, while they just fragment into microplastics without biological
degradation.

Commomproducts in bioplastic films, such as biobags for shopping and waste collection,
are available in the supermarietargely adopdpopulation. In &duh, new

perspective for rigid bioplastics are appearing on the market, acpackaggtpod

single usishes and cutleries, stationary p(&dattsan et al., 2013)

The review presents a summary of research at lab andapilietdscatds assess the

fate of bioplastics durasyobiccompostingnd anaerobdigestion treatments.
Concerning tleespecific environmental conditiaaprovidd an overview of the
methodologies developed and used by different authors to monitor and measure
bioplasticdegradatioenerallyin the same study two or more methodologies are
applied to measure biopladieggadatipnand several authors use the same
methodologies but under different process cofditiempurpose, the review aims

on the one hand at comparing the reshésé#ficdency of the different methodologies,

and on the other at providiogtical discussion of the factors which mainly affect the
degradatioof bioplastic materiatgler aerobic composting and anaerobic digestion
conditions

Degradation of bioplastics under aerobiccomposting and
anaerobicdigestion conditions

The increasing production of bioplastics and their promising uses onvbhe market, ha
moved researchers to a scientific interest towards the dvaplatitanlegradation

under pycessonditiongsed durirthe treatments for the organic fraction of municipal
solid waste. Studies were carried out mostly in accordance with standecds (e.g.
Society for Testing and Mat@Bi8J International Organization for Standandizati

(1ISQ European Standa(dsl), which provide indications alkoutronmental
conditiondjmings and scales of the tests. The result is a series of analyses mainly at lab
scale, which consider different durations of simulation for waste weedhigpés se

of bioplastics, various thickn@ssssyare films and finally different temperatures

The combination of these conditions gn#adyces the result of bioplastics
degradation

Aerobicompostingonditions

In aerobicompostingvhich consists on oxygen consumption and gaseouS®!

released (Awashti et al., 2@&4ation is required to provide a suffinmumt dD,,

for the oxidation of organic ma{&fren et al., 2015nd to evaporate excess
humidity(Petric and Selirdp2008) To ensure an adequate aeration of compost
feedstock, different turning regimes were used by different authors under forced or
natural aeratidiatano et al. 2Q1Gnwosi et al. 201Moreover, conventional

11
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composting parameters (tempetatnglity pH, C/N, volatile solid$juang and

Wong 20Q4Hachicha et al. 208@+lan et al. 201,6)eremonitored during the
procesfGetahun et al., 2012)the same way, to simulate composting and to comply

with the standard requirements for aeration and monitoring parameters, generally the
authors reported the valt@sgraationobtained during the tests on bioplastics, either

at lab scale or pilot scale. To telgigrezlatiaf bioplastics under aebigosting

conditions, different standardized equipment have been used in reseBabttestudies. In

2.1. Internationadtandards which deal with plastics and bioplastics degradation are
summarized. On the one hand, the scope of ISO 20200, ISO 16929, EN 14806 and EN
14045sthe determination of the disintegdatipaeuring compostir@n the other

hand, ISO 148%5an ISO 14858, and ASTM D5338 aim at deterraisotbe

ultimate aerobic biodegradability of duertattriah compostinlyloreover ENSO

14851 is used to assess aerobic biodegradadjitgonsedium with an inoculum
fromactivatedludgeracomposso far this latter aspect has been investigated much less
with respect to the degradation during aerobic cor8postiragithors carried out

research following the procedures and analyses provided by these standards, while others
donotcomplwith ayspecific protocol. The main differences in the conditions required

by the above mentioned standards to carry out the tests, involve temperature, duration
and scale of the simulation, and composition of the matrix to which the test material is
expeed. Keeping an almost cohstanndityof 5055%, tests present either a single
constant thermophilic phase, with a range of tempera@6r€ pbb68vo phases
thermophilic and second mesophilic. Durigttinatiorphaseinder mesophilic

conditiog the composting matrix progressively cools down to ambient temperature.
Moreoverthe tests cover a minimum df 30k also a longer period, from 90 to 180

d, even though none of the considered studies extafesinliBQion. In addition to
theseariables, the scale of the test can contribute to a substantial variation of the results.
Lab scale tests cover a range of size from a hundre(Matbartti@dageotte et

al., 2006%o few litrel) flasks. Pilot scale starts from a 35 | reactor as in ISO 16929, up

to 140 | in EN 14045: however, without complying with a specific standard, Mohee et
al. (2008) developed a simulation in a composting ves@dbbeaad hl., 2008)

while Kale et al. (2007) used piles of 3 nikedeght al., 2007Finally, the matrix

of the test can be cosepdyy wet synthetic waste, meaning a mixture of compost, rabbit
food, sugar, urea, corn oil and sawdust, by mature compost two or three months old, in
a 6:1 ratio with bioplastic material, or by real food and green wag®@, inidable
presented awerview of the studies considered in the review, reporting the conditions

of each test. As it will be described in the next paragraph, the conditions of the reported
studies can have a great influetexgradaticof the test material.

12
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Table2.1 Standards agse$soplastiadegradation under aerobic composting conditions

Standard

Brief description and aim

Environmental conditions

ISO 20200

Test method to determine the disintec
degree oplastic materials in compos
Test requires the use of a standal
homogeneous synthetic solid waste
reactor). The test dnesim at determinir
the biodegradability.

Two series phases.
Thermophiliphaseb8+2°C for
a maximum of @0 Mesophilic
period: 25+2°C for a maximi
of 90d.

Minimum test perioddl5

ISO 16929

Test method used to determine the de
disintegration of plastic materials in :
scale (min. 35 ) aerobic composting !
cannot be used to determiaea#robi
biodegradability of a test material.

Natural selfeating of th
spontaneously composted te
to 65°C during the thermopt
phase. Test lasts for 12 weel

ISO 14855

Test method to determine the ulti
aerobic biodegradability of laatid the
degree of disintegration under cont
composting conditions. Part 1 is the ¢
method, and part 2 consists on
gravimetric measurement ofilc@b scal
test. The method yields the perce
conversion of organic carbon in th
material to evolved carbon dioxide.

58+2°C for a period n
exceeding 6 months.

EN ISO 14851

Test method to determine the ae
biodegradability of plastic material
measuring the oxygen demand in a
respirometer. The test material is expc
an agueous medium to an inoculurr
activated sludge, compost or soil.

Between 20 and 25°C fo
period not exceeding 6 mont

EN 14806

Test method to determine the disintec
degree of plastic materials in compi
Test requires the useaobtandard ai
homogeneous synthetic solid waste
reactor). The tes
the biodegradability.

Two series phases.
Thermophiliphases8+2°C for
30d. After the 30day the ranc
of temperature allowed is fi
21 to 58 °C for @D

Minimum test perioddl5

EN 14045

Test method to evaluate the disintegre
packaging materials in a pilot scale
aerobic composting test. Test mate
mixed with biowaste and spontane
composted in practical oriented comg
canditions.

Natural selfeating of th
spontaneously composted te
to 65°C during the thermopt
phase. Test lasts for 12 weel

EN 13432

Test method to determine the compos!
and the anaerobic treatability of pac
material by addressinbiodegradabilit
disintegration during biological treat
effect on the biological treatment proce
effect on the quality of resulting compc

Biodegradability test
technically identical with |
14855.

Disintegration test is techni
identical with EN 14045.

ASTM D5338

Test method to determine the ulti
aerobic biodegradability of plastics a
degree of disintegration under cont
composting conditions. The test mate
exposed to an inoculum derived
compost. The methyields the percent
conversion of organic carbon in th
material to evolved carbon dioxide.

58+2°C for a period n
exceeding 6 months.

13
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Table2.2 reference conditions of tests carried out to assessibialdation aerobicomposting

Standard Test material d T (°C) 532322()” Ref.
PLA 90 58+2 90 (Luzi et al., 2015)
PLA 35 58+2 90 .
ISO 20200 PHB 35 5842 90 (Arrieta et al., 2014)
PLA 90 58+2 90 (Fortunati et al., 2014)
ISO 16929 PHB 84 S.C.* 99 (Weng et al., 2010)
PHB 39 58+2 81 (Weng et al., 2010)
PHA 30 58+2 90 (Weng et al., 2011)
PLA 110 50 70 (Cadar et al., 2012)
ISO 14855 PLA 80 58+2 70 (Petinakis et al., 2010)
Starcibased 55 58+2 70 (Du et al., 2008)
Starcibased 90 58+2 87 (lovino et al., 2008)
PLA 60 58+2 80 (Kale et al., 2007)
MaerB® 28 35+2 43 )
ISO 14851  PLA 28 35:2 4 (Z“ggg)sard*e'ageone etal
PCL 28 35+2 38
EN 14806 Starcibased 90 58+2 85 (Javierre et al., 2015)
PLA 90 58+2 80 (Sarasa et al., 2009)
EN 14045 MaterB® 55 S.C. 80 (Lavagnolo et al., 2017)
PLA 90 S.C. 5
EN 13432  MaterBi® % sC. 5 (Song et al., 2009)
PLA 130 58+2 90 (Balaguer et al., 2016)
e e ST 0 ez
ASTM D533€ PHB 30 55 70 .
PLA 30 55 70 (Tabasi and Ajji, 2015)
PLA 45 5812 90 (Pradhan et al., 2010)
MaterB® 72 3542 28 (Mohee et al., 2008)
Noreference PLA 30 65 95 (Kale et al., 2007)
MaterB® 90 25 43 (Accindi et al., 2012)
PHA 30 37 20 (Bhatt et al., 2008)

*Simulated Composting (S.C.) in two stages temperature: thermoptti8e@laaskadbratiophase 405°C.

Anaerobic conditions

Anaerobic digestion, generally applied to the organic fraction of municipal solid waste

both alone and mixed with sfuolggvastewatdreatment planiavolves a complex

ecosystem of anaerobic bacteria and methanoggferaethalea2018)licrobes

convert various tgje# biomass and organic waste into bitf#s (6éthane,-30

40% carbon dioxide, traces of hydrogen and hydrogen sulphide) leavicy a nutrient

digestate for land applicéBbeets et al., 2Q1Ahaerobic digestion may be carried

out either in singdbase or in a tpbaseystem. In the typbase system, hydrolysis

and acidogenesis react in first reactor, while the utilization of those acids during

methanogenesis takes place in the secorflardusamy and Kalamdhad, 2014)

Howeverit is reported that in Europe almost 95% of anaerobic digestion plants for
14
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organic waste are sipgise systegffRorsteCarneiro et al., 200@Iso in the
simulations at lab scale for assessing bioplastics dieigrgénerally used a-single
phase system. The main parameters subjected to monéonpeyatuepH,
ammonia, VRKXiao et al. 201l %irong et al. 201 Production and composition of
biogafNovais et al., 201B)Table.3, international standards which deal with plastics
and bioplastidegradatian anaerobic conditions are summarized. In the mentioned
standards the temperature required in simulated dig@stain is-33°C, except

for ASTM B5L1-02and ISO 139vhich implies thermophilic conditions for the test.

In Table2.4 are reported also many studies thatirefier to a particular standard.
Among them, two tests were carried out §¥&GF€t al. 2010agi et al. 2013s

it will be discussed in the next paragraph, temperature seems to be the discriminatory
variable in tldegradatiafbioplastics both under aerobic and anaerobic conditions.

Table2.3 Standards to assess bioplagt@datiamder anaerobic conditions
Standard Brief description and aim Environmental conditions

Test method to determine the ana
biodegradability of plastic material
anaerobic microorganisms. The test me
exposed in an aqueous medium to sluc

1SO14853 35°C for a maximum ofl90

554+5°C (in order to simulz
thermophilic  digestion)
35+3°C (in order to simule
mesophilic digestion) for
maximunof 90d.

Test method to evaluate biodegradakb
plastic materials in a controlled ana
digestion system. It yields the percen
conversion of organic carbonjar@iCCk

ISO 13975

Test method to determine the compos!

and the anaerobic treatability of pac Biodegradability test
material by addressing: biodegrad: technically identical with |
disintegration during biological treati 14853.

effect on the biological treatment proce

effect on the gity of resulting compost.

Test method to determine the degr

anaerobic biodegradability of plastic m

in an accelerafaddfill test environme
ASTM D5526 The test matdrimexposed to a methano¢ 35+2°C for a period of at lea
94d inoculum derived from anaerobic dige d.

The test method vyields a percenta

conversion of organic carbon in the sai

carbon in the gaseous form.

Test method to determine the degr

anaerobidegradatioof plastic materials

highsolids anaerobic conditions. The

materials are exposed to a methar 52+2°C for a period of at le
inoculum derived from anaerobic dig¢ 30d.

The test method vyields a percenta

convesion of carbon in the sample to c

in the gaseous form.

EN 13432

ASTM D55102
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Table2.4 Reference conditions of anaerobic tests of lepglastaton

. o Degradation
Standard Test material d T (°C) stated (%) Ref.
MaterB® 28 35+2 25 )
ISO 14853  PCL 28 35+2  Not significative g\t";‘fsgg%*gagemte
PLA 28 35+2 Not significativ K
PCL 60 55 70
Yagi et al., 201
PLA 60 55 70 (vagietal., 2010)
ISO 13975 PCL 50 55 80
PLA 75 55 75 (Yagi et al., 2013)
PHB 14 55 90
Starctbased 147 37 8 (W. Zhang et al
EN 13432
343 PLA 147 37 57 2018)
ASTM ) .
D552694d MaterB® 32 3542 - (Mohee et al., 2008
ASTM PLA 50 37 25 (Gémez and Mich
D551102 PHA 50 37 25 2013)
Noreference PHB 42 37 - (Cecily et al., 2013)

Methodologies to monitor bioplasticsdegradation

Thepresenparagraph proposes an overview of the main methodologies used by authors
to monitor the procesdejradatiaf bioplastic materials under aerobic and anaerobic
conditions (Tal?&5). The methodologies are summarized ir2.Ejgliveded into

four main groups in accordance with their general operation. More specifically, in each
group are presented three or four methods of degradation analysis. The pie charts point
out which are thest used methodologies among the studies reported in this review (19
for CQ measurements methodologies, 19 for mass loss methodologies, 14 for the
spectroscopy and 19 for the visual analysis).

CO, measurments Spectroscopy Mass loss Visual analysis

MR MR mGMR = Oxitop® TR = NMR = NIR S xperirr nassloss = GPC ® Disintegration degre SEM = Photographs ® AFM

Figure2.1 Details of methodologies reviewed to monitor biggleesdiation biological treatments for organic
waste. Refer to the abbreviations list for the meaning of the acronyms.
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Table2.5 Methodologies wsassegradatiaf bioplastic materials.

Material Group Methodology Ref.
Celluloséased
ts BMP
PLA CH measurements (W. Zhang et al., 2018)
Mass loss Exp. mass loss
Starcibased
Cellulosbased CQmeasurements DMR . i
Q (CastreAguirre et al., 201
Starcibased Mass loss Exp. mass loss
Celluloseased COmeasurements  Oxitop®
MatefrBi® P (Massardidtageotte et al
PCL Mass loss Exp. mass loss 2006)
Spectroscopy FTIR, NMR
PLA
MaterBi® CG@measurements CMR
@ (Mohee et al., 2008)
Mass loss Exp. mass loss
MaterBi®
Mass loss Exp. mass loss Accinelli et al., 2012
Starcibased P ( )
MaterBi®
PCL Mass loss Exp. mass loss
) . Song et al., 2009
PLA Visual analysis Photographs (Song )
Starcibased
Mass loss Exp. mass loss
MatefrBi® Spectroscopy FTIR (Lavagnolo et al., 2017)
Visual analysis Photographs
. Spectroscopy FTIR (Elfehri Borchani et ¢
MatefBi® . .
Visual Analysis SEM 2015)
CGmeasurements DMR
PBAT Mass loss GPC (Kijchavengkul et al., 201
Spectroscopy FTIR, NMR
C@measurements CMR
PBAT @ (Touchaleaume et al., 20
Spectroscopy NIR
PHA 3 .
CQ@measurements DMR (Goémez and Michel, 201
Starcibased
PHA Mass loss Exp. mass loss (Bhatt et al., 2008)
Spect FTIR
PHA pec roscopy (Weng et al., 2011)
Visual analysis SEM, photographs
PHA Visual analysis SEM (Shah et al., 2008)
PHA ) :
PHB Visual analysis AFM (Pradhan et al., 2010)
PHB CGmeasurements CMR .
@ . (Yagi et al., 2013)
PCL Mass loss Disint. degree
PHB CQ@measurements GMR
PLA Spectroscopy FTIR (Tabasi and Ajji, 2015)
PBAT Visual analysis SEM
PHB CQ@measurements CMR (Cecily et al., 2013)
Mass loss Disint. degree
PHB Spectroscopy FTIR, XPS (Weng et al., 2010)
Visual analysis SEM, photographs
DMR
PLA CQmeasurements (Petinakis et al., 2010)

Visual analysis

SEM
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PUB Mass loss Disint. degree
PLA Spectroscopy FTIR (Arrieta et al., 2014)
Visual analysis SEM
Spectroscopy XPS
PHB Visual analysis SEM (Correa et al., 2008)
PHB Visual analysis SEM (Eubeler et al., 2010)
PCL CQ@measurements CMR (Yagi et al., 2010)
CGmeasurements CMR
PLA Mass loss GPC (Pradhaet al., 2010)
PLA COmeasurements CMR (Cadar et al., 2012)
PLA CQ@measurements CMR (Boardman et al., 2017)
CGmeasurements CMR
Mass loss Disint.degree
PLA Visual analysis Photographs (Balaguer etal., 2016)
Compost quality Germination index
COmeasurements GMR
PLA Maskoss GPC (Kale et al., 2007)
Visual analysis Photographs
PLA C@measurements GMR (2Tayomma| and  Amg,
010)
Mass loss Disint.degree .
PLA Visual analysis SEM (Luzietal,, 2015)
PLA Mass loss Disint.degree (Fortunati et al., 2014)
Visual analysis SEM, photographs ’
PLA Mass loss Disint.degree (Sarasa et al., 2009)
PLA Spectroscopy NIR (Ahn et al., 2011)
PLA Compost quality Germination index (Tuominen, J. et al., 200:
Starctbased CQ@measurements CMR (Du et al., 2008)
Starctbased CQ@measements CMR (lovino et al., 2008)
Starcibased Mass loss Disint.degree (Javierre et al., 2015)

CQ and CH measurements

The methodologies of this category provide a percentage valwgegfadatienal
through the measurement of the organic carbon transformed to gaseous carbon dioxide
and methane, this latter only under anaerobic conditions. Referring to asspbic conditi
the cumulative volume of, @duced during compostingsesl aan index of
microbial assimilation and organic fraction minefBatzgwer et al. 20R&laguer

et al. 2015CGO, produced by bioplastics ddeggadatiae compared with a blank,
composed by mature compost plus a positive material, generiiplzasiuéose

Ajji, 2015)for which biodegradability has already been@akesesulet al. 2017

Zhao tal. 2016and supposed to be competéhao et al., 201The measure of

CO,in gaseous emissions from the process ad bataeaith different equipment:

the cumulative measurement respirometry gi@htie) gravimetric measurement
respirometry (GMRIijchavengkul and Auras, 2BMR was applied in accordance

with 1SO 18485 (Tayommai and Aimg, 2010Q)and also with modified GMR
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instruments, as the microbial oxidative degradation analys@fyiMa@/4t al.,

2006 Kale et al., 2007Mhe direct measurement respirometry (DMR) is equipped with
a nordispersive infrared (RIDsensor or a gas chromatograph (GC) coupled with a
thermal conductivity (TCD) detector to analyse the amouniG®gndhedutput
gag(Kijchavengkul and Auras;ZDi8reAguirre 2013) The graph iRigure2.2

presents the results obtained by authors indicated2if djgieaching the
biodegi@ability analysis of the tested material with one of the above described
methodologiesidtfair to notice that when the temperature is below 37 °C the effective
degradatiaturing the tests remains below 43% regardless the téstabaatiter

Nageotte et al. 208hee et al. 20@Bomez and Michel 20C8) the contrary, at
temperatures imetrange 55°C, the bioplastic materials testedseepeheentage

of degradatidretween 70 and 90%.

In anaerobic conditions,dégradatiocan be assessed through the measurement of
biogas production, which is mainly composegamy C&(Yang et al., 20185

provided by ASTM D582@l. The test method yields a percentage of conversion of
organic carbon in the sample to carbon in the gaseous form. A further equipment to asses
the anaerobic biodegradability is the biochemical methane pofevitiahéBiglie)

al., 2018)based on the specific methane yield of the test nagene.3|rthey

are summarized the results of studies reported2ib, Dhivéened for bioplastics
degradationnder anaerobic conditions for different temperatures aandTarati

graph shows that no significative results were found under mesophilic conditions,
independently on the duration of tliMésstardidtageotte et al. 20@Hmez and

Michel 201Zhang et al. 2018jowever, rising the temperature up to 55°C, higher
percentageere gaingtfagi et al. 201¥agi et al. 2013)
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Figure2.2 Degradatioof different bioplastic materials under aerobic composting conditions. Conversion of organic

carbon into G@& measured and monitored during the test.
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Figure2.3 Degradatioof different bioplastic materials under aerobic composting conditions. Conversion of organic

carbon into G@& measured and monitored during the test
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Figure2.4 Degradatiaof different bioplastic materials under aerobic composting conditions measured with mass loss

methodology
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Spectroscopy

This technique is used to asselegtadatioprocess through the changes in the
spectrum of bioplastics during the prodesed|(IRspectroscopy means the
absorption of IR radiatienerally used in the wavenumbetaa@g$100 cr.

The IR absorption bands have two characterigius; irdumagnitude. The former

is signed in the horizontal axis and it corresponds to the absorbed IR wavenumbers. The
latter corresponds simply to the amount of IR, and it is visible in the spectrum through
the peaks. Many types of spectroscopiaanalyglable. Nuclear magnetic resonance

(NMR) is the spectroscopy which gives the sequence of active nuclei, generally expresse
on the basis of C, H and O. Moreover, the spectra of the materials can be detected
through attenuated total reflectanc®spagy (ATRTIR) and near infrared (NIR).
Massardidtageotte et al. (2006) used BMR=TIRor monitoring theegradation

of MateBi® and PCL both under aerobic and anaerobic condittbat 3@r°Z3
(Massardidtageotte et al., 200B)e almost unchanged spectra before and after the
testing period confirme tlow degradation already observed by authors using
repirometric analysis

Some significative results have been outthrerdaloyhmrsvitha modification of the
spectraeliabléo degradatiqrocess. Using AFRIR, PLA and PHB were observed

by Tabasi and Ajji (2qTapasi and Ajji, 20fis)a period of tunder composting
conditions, resulting in the individuation of a dissociation of the pémktd450 cm
peaks 1454 and 1447aomrelated to the ¢fdnctional group. The increase of peaks
related to simple bounds was explained by authors with the initial duwaag down,
hydrolysis, of the complex polymers in oligomers or mwhahesse reiad
biodegradable by microorganisms active in aerobic and anaerobic conditions. The analys
revealed also the increase aiunghwel 745cm! correspondent to the cardlymoyip

(Tabasi and Ajji, 2pITBhe same peaks were outlined by Arrieta et al. (2014) on PLA
and PHB during a period a ilsimulated compos{Agieta et al., 2014

addition, the spettuaalysis also revealed risingbpéaker3200 and 3600 tm

which identifies the hydroxyl group.

If the period is enlarged up th ©#@vas observed that no significant changes occur in
the spectra afterddBVeng et al. 201Gavagnolo et al. 2017)Veng et al. the results

of ATRFTIR on PHB underlined thabainel at 172524 crhassigned to C=0
stretching vibration became wider afikrof3@egradatiorMoreover, the GH
deformation vibrations were found at14858cr and 1384379 crih CG-O-C
stretching vibration at 22820 crhand GO-H charactatic absorption at 1-1348

cmt,

Ahn et al. (2011) applied the NIR aruBliée FTIR, IR displaythe waveumber

rangel 0000400 cm andprovidesnainly gualitative behaviour of the spectra during
60 d of simulated compostwghout peaks evatra{Ahn et al., @L1) X-ray
photoelectron spectroscopy (XPS) is another methadoiogpectroscopy: peaks

of elements composing the tested material are identified within a certain binding energy
(eV) range. In particular, a study of Correa et al. (2008) &pfiefollowed the
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peaks evolution of the spectra for five months in composting. 285.0 eV (used as a binding
energy reference) correspond€tar@/or €H, the component at 2883 e\lo

C-0O, and the one at approximately 289 eV to Ce@nploment at 53:533.1 eV

to GO and the one at higher binding ener@s ltoaccordance with the previous

cited studies, the resultant observation for the first month underlined the hydrolysis of
the complex polymers. After 2 months no sighiéingats occurred anymore in the
spectréCorrea et al., 2008)nally, a further methodology to follow the evolution of

the spectrum of the tested material is theg@®bfsiematograggoiope ratio s&@
spectrometry, up to now used to identified particular additiiidana @lzéabello

et al. 20%6LIanaruizcabello et al. 201tAyough the isotope ratio typical of each
material and to idenBfy in blends and carrier bags made on biodegradable polymers,
PBAT and PIRizzarelli et al., 2016)

Masdoss

Mass loss is considered as an iddgradationt has been died by authors by
measurement of molecular weight deexpasenental mass, losBy assessing the
disintegration degree. For the measurement of molecular weight, gel permeation
chromatography (GPC) was used in previous studies, in partiftadbarPetAal.

2010 Kale et al. 200Mluch more used is the measuremepeinentahass loss

for pieces extractddring the testing peridthte measuremdaliows a general
standardized procedure: sasaptening through a series of sieves up to 2 mm size,
washing of pieces with distilled water,tdrgomgstant maasd final weighting. In

Figure2.4, theyare reported many studies carried out under different temperature
conditions and for periods of variable length (citied alsb2rbyahkasuring the
experimental mass. s observable that for temperatures lower than 37°C the
percentage dégradatiownloesnot exceed 45%, independently on the test duration
(MassardieNageotte et al. 20@hatt et al. 200&)n the contrary, at temperatures

equal or higher than 58°C the bioplastic materials tested reach a percentage between 80
and 95%.

Corsidering therhe disintegration degrigéas generally measured following the
standards normalizing the compostability of bioplastics (aerobic conditions only) in
accordance with the percentage of particles which are retained on a sieve of 2 mm. The
stadards are 1SO 14806 and ISO 20200. Affiare@ab scale test under aerobic
conditions, samples are tirmmhstant mass and sieved with the objective of separating
the remaining plastic pieces larger than 2 mm. The recovered pieces mtist be washed wi
distilled water, dried at 40+2°C and weighted for calculating the corresponding
di sintegration degree (D). ltds fair to
loss of mass in the conditions set by(Houtegia. 1).

EquatioR.1
O 0O 0 M zpmm
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Whered corresponds to the initial dry mass of bioplastioepresents the dry

mas®f the recovered bioplastic pieces after 2 mm sieving. Inaticige tihe
disintegration degree, the volatile solids decreasing degree (R) must by higher or equa
than 30%Equatiol.2).

Equatiof.2
y G000 oY a b oY,
T~ o w Tt
a O W'Y P

Whered is the initial mass of wet waste riaatriis the dry mass of waste matrix

andb "the initial volatile solids of wet waste matrix. \fedighhe final mass, dry

mass and total solids are indiCatethdw “ére expressed as percentage divided by

100. Figur.5shows a comparison between many studies: even though the duration of
the test sensitively varies, temperature was kepttca®¥taby all the reported

authors, in accordance withtiimational standards. It is observable a significantly high
degree of disintegration, up to 98#ailtto conclude with an additional consideration
onbioplastic sievirtige pieces recaefrom samples during the period of the test can

be sifted with sieves of different sizes, in a range from 10 to 2 mm according with the
standards (e.g. EN 13432). After weighting each retained fraction of bioplastic pieces, a
granulometric curve canssessed, and a model of the disintegration process in time
can be elaboratedvagnolo et al., 2017)

Disintegration degree methodology

OBiodegradation & Temperature

100% 70

90%

c 80% * * * * 60 S
2 70% 50 ;
g 60% a0 3
-;fo 50% B
I 40% 03
o 30% 20 E
2 0% o
10% 10
0% 0
PHB PHB PLA PLA PLA PLA Starch-based
Arrieta, 2014 Weng, 2010 Luzi, 2015 @ Fortunati, Sarasa, 2009 Balaguer, Javierre,
2014 2016 2015
35 39 90 90 80 130 90

Test duration (days)

Figure2.5 Degradationf different bioplastic materials under aerobic composting conditions measured with
disintegration degree methodology.

Under anaerobic conditions, in addition to the previous mentioned methods, it was
applied by Zhang et al. (2018) a modified version of CEN/TC BT 151 WI: the fraction
retained on the sieve was washed with tap water and tokens were recovered by hand
They wee then air dried fed 8, counted and weighted.ctumt of pieces wan

used to obtain an empipsaliddirstorder decay reaction to provide an estimate of
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bioplastics destruction in comphostfive studies carried out on different bioplastic
materials and at temperature lower than 37 °Glegltadadiarot higher than 35%
(Zhang et al., 2018).

Visualanalysis

The inspections of surfeateriathanges are indicated as not mandatory analyses in the
European standards for packagiegradability and compostability, such as EN 14045.
However, many authors use asalgbi® confirm the results obtained with one or

more of the previous cited methoddRiggetset al., 2008)isuahssessment criteria

are generally the distribution of particle size of remaining bioplastic pieces and signs of
microbial colonisatighsample of few pieces can be selected with the intention to
provide an impression of all visible degradation phenomena: consss$sncy, thick
discolouring, erosion of the material (holes, tunnels, etc.), signs of local disintegration
and ease of discovery. With the scanning electron microscopek(&EMation,

surface roughness and corrosive degradation are investigatednditeseepheno
observed on PLA just aftet di0composting, relating them to the hydrolysis of the
longer polymeric chajRetinakis et al., 201@zi et al., 2015An interesting
comparison between a lab and a pilot scale was carried out by Weng et al. (2010) on PHB.
Similar refts were observed for both the scales: aftdre20ioplastic material

extracted from the lab scale test presented cavities and surface erosion, while before
degradation the surface was it et al., 2010his fact suggested a first biotic
breakdown on the surface of the nfjBtadhlan et al., 2Q0XDhthepieces extracted

from the pilot scale testthaties are still observed, but this phenomenon followed the
formation of filamdike residues which then degrade in many cavities d\lisloin 39

the cavities disappeared and PHB films were considered complete(yMandegraded

et al., 2010A similar sequence of phenomena was observed by Numata et al. (2008) on
PHB and PHA crystalsgusie atomic force microscope (AFM) which enables the
characterization of crystal surface nanostructure in a buff&luscdtticet al.,

2008) To conclude with visarslysi many studies used photographs to report colour,

size, roughness peadiliar featursof bioplastics during the test period until they are
assimilable to compassignificative example of photographic report is in Kale et al.
(2007) who took photos of PLA bottles every day, observing that wHildayntil the 9

just the sha of the bottles was distorted, from"thadLthe 3Ghe material totally
disintegrated up to disappeared from the ph¢kaeaphal., 2007his result was

similarly observed by Arrieta et al. (@I#)ta et al., 2014hd Balaguer et al.

(2016), who found out that the pie@adassimilable to compost and smaller than 5

mm after 3@ (Balaguer et al., 20M)eng et al. (2010, 2011) reported pictures of

PHA and PHB films recovered from the composted matrix. Their res¢hath reveal

until the 15day the bioplastic pieces were almost entirely, with little erosion visible
more in the margins. From the®the 40day the number of pieces recovered
strongly decreased, and after'tidayl€hey reached a size small@mtimaithus

they werenore difficult to be identified and extracted. In gaeelEM pictures of
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both bioplastic materials confirmed the increasing erosion of the margins of the pieces ir
the last weeks of the test, and the presence of pores antiichweincouraged the
disintegration proc@sencet al., 20L0Neng et al., 2011)

Compostquality

The safety of compost is a fundamental requirement to provide a product free of
substances which could be a source of pollution for the environment and a threat for the
small fauna living in soil and.Waiefirst investigation to assess compost quality is the
analysis of physibemical parameters of the resulting competsashemical
compositions in terms of: C/N\MN, P, Mg, K and heavy méBdfaguer et al.,

2016) The bases for the determination of phytotoxicity are in the OECD Guideline for
testing of chemicals 208, Terrestrial Plants, GrqwthBests i s f or t he del
the OECD Guideline for testing of <c¢chemi
1984) which provides the procettureonitor germination rate of plants in compost

within degraded bioplastics. However, in accordance with the certifications for assessing
bioplastics compostability, this test is not mandatory. A modified version of the test was
applied on PLA by Tuomieeal. (2002), measuring the germination and growth of
cress, radish and bdfelpminen, J. Kylmh Kapanen et al., 20@2)aguer et al.

(2016) determined in their research on PLA film the weight of dry biomass in the plants
and visual phytotoxicity aspects (chlorosis, necrosis, ailtingieleadeformation),

on cress seeds. Withid the authors ditobserve significant differences between

blank and samples with tested materials, nor mortality of plants. Moreover, they provided
the germination indeskich isonsidered a strong measure of the level of phytotoxicity

of compogKarak et al., 201¥%yang et al. (20X3). Wang et al., 20 dributeds|

to the compost maturity in relation to the germinatseedfstha Cesaro et al. (2015)

(Cesaro et al., 2015 reported the equation for the calculatio® fEtheation

2.3):

Equatio.3

b zp

"00 withP'O —zp mand)d —zpnm

whereoGis the percent germinations average number of seeds which germinated
with the tested matef@is the average number of seeds which germinated. in the blank
%L is thpercentage radicle lengtlis the average radicle strengih thiedaverage

radicle length in the blank. In Anjeena et al(AB{¥#)a et al., 201u3ing this
equation, the values of Gl egbandicate a phytotdsee compost, in fact all the
samples exceed a value dfy@rlg et al., 2013)he germination, lesi the
monitoring of the plant growth, was considered also-Gyob&stet al. (2014) for

measuringpmpost safety of bioplasticimyfdim$ased on adipic, succinic and lactic
acidg¢MartinClosas et al., 201%hey did an in vitro crop plant ecotoxicity test, using
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lettuce and tomato; the germination of seedprégensignificant differences with
the control

Several bioplastic mulching films for agriculture hdesidressh for applications
ending up in or on sailrecent example is given by mulches made-Bi® Mater
(Agrobiofilm, 2014). These prothasts beenvddopedo disappear in siiuthe end

of their useful lifeo this purposeist important to test such bioplastic materials in
accordance with ISO 17556. The test method detsedite@ the ultimate aerobic
degradatian soikt 25+2°C and ithased on the determination of the carbon dioxide
evolvedh a period of 4 to 6 months.

To conclude, Jayasekara (@08B)Jayasekara et al., 2088)ed out a test on a
starckbased bioplastic, in accordance with ASTM7EEX®sing to degraded
bioplastic in compost the earth&senia fetidavenik weight and pathologies of
the earthworm were observed for a periadliofcbdparison with a blank, and the
test proved the effective compost safety.

Even though not many studies were carried out on this aspect of bioplastics degradation,
all of themesulted in a positive match with standards requirements. However, further
developments of ecotoxicity tests are probably to be observed in the next future,
especially considering the increasing amount of bioplastic on the market, and the
consequent inase in bioplastic concentration within the organic waste. In fact, a higher
concentration of bioplastics in waste matrix could be a relevant issue in ecotoxicity and a
key aspect to keep under control.

Conclusions

The topic of bioplastics degradating bimogical processes, both under aerobic and
anaerobic conditions, is daydargely developed in the research, involving different
methods to face with its complexity. Generally, in the same research two or more of the
methodologies stressed préveus paragrsaie applied synergic approach using

different methodologies should be provided when dealing wihdyjopdizdian

In fact, itvouldallow to identify possible discrepancies among the results obtained, or
otherwise to confithe observations captured with different methods. Moreover, when
more than one author applies the same methodology but under different conditions,
comparison between the results allow to make hypotheses on the role of process
conditions which influeneefdite of bioplastics during biological treatments.

The need to work with two or more monitoring methodologies is for instance highlighted
bythe results obtained with @@duction measurement and mass loss under aerobic
compostingrocessek is fair to notice that the highest vatlesgarfatiabserved

with the first method range from 70 to 90%, while with the second from 80 to 95%. This
difference is supposed to be related to the fact that the mass loss methodology is applied
only on biogstic pieces recovered from sample and generally not smaller than 2 mm.
CQ;, production instead is measured on the whole sample of bioplastic material, which
can include microplastics smaller than 2 mm and not completely degraded.
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Even thouglyuantitativemethodologiesesult in numerical measuremeoits

degradatioiit is advisable to support themqudlitative methods as StEMred

analysis and visual inspeEtmm the case studies debated in the previous paragraphs,

it was found thafraredwralyses have generally confirntedjtheatidevel revealed

with CQ production and mass loss. In fact, in Madagebée et al. (2006) the

almost unchanged spectra before and after the testing period are considered as a proof
the low degradatialready observed with @@asuremefilassardidtageotte et

al., 2006)Converselyn other studies the stronggelsaof polymeric structure and

features appear as a confirmation of an almostdegrgdateof the tested
bioplastigq®etinakis et al., 20¥keng et al., 2010)

Regarding the environmental conditions influendegyatth&tioprocess, it has

already been discussed the relevance of temperatueeolncbothpastingnd

anaerobic conditions. In particular, the initial thermophilic phase seems to play a
fundamental role in making the process start by hydrolysing the complex molecules into
more readly biodegradable oligomers, assimilable by mesopioliganisms

(Emadian et al., 2QIMpreover, observing the degree of disintegration, even though

the duration of the tests were variable, temperature was never lower than 58°C. The
positive results obtained on the testedent i a | (090%) outline t
effective role as abiotic condition in the fragmentation of the msatezial. It
observable that, in addition to a broken down into piecesidadondrisghe

material to a loss of mass, eveh tiwddigr sure to a mineralization in thSmain

2011) The observations related to the environmental conditions outline the importance
to dispose bioplastics neither in ordinary binscoovenittionplastics, but witheth

organic fraction BISW industrial composting plants and anaerobic digestors may
exploit research results to provide indeed the best conditions of tempeitsture,

and time required to ensure bioptkegjresiation

Beside thig is fair to underline that the research carried out and previously stressed,
assess bioplastics disintegration until millimetric sizes. In accordance with the
requirements of standards (e.g. EN 13432), the disappearance of particles bigger than :
mm acertains the total degradation of bioplastics in Tortipsgiurposewould

be highly recommendable to déuglogr implementations in disintegration analyses

to monitor the eventual presence of microplastics smaller than the sizesafeeounted as a
threshold by standards. In fact, when bioplastics are released into the environment as pal
of compost, the environmental biotic and abiotic conditions are different than during the
waste treatmentdie issue of bioplastics degradation in fedds@ndnvironments

is still strongly debated without certain results. So, if microjesitietesrom
bioplasticssmaller than a millimetric size are present in compost used for field
fertilizationafast and complete degradaagmot be englire
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Chapter 3.1

3 Influence of composting process conditions on
bioplastics degradation

3.1 Monitoring of degradation of starch-based biopolymer film
under different composting conditions, using TGA, FTIR
and SEManalysis

Abstract

Thisstudypresents the results of a compossegléabest carried out on NBa&r

(MB)film, a starebased biopolymer. The test material is carfgiase, additives
andPBAT.The test lasted for déysand was developed in three replicates under
different temperature and humidity conditions, with the aim to assess the influence on
MatefBi® degradation of less favourable composting conditions as short thermophilic
phase, absence of moistening, artuhatomof the two factors. The chemical nature

and the morphology of the material and of its single components have been investigatet
before, during aatithe enadf the composting process, by means of different analytical
techniques. Themgravimetrienalysis allowed to obtain activation energy and weight

loss; Fouridransforninfraed spectroscopy arahninglectronmicroscopy were

used to study changes in the polymeric and morphological structure, and visual analysi
provided information ondize of the Maf8i® particles. The results shtat the

degradatiomf PBATwa strongly influenced by the environmental conditions
(temperature and humid®y) the contrary, in all the three replicates, both starch and
additivewerecompletely hiegraded within the filstof the process.

This chapteris published in Chemosphereas:

F. Ruggerd;,. Carretti, T. Lotti, R. Gori, C. Lubello (2020) Monitoring of degradation
of starchhased biopolymer film under different compostiogsoamsiitg TGA, FTIR

and SEM analysis. Chemosph&ke 246, May 2020, 125770. Dol
10.1016/j.chemosphere.2019.125770.
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Introduction

The preserdtudyfocuses othe influence of composting process conditions on
bioplastics degradafi@w words are spent to descni@ntphas€d.One or more

mechanical preatments, to ensure an initial shredding and removal of coarse inorganic
materials (glass, mepddstics). (ii) a lag phase aagsuring which the biological

process starts, (iii) a thermophilic phase fatehijgihase) téw weeks with

temperature ranging between 55 and 60°C, (iv) a maturation phase (or curing phase;
duration between 1 @naonths) with cooling down to room temperature. (v) a final
refining with sieves of millimetric mesh is generally provided to obtain acceptable
compost quality. In details, the thermophilic phase is submitted to operations of
moistening and turning tarena humidity not lower B@60% and a good aeration

of the organic waste heaps. Aeration system can involve also air blowing from the bottom.
While the thermophilic phase is characterized by intensive processes of sanitation and
degradation of edsibylegradable organic compounds, the maturation phase leads to the
stabilization of the organic matter through enrichment by means of humic acids.

Bioplastibased items can be treated in composting plants in case the material has proven
its compostabilagcording to the harmonised European.st@mslatddy refers to

EN 13432:204&N 13432, 200@pr packaginghd tdEN 14995:2006 (for plastic

materials not used as packégidy995, 2006)he technical content of the two

standards is identical, meaning that anyatkasécthat complies with EN 13432 also
complies with EN 14995, and vice versa. These standards are the most important
technical references for manufacturers of materials, public authorities, composters,
certifying bodies and consumers.

Most of biopléss (e.gstarctbased bioplastics, PLA, PBAT) have been tested under
composting conditions, in accordance with thetapeeifiequiremes{Ruggero

et al., 201Zhang et al., 2018uthors have indicated that the entity of the degradation

of different bioplastic types in these conditions ranges between 70% to more than 90%
(Goémez and Michel, 2048ng et al., 201Ralaguer et al., 20XBh the contrary,

other authors who carried out the tests under mesophilic conditions, have observed a
degradation level not exceedin¢g8¥elli et al., 2Q12madian et al., 2Q17)

Thisstudycarried oud degradation testMateBi® film, a stardiased biopolymer

largely used in Italy for biobags proddoti@verthe test differs franepreviously

mentioned studies becausartipes of thiestednaterial were placed under three

different conditions (temperature and hurBigityposing these process conditions,

the aimvado simulateariable conditions@iposting treatmeiiteycan face with

less homogeneous and favourable conditions than those commonly used in the
standardized tests. The effect of the abiotic process conditions on the test material as a
whole and on each single component -d&d®bteplastic film (staradditives and

PBAT), was studied by meahGAf FTIR and SEM.order to follow the whole
degradatigmrocess, samples were analysed at different intervals during the composting
process.
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Materialsand methods

Composting test: experimentaliget

Inthe composting test, the waste matrix (initial weight: 5 kg) was composed of food
waste and green waste (20% grass, 10% wood chips, 20% vegetables, 30% fruits, 4%
tuna, 6% yogurt, 9% cow manure inoculurdggdradatidest was carried out in a

12 | vesels made of polypropylene, designed by authors to be used as trapezoidal shape
composters. Each vessel was 20 cm high, 20 cm deep, with top base 30 cm and botton
base 33 cm. Following the indications of the standard EN 14045, 2003he

vesselas provided with three temperature. pnadreler to maintain the thermophilic

and mesophilic temperatures of the composting process, each vessel was placed in tr
shelves of a 250 | ventilated oven moddiBW2a@ufactured by Tdahdltaly).
Thenadrainage systeas disposed at the batoawoid that compost will flood. It

consists on a grain layer, covered with a still net of 1. mm n3kh Kfogeover,
adailymoistening and turnihuging the highte phase and everydayaduringhe

maturation phasereperformedThe turningnsured a proper aeration of the heap
Howeveralsacontinuouairflowreached the inner part of the heap thanks to natural
convection, entering a perfopailyatinyl chloridabedisposed at thettom of the

bioreactor.

Space occupied
by compost

20cm

N c RS A EA T >
~ Perforated PVC tube

e L R W e Ty R g

30cm

Figure8.1 Experimental setup of thedalke composting process

Analyticalmethods

The main composting parameters of the waste matrix were measured at the beginning o
thetest: the values provided in the standard HEN4eWE!5, 2008y the compost

guality required in composting tests were taken as reference. The initial humidity of the
matrix was approximatelyo6@easured with total solids ¢dent analysis, i

accordance with the standard ISO([B@63.465, 1993he measurement of total

organic carbon was provided using the -Blatitemethod: this method involved
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oxidation of organic mattempbtassium dichromatgC¢,) with sulfuric acid

(H.SQ) to heat the dilution, followed by colorimetric ti{M#trs et al., 2009)

Total nitrogen and pH were measured in accordance with standard methods ISO 11261
(ISO 11261, 199%md ISO 1039G0 10390, 200%pitial values of C/N ratio and

pH were of 26 and 6.7, respectively. The values in the reference standard EN 14045 are
a humidity not lower than 50%, C/N ratio ranging from 20 to 30 and a pH not lowe
than 5. The same analyses are done on compast thigtaned the composting

test and the results are compared with values obtained on a 2 months old stabilized
compost provided by the Italian Composting and Biogas Association, nhamed CIC
(Consaozltaliano Compo3tatori

Tested material and experimental conditions

Regarding the test material, 1 wt% ofBW@teags was added after having cut them
into pieces of 5x5 cm Jivaallow an easy recovery and weighting of each sample, each
piecavas inserted in a tissue net with holes of 1 mmbsgsaVaiable in Italian
supermarketbavethe licence MatBi® andarelabelled as compostable by OK
compost Vincotte. To give a preliminary overview of the material commgasition, it

to report the study of Elf@worcharet al.(2015) who has analytically observed the
presence of 20% starch, 10% additives and 70% PB/&BRrbMatdym&Elfehri

Borchani et al., 2015)

Three replicates were used for the tesB(Talethe oven, two replicates (A, B)

were manually kept in a-tdthphase at28C for &, followed by a curing phase of

40 d withemperatures attZBC. In replicate A the humidity was manually maintained
above 45% for all the test, while in B the humidity went down to 20% during the
maturation phase. Finally, replicate C was maintained in a thermophilic phase of 20 d,
followed by anaturation phase of 25 d, with moistening conditions equivalent to
replicate A.

Table8.1 Process conditions (temperature, humidity and duration of the phases) of the experimental composting tests

Thermophilic phase Maturation phase

T (°C) Humidity (% Time (d) T (°C) Humidity (% Time (d)
A 5812 5560 5 35+5 4550 40
B 58+2 4050 5 35+5 2030 40
C 58+2 5560 20 35+5 4550 25

Thermogravimetric analysis

Thermogravimetric analysis was performedrAsingtauments-€D0 (DTATG)
apparatussing open aluminum pans under nitrogen atmosphere. Measurements were
performed in a dry nitrogen flow of 100.0+0mirrby increasing the temperature

from roomamperature up to 500°C at 10°C Bhimg of material were submitted to
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the analysiBhe main information provided by the elaboration of TGA, in particular by

the first derivative of the TGA c(IV&3A) is related to three aspects. First, from the

DTGA curves it is possible to obtain the characteristic temperatures of the peaks
associated to the thermal reactions of the componerB®@f Metgiare indicated

as §, Tr and Jeaand correspond respectively to the initial, to the final and to the
maimum temperature of every peak. MoreoveDTi@ncurves, it is possible to

obtain both the composition of M8&iein terms of weight of each single component

at a given aging time and the activation energy of every thermal reaction undergone by
the omponents of MaBi®. More in detall, in order to calculate the activation energy,

the Friedman equation was affpliedinan, 1967)

EquatioB.1
. . NN (@)

T — 1b &11 =

Q0 el I 9y

The elaboration of Equaitbrwas carried out with the Broido m@tland et al.,

2003) O s the activation energy [kJ/mol] of the thermal degradation reaction of the
polymers constituting M&&® (PBAT and starch), A is theAiurs constant, while

] is equal to gmw)/(w Wi, where wis the weight of the sample before the analysis

(when t = ), w is the weight at time t, apdsathe weight of the sampthe end
of the conversion (when g Moreovemis the order of the reaction, R corresponds

to 8.314—— and T is the temperature TKg T range for data elaboration was

chosen in agreement with the valuetloht must be constant. In fact, by considering

constant this parametemand (Mano et al., 2008quatio.1 becomes linear as
follows:

EquatioB.2
‘I Ti ~ P O v ‘8, \
lip | vy W& 80
Then, by plottingl 1 1p | ,versus 1000/T, through a linear fitting, it is possible

to obtain — that corresponds to the slope of theAulwerease of the activation

energy during the composting process is expected magnaskatibenplies a
simplification of the poéric structure due to hydrolysis reactions and further
transformation of MaBa® in simpler and more stable compounds.

The weight of Mat&K® components derived from data analysis of the TGA is expressed
through the following equations:
EquatioB.3

QU . ..
Q_&Y O p
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Equation.3 is applied separately on starch, additives and PBAT (indicated with
j=1,2,3), providing the peak area (that is proportional to the amésabsfahee

still present into the degraded Bigeat time) of each component at different i
times of the degradation pracéss. The Equati@¥ normalizes the peak area over
the initial peak aréad , providinghefraction (%) of tfieMaterBi® component
degraded during the composting process at time

EquatioB.4
Lo | o
pmm =5 WP T WU p

Where w0 is the percentage weight loss that corresponds to the anjibunt of the
component degraded at itifiken, in accordance with EBeincharet al(2015)

(Elfehri Borchani et al., 20i15 finally possible to derive the weight fraction of starch,
additives and PBAT present in the sample-BiegMagéore the test and at itime

when thelegradatios in progress. This allowsdke some considerations on the
degradation trends of the single components within the biopolymer.

The calculation of the weight fraction is done with Equation 3.5.

EquatioB.5

0
————wpTTT WO b
B o6 °F

c4| O:

Where "0 is the weight fraction of the single ejémehe degraded M&3e®

at time.

Moreover, in order to assess the capability of bioplastics to absorb water on their surface
as a function of timfethe comgting procesa gravimetrical determination of the

water ptake &Y was experimentally measured and elaborated in accordance with
EquatioB.6:

EquatioB.6

WP MTM®WYP

Whera) s the initial weight of the piece before degfaciatiegradedhd) is

its weight at tif@uring the degradation tesis the weight of the sample after having
been removed from the matrix, carefully cleansed with distillecwpetdicaily
dried with a tissue paper.
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Fourier transform infrared

FTIR was performed in total reflectance mode with a ShimadZ.5|B4dimityd

with a Miracle Pike ATR device. The instrument is supported by LabSolutions IR
software. Thavestigated wavenumber range 48@40@t, with resolution 2 €m

and spectra are collected in absofbenaealysis was performed on the single pieces,
bigger than 1 mm sikbke variation of peaks intensity and wavenumbers provides
qualitative farmation about the chemical change of the polymeric structure and about
the specific degradation process of starch and PBAT.

Scanning electron microscop

Images of degraded and not degraddgi®bhtare been collected 8HNZEISS
EVO NAL15 apparafThe pieces of bioplastics were previously metallized with a 10 nm
layer of gold.

Visual inspection

Bioplastics recovered from the waste matrix were reported in photographs to visually
define the material in accordance with the following dessidbed by EN 14045

(EN 14045, 2003)stribution of particle size, consistency of the material, discolouring,
erosion signs on the surface and lateral erosion signs.

Results and discussion

Thermogravimetric analysis
Characteristic temperatures

Maximum conversion temperagwyef Doth starch and PBAT were assessed from TGA
analysis at 322and 402°C respectively. For statghetreased already after 5 d of
composting down to 301+3°C, likely due to an effective change in the polymeric
stiucture of this mate(ieng et al., 2013)hen, temperature fluctuated around this
value without a further decrease. On the copfraff ,BIAT decreased of few degrees

at it stabilized at 397°C in conditions A and C, and at BOC@hgerning the

different process conditions of the three replicates, the grapBg irepogutkee

TGA curves (images a, b, c and d) and their corresponding first derivative (DTGA, images
e, f, g and h). It is clear that replicate Bemdanor changes during degradation

than A and C. Moreover, as peak related to additivesdjisdapdear 15 d, this
component was not included in the data elaboration for the activation energy.
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Figure8.2 Representative examples of TGA and DTGA graphs respectively for samples A, B and C

Activation energy

The calculation of the activation energy was developed considering a range of
temperatures equal jJQ#fL0°C. Moreover, in order to evaluate the influence of the
choice of the temperature range in the dbtaiakek, two more data elaborations

were carried out: in the first, the T rangeuwasd .. 7°C and in the second to
Tpeat13°C. The standadeviation of ti@ values obtained with the three datasets
ranges from £0.15% up to £1.8% of the mean value, thus confirming that the choice of
the temperature range in the surroundjpgdoe®otaffect meaningfully the final

result. The goapiality of data elaborated with Broido met@oddtmulatiowas

confirmed by thé\Rilue ©.9950,999).
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In Table3.2 theyare summarized the activation energies of starch and PBAT for
replicates A, B and C. As observeltbfacteristic temperatures, alsd Yadue

decreased mainly at the beginning of the composting test (fosvaldpfi$tarch

dropped from 287.3 kJ/mol, for a not degraded(SEmeplet al2003) to 125.3,

142.1 and 117.3 kJ/mol for A, B and C replicate respectively. On the &ntrary, the
valuef PBAT underwent a lower decrease, from 251.5 kJ/mol typical of a not degraded
MatefBi® sample, to 217.5, 231.0 and 210.4 kJ/mol, relypéctike following 40

daysthe activation energies of starch and PBAT decreased much more slowly and settlec
on values slightly lower than those atittye 5

Table3.2 Mean values of the activatiergy calculated with the Broido method for samples A, B and C. The
respective standard deviations were calculated with three temperature ranges in thegurrounding of T

‘O (kJ/mol)
A B C
Day Starch PBAT Starch PBAT Starch PBAT
0 287.3%3 251.5+4.4| 287.3 3 251.5-4.4 | 287.3£3 251.5+44
5 1253+0.6 2175+4.3| 142.1+1 231.0+2.3 | 117.3+0.4 210.4+0.7
10 140.2+2.7 221.3+0.6| 146.4t2.3 227.80.9 | 125.0+0.6 207.6+1.6
15 136.0+2.4 210.7+0.5| 140.9£ 0.5 227.3 0.7 | 130.0+3.2 203.7+0.3
30 129.1+1.3 208.0+0.4| 134.3t0.6 221.7+1.1 |1226+1.4 201.9+1.6
45 130.4t1.9 208.7+0.8 | 135.7+1.3 219.5:0.6 | 123.41.2 2004+1.3

Polymeric weight trend

Considering first the variatiarewfht for starch, additives and PBAT sepavately, it

possible to outline some considerations about the influence of humidity and temperature
on each single component of-Bi@efhe weight loss and the weight fraction, based

on Equatidh4 and®.5 respectively, are shown in Rgdiferday0 and 45.

100

100

[0 PBAT_degraded
B3 Additives_degraded
BB Starch_degraded

EIPBAT
B2 Additives
B\ Starch

a

90+ 90 4

80+ 80—

70 H 70 <

T
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50 50 -

40+ 40+

FEsEEERSEEEEERINE:
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ssiss

204

Weightloss of Mater-Bi® components (%)
Weightfraction of Mater-Bi® components (%)

Ty

TN

Day 0 Day 45 A Day 45 B Day 45 C Day 0 Day 45 A Day 45 B

Figure.3The graphs show a) the weightli@$3 and b) the weight fradtig?o) of each Mat&i® component
at day 45 for samples A, B and C in comparison with day 0. The calculations are badednoB.F=quation
respectively.
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Itis fair to notice that starch and additivestifoli@nd that is almost constant for the

three process conditions A, B and C: theggmesardgrage weight loss of 3%5

and of 85%, respectively (F8e). On the contrary, for PBAS itecessary to

observe the behaviour of the polymeuallyividthe three replicates: while in case of

a low humidity (condition B) the weightdasdy of 17.2%, under a more favourable
condition with a humidity between 55% and 45%, PBASO présgradation of

79.9% in A (thermophilic phase of 8 @0al?6 in C (thermophilic phase of 20 d).
Furthermore, in FiguBdait is depicted the weight trend of the wholeBk&ater
materialConcerning the weight fraction of starch, additives and PB&3h Figure
reports values at day 0, which comply witleshebserved by Elfetrcharet al

(2019, (Elfehri Borchani et al., 20C®)mparing the initial weight fraction of the test
material with the compostiioine endf the composting processcdnfirmed that

for the B replicate the compositba kmall variation, with an increase of PBAT
percentage due to its muddr ldegradation with respect to the other components. On

the contrary, for samples A and Cwsaeprevalence of stackthe endf the
degradatigorocess. I§ fair to conclude that PR&A%he polymeric component of
MatefBi® more subjected t@ timfluence of humidity and temperature trends
Moreover, being the influence of humidity much more relevant than that of temperature,
it is possible to affirm that watexdagyrimary role in ttiegradaticf MateBi®.

Water within the waste mdirstly allowdthe exchange of nutrients through the
cellular membrane of the microorganisms that concur to the degradation of the bioplastic
Scondlywaterwasa vehicle for the movement of extracellular enzymes and soluble
substrates, and finalighe medium in which chemical reactions take place. Moreover,
high water availability addiive entrance of the microorganisms, present in the matrix,
inside of the material, promotingdéigeadatioactivity (Alvarez et al., 2006)

However, # necessary condition to promotiegnadatioof the MateBi® is a

humidity higher than 40% in the organic waste matrix not only during the period of bio
oxidation, but also during the curing Pelse this threshold a slowing down of the
biologicahctivitywas observeithat stgpedfor humidity values lower than 25%. In

these conditigrike degradation process seems stabilized, but previous reports showed
that if water is added again, the biological activity is abléCloiusstati et al.,

2005) To directly consider the capability of bioplastic pieces to absorb water on their
surface, a measure of the water uptake was done in accordance3vaitf liEuation
values of watgptake, as an average of the three replicates, increasetidanil the 30

and then stabilized around 5% (E#joixe
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Figure3.4 Trend of weight experimentally measured (a) and of water uptaiditi@n)sirAB and C of the
composting test

Fourier transform infrared

The ATHTIR allowed to detect the chemical composition-BieM&ueng the
composting process. The most significant spectra are repoides] imitRiduiacer

Bi® at day (hd samples from A, B and C replicdag$,at5 and 45. The figure
reports the spectra in the wavenumber range between 1800, avite6®thermain
diagnostic peaks are prdasehable.3, the most important absorption bands of the
collected spiga are compared with those identified by other authorsBi® Mater
(Elfehri Borchani et al., 20ftfs)starcfMihaela et al., 2058)d PBAWeng et al.,

2013 Herrera et al., 2002)

Table3.3 In the first column of the Table are presented the wavenumbers identified during tHeT$Ridy with the
analysis. The absorption bands were compared with those in literature; in the second and third columns are reported
the assignment of the moldmunas.

Wavenumbers (§m Assignmen Material Reference
(Elfehri Borchani et al., 2(

1717 C=0 PBAT Weng et al., 201Berrera et al
2002)

1506 benzene PBAT (Wenget al., 2013)

1456 Srfu”g'e”e PBAT  (Elfehri Borchani et al., 2015)

1409 C-H, PBAT (Wenget al., 2013)

1274 ester PBAT  (Elfehri Borchani et al., 2015)

linkage

1163 CHOH Starch (Mihaela et al., 2018)

1118, 1081 CO Starch (Elfehri Borchani et al., 2015)
. (Weng et al., 2018errera et al

1018 phenyl ring PBAT 2002)

796 [[CHyJn64 PBAT (Elfehri Borchani et al.,, 2(C

Weng et al., 2013
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Figure3.5 Comparison between spectra obtained with FTIR analysislastifteckmorresponds to day 0, red
to day 5, green to dawprid blue to day 45. a) spectra of samples A, b) spectra of samples B, ¢) spectra of samples C.
The range of wavenumber is the most significative for the observations of the main chemical changes

The peaks attributed to PBAT are the ones at 171718L2nd, 226 cdmFor

replicate C an almost complete disappearance of these signals is observed as the
degradatigorocess procee@snverselyor sample A and even more for B, they are

still present even after 45 d. The observations confirm the results already outlined with
the TGA: théegradatiaf PBATWasstrongly influenced by temperature and humidity.
Moreover, the spectra reportedyureFb show that, after ayg in the regions

between 1650 and 1600a0md betweebS0 andaD0 cni, theravagthe appearance

of two new peaks attributable to amidic groups of proteinaceous materials. These peaks
may be attributeithe compost raimed on the surface of bioplastic samples analysed,;

in fact the spectrum of the compost oatdireeenaff the labcale test confirmed the

presence of these two new peaks appearing in the considered range.

Scanning electron microscope

The SEM magraphs of not degraded M#gefday 0) are reported in Fig6re

The images indicate the presence of a heterogeneous microstructure; the main evidences
of the material is the presence of some circular spots which dimensions range in the order
of few bindreds oBnometre3 hese spots prebably composéstarctiDeschamps
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et al., 2008Szymdsska et al., 200@)ispersed in a continuous 3D polymeric matrix

that is supposed to be compfi2BATMuthuraj et al., 2015)

Figure8.6shows that, upon degradation, strong changes in the microstrueture of Mater
Bi® occued With the progress of the composting process, images indicate the
progressiwdisappearance of the circular spots with the formation of small holes (in the
order of hundreds of nanometres) in correspondence of the grains that were present
before composting. Being that fromthigbAhe composting process progressively
inducd a strag degradation of the starch constituting the origiBa® Miatesr

reasonable to suppose that these circuiarapaiie mainly by starch.

composting

—

Figure3.6 SEM micrographs of degraded samples A, B and C during (day &t &inel @X{dmd45) of the
composting process, x20000

Visual inspection

The visual inspection carried out on pieces recovered during tH2 Tgsb(Higase

several intesting considerations. Just aftaysthe material presented signs of

erosion, and the aspect was greatly changed due to the contact with the organic wasts
matrix. Bioplastic pieces presented organic matter deposition on the surface. The organic
matterremained strongly attached to bioplastics, thus encouraging the exchange of
microorganisms between the materials. Moreov8r/Eigarky shows the different

behaviour of replicates A and B with respect to C. Bioplastics from replicate C were
almostampletely disintegrated just aftay$adrend which is strictly attributable to

the temperature that was maintained at 58+2°C. Hagsv&@aietoinotice that for the

three replicates, after dgsdnder the described conditions somietesvere

still recoverabl€heir aspect, particularly in replicate C, was very similar to compost
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MB (A)

MB (B)

MB (C)

Figure8.7 Representative pictures, taken during the laboratory tests, of degraded samplesgAdByabd C duri
15 and 30) aatithe endday 45) of the composting process. MB is used in the figure as abbreBagion of Mater

Compostharacterization

At the endf the 45 d of composting test, C/N and pH analyses were carried out on
mature compost. Compost was previously sieved with 4 mm mesh: in fact, in full scale
plants there is generally a final refining with removal of not degraded wood chips and
refuses. Meover, using just few grams of compost for the analysis, the presence of lignin
pieces could strongly alter the results, particularly for the total carbon. The refined
compost was homogeneous in the three replicates, resulting in C/N and pH equal to
16.1+18 and 8.7+0.1 respectively. The same analyses carried out on a 2 months old
stabilized compost provided by CIC resulted in C/N 16.2 and pH 8.7. Moreover,
compost from the lab tests was analysed through TGA and FTIR; TGA analysis revealed
a smooth peakhe T range815°C, similar to that of stapch Then, FTIR carried

out on compost slealiwo peaks in the wavenumbers range6Q650hand 550

1500 cmi, both due to amidic groups of the proteinaceous materials appertaining to the
bacteria ang thedegradatioriThese pealgerepresent also in the biodegraded
bioplastics, due to the residues of these microorganisms not completely detached from
the film surface during the cleaning procedure before the FTIR analysis.

Conclusions

The composting MateBi® inside a heterogeneous organic waste matrix and under
different process conditions allowed to study the effect of the environmental conditions
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on thelegradatimf its single polymeric components (starch, additives and PBAT). The
methodologs applied in the test displayediaiat and additives uwdata

significative degradation already in the first period of composting. The process continues
in the following period, even if at a lower rate. Taking into account the different process
canditions tested, data indicate that while the degradation of starch\aeckadditives
notinfluenced by the decrease of temperature and humidity occurring as the maturation
phase stad the degradation of PBA%trongly slowed down for replicated B a

during the maturation phase. The most influent parameter for the degradation of PBAT
washumidity, that deterndribe microbial activity and predéme transformation

of the biopolymer into a stable organic matieashescase of replicatevBere

the humidity paddeom 46860% in the thermophilic phase up-36920n the

maturation phase. Moreover, being starch a natural polysaccharide, used as a readil
biodegradable source of energy by microorganisms, its degnatddstiemrgtan

the rate of synthetialeigradable polyn{®vang et al., 2018xlemonstrated by the

strong decrease abit$BATinstead a synthetic aromaliphatic epolyester with

a molecular structure more complex thaRsaetlal., 2018hdeedit requirech

longer period to be completely assimilated by microorganisms and transformed into
stable productdorever it wasmuch more subjected to process corslitbren
insufficierttumidity

In conclusion, to carry out an exhaustive analydeg @fddweqprocess, this study

highlights threeedo use a synergic approachopaléerent instrum@htechniques,

giving complementary information. This approach allows a complete analysis of the
composting process and shows the influence of the environmental conditions on the
degradation of starch, additives and PBAT-Bi@fdterbioplastic.

45



Chapter 3.1

46



Chapter 3.2

3.2 Rigid and film bioplastics degradation under different
composting conditions: a kinetic study

Abstract

The present research implements a kinetic study of bioplastic wastendegradation
composting. It aims to delineate the reaction rates characterizing bioplastics degradatior
under different composting conditions, setting three variables: terap@i&iyre (37
humidity (380%) and timingtbéthermophilic atidematuration pless(150d).

The composting tests were carried out following modified guideline ISO 20200:2015 and
lasted for Gdays Bioplastics in the synthetic waste matrix consiste®i® Mater

biobags and PLA/PBAT rigid teaspoons. Beside weight lossntmeasureme
thermogravimetry and infrared analysis were carried out to monitor bioplastics
degradation. Thmeticstudywasperformeeéxploitinghe weight loss measurements
andoutliredfaster degradation rates for film bioptestiaififst order kinetiesth

k ©.08560.1663d") than for rigid (0.080.0136d"). Moreover, filmsereless

affected by the variation of composting conditi@@sbaladcomplete degradation

within the 60 daysof the testConcerning rigid products, the only condiimn w

fulfilled the standarfbr bioplastics compostaléit? monthsompostingt 58°C

and humidity 88%. Even though in the other conditions the degradation was not at all
prevented to contin@8% degradatiamould be achieve@-Byears. Fing] in the

undersieve of 0.5 mm some microplastics were identifietmagkJ software,

mainly relatable to PLA/PBAT biopla®tesall, the results disclosed that the
combination of mesophilic temperatures and absence of moistening slowed down both
the degradation and the disintegration process of bioplastics.
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Introduction

Chapter 3.ibtroduced the issue of how differembstimy conditicai$ecbioplastic

film degradatiomhe experimental research highlighted the need to improve the basic
knowledge about the delicate balance of temperature, humidity and timings, influencing
bioplastics degradatiorarder toekper s¢ss this issue in the current chapter, some
references have been considered about the variability of composting conditions in the
Italian plants.

Thermophilic phase is expected to last a mininte 986 C; for hygienization

purposes, temperatsineuld remain above 60°C for one week, in order to eliminate
pathogenic microorganisms eventually present in the organic waste. During compost
maturation, the decomposition declines to a slow and steady pace at temperatures
<40°C, with synthesis of huobstanc€European Bioplastics, 2009

Common technologies of industrial composting include windrows composting, aerated
static piles, tunnel and in vessel composting, and the most recent technology of bio
oxidation in composting biocells. The diversity of composting technolkagies entails
variability of the main parameters, such as temperature, humidity and process duration,
as well as of aeration, turning and moistening procedures. Considering the Italian
composting plants, the aerated windrow composting, largely diffused ipahe southern

of the country, involves a thermophilic phase in a covered environment, lasting 40, 30 or
20d (Pergola et al., 2011) generally follows a maturation phase in-am open
environment, with neither moistening nor aeration. During this phase, compost is
organized in piles which are static or weeklyfRargeth et al., 2018jmilar

conditions occur whendxdation is ensured in static aerated platforms instead of
channel&uropean Commission, 2@lbgells are relatively recent technblegy

find a good application for new plants construction and reconversion of old ones. Indeed,
biocellare closed systems which prevent odours and litters, and ensure a better control
and monitoring of temperature, humidity, oxygen, pH, waste flows, aeration time
(Martalo et al., 202Mdustrial compostinghiiocells has generally adigphase

in thermophilic conditions carried out in one cealldotviiSe as long in two cells in

series. It follows an eperdesiccation ph@seopean Commission, 2000)

The current research willlement a kinetic study of film and rigid bioplastics
degradation under a wide variability of composting .cémildgiostidies have been

recently developed to delineate decomposition trend of various organic waste, in
particular greevastend sewagkidgéKomilis, 2006lanu et al., 2018bu Qdais

and AWidyan, 2016)

The study aims to delineate the reaction rates which characterize bioplastics degradation
under different temperaturejitlity and timings in compostimg results would be

a useful reference for bioplastic waste management in the industrial composting plants,
enhancing to foresee bioplastics degradation time in given composting conditions.
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Materials and methods

Experimental setugnd tested materials

The composting test was carried out following the guideline 1ISO 20200:2015, with
temperature and humidity modified. A synthetic solid waste matrix was prepared based
on the composition suggested in the guidedinst @a%; rabbit feed 306ty
manureompost 10%; corn starch 10%, saccharose 5%; corn seed oil A% urea 1%).
waste matrix was incubated in 5 | polypropylene vessels covered with a lid

In order to maintain the chosen temperatures during ctwgp@&siihgyentilated

oven model M23®B manufactured by Tecnolab (IT) were used to place the vessels. As
required by reference stantarmng and moistening were controlled and manually

set daily during the thermophilic phase and weekly duringatten Matning

procedure ensured to properly aerate the heaps; moreover, in accordance with the
guidelineghree holesf 5 mnwere maden boththe sideof the boto ensure gas

exchange between the inner atmosphere and the outside. environment

At the end of the composting ttlestmass loss of synthetic wasteesweds

monitored by measuring the total solids content, in accordance with the standard ISO
114651S0O 11465, 1998)oreover, the C/N ratio was measured before and at the end

of the tesiThe measurement of total organic carbon was provided using the Walkley
Black methaohd otal nitrogewasmeasured in accordance with standard methods ISO
11261 (IS 11261, 1995)

The process conditions of each vessel are graphically summarzgdvasFEigure
favourable condition was of 2 months thermophilic phase with humidity not decreasing
below 50% (A On the contrary, it is supposed that conditivas&trictly
unfavourable, with thermophilic phase lastintpfot hGmidity not higher than 30%

during the maturation phase.

To allow an easgovery, bioplastic samples were inserted in tissue nets with holes not
larger than 1 mm size. A total ofnb4&dmples, with 50 um thickness and weight
0,0573+0.0000063 g, were cut 5x5cm size from biobags purchasable in all Italian
supermarkets. Rigid samples were 64 teaspoons (concave part) purchased from Ecozen
shop (IT) and easily available also iremlisiipérmarkets; samples had 250 pm
thickness and weighted 1.0082 +0.0000136 g.
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Figure8.8 Composting process conditions in the vessels of the test

Kineticstudyof bioplastics degradation

One rigid and one film bioplastic sample was collected once a week; after tissue net
removal, the sample was dried at 40+2°C to constant mass and weighted. Experimental
weight loss was calculated based on Equation
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Equatin3.7
P Q" Wix € i Id)—ZpT[T[

Wherew andw are the experimental weights beforelaeshatpling tirmef the
test, respectively.

The experimental data obtained in the present study was fitted in giseddibowing
firstorder kinetic model (Equadi&n

EquatioB.8
Qo
s
WhereQis the degradation rate constait4ddyis the timexl).
Integrating the above equation anddettiog initially wheo= 0, it gives Equation
3.9

EquatioB.9

Thereaction rate cons{@tvas obtained by plotting— versus time data for film
and rigid Mat&i® bioplastics under the 8 composting conditions.

Bioplastics characterization

Bioplastic samples were characterized bfFMBandiiGA Befoe starting the test,

the polymeric composition of film and rigid samples was defined; during the test, the
analyses were exploited to monitor the degradatioR PR@Es.TGA equipment

were the same used in the experiments of Chapter 3.1. Etestefare,given in

that chapter.

In additionhe main informatased from TGA davathe characteristic temperature

of the peaks associated to the thermal reactions of biopolymer components indicated
(T.ea) and the percentage weighiof eachcomponenh the new materialgth

EquatioB.10

EquatioB.10

Qo, .. ..
Q—&YUOD
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Where Tand F;correspond respectively to the initial and the final temperature of each

peak. Finally, a visual inspection was performed on the collected samples, to observe
changes in physical features such as consistency of the material, discolouring, erosion signs
onthe surface and lateral erosion signs.

Microplastics identification in compost

At the end of 6@cdmposting teatl samplegerecollected. The residual matrix was

dried out at 1002€°C to constant mass and sieved with 2 mm, 1 mm and 0.5 mm
meshed.he undersieves were weighted; photografdisevwe@der to analyse the
undersieves with ImageJ software. Using the function of adjust color threshold, the
software allows to set a threshold for microplastics identification within the compost
matrix It provides the total microplastics area. In particular, the function was set with
hue 0/255, saturation 0/255 and brightness in the r2dg&332The threshold

color was B&W with color space HSB in dark background.

Results and discussion

Bioplastics characterization

Spectra of pristine materials are displayed &R&ighomcerning film biobags, the
main peaks identified the material aBi@at@mposed of starch and PBAT, as widely
discussedprevious chapter.

Already after 15tlite main peaks of both starch-10800crt) and PBAT (1717,
1274, 1018, 726 énwere almost disappeared in all the composting conditions. In
Figure8.% spectra of conditigyafe reported as example.

Concerning the rigid material, FTIR arsdgsised the presence of PLA and PBAT
(Figure3.99. Peaks referring to PLA were identified in ¥748rcesponding to

C=0 group, 180 cntof CHCH; groups, 11&m* relatable to-O grou@nd finally
1®Blcm'related to €C stretcin nalkane@rrieta et al., 201Bortunati et al., 2014
Corregpacheco et al., 20a0)ePBAT component was assessed through the peaks 1717
cmt, GO group, 1274 cnihe ester linkage, and 1028amesponding to the phenyl
ring(Elfehri Borchaniad., 2015Weng et al., 2013)
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Figure8.9 Spectra from FTIR analysis of new film and rigid bioplastic samples (a) and degraded film samples (b)

During the composting process, peaks in the sigetsangiles from conditions A
and B significantly decreased atetidy endf the thermopikc phase, in both
conditions of low and high humidity (FigQre 3
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Figure3.10Spectra from FTIR analysis of rigid bioplastic samples ttwlecmfdhermophilic phaseatritie
endof the ést, under the conditions A,B,C .and D

On the contrary, samples in vessels C were submitted to a major degradation in condition
of high humiditfinally, peaks of spectra in condition D depicted an almost constant
trend with respect to the spectrumvahaterial.
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The TGA analysis provided a confirmation about the composition of bioplastic teaspoons
(Figure3.11); following the Equat®hQ composition ratio was 85:15 PLA and PBAT.

The result is in line with research development about mixed lexipotiedets

form film and rigid PLA/PBAT products: different authors showed in their studies TGA
and derivatives graphs with the peculiar shoulder of PBAT in a temperature range from
390 to 400°C, depending on the equipment and hextiguggrateal., 2020u et

al., 2019Corregpacheco et al.,.22)
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Figure8.11Graphs of the derivatives of TGA analysis of rigid bioplastic samalekeelheltdermophilic
phase ard the endf the test, under the conditions A,B,C and D

In Figue3.11 it is then reported the behaviour of PLA/PBAT testsih@oesdf

the test. The peak 395°C, related to PBAT, is almost stable: a slight increase occurred in
some conditions, but it is basically due-ialdirgssr recombination reactioics wh

are typical of degradatiCele et al., 2004pn the contrary, in the case of PLA, a
substantial reduction of the main peak temperature wasameesierdf

composting, and it can be considered as an index of (legiaetadiqr2015)his

temperature shifted from 355°C to around 270°C in conditions C and D, down to a
minimum of 240°C ip B peculiar trend was shown in condition A, where at both low

and high humidity the PLA\ &fter composting was slightly higher than other
conditions. However, it is fair to observe that these peaks are less sharp and less
homogeneous, with a tendency to incorporate the small peak which rose at temperature
around320°C. This peak, which appeared in the TGA of day 60 in almost all the
conditions, is relatable to the residual organic matter strongly attached to the surface of
the material, as observed in previoyKstygsro et al., 2020a)
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Therefore, both,And A as well ag,Binderlined deep degradat®n the contrary
Cy, Dy and Rshowed the lowest dégtion, confirming what already assessed with
FTIR analysis.

Kineticstudyof bioplastics degradation

The degradation of both rigid and film gastplésg phase lasting! fdayst the

beginning of the composting process, similar to thatbgbserveus authors for

several organic waste matAbesQdaiand AVidyan, 2016 After the lag phase,

the trend of weight loss followed a significantly different behaviour between film and rigid
samples. Film bioplastics completely degraded witthiof tte@n§ibsting test; rigid

samples degraded up txiawmna of 60% for the most favourable cong)tidméA

curves of weight loss for both film and rigid bioplastics are presei®é@ in Figure
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Figure3.12 Weight loss calculated from experimental data with Equdtiomioplastics in high humidity
condition&) filmbioplastics in low humidity cond{inm&id bioplastics in high humidity conlijiand rigid
bioplastics in low humidity itiomd(d).

Concerning film samples, a humidity not lower than 50% (conditions H) allowed to reach
a complete degradation withilay&®n the contrary, a humidity reduction during the
maturation phase (condition L) resulted in the less degiaelatiatewalt which

took up to®55days (Figure 3.12a and b)

Considering the rigid samples, the trend of weight loss largely differed from one condition
to another. In Figd 2 (condition H)t isclearly visible the strong steepness change
in corrgpondence of the maturation phase. Moredkersame temperature
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conditiog Figure3.121 shows that slower degradation and sharper steepness variations
occurred in the case of a lower humidity of the wagtonaitior L)This trend

confirmed #hsubstantiaifluence of humidiigth during the thermophilicthad

maturation phase

Beside the results related to bioplaistiizs; to menti@@me observations about the
synthetic waste maffi®.and weighbnitoring of the synthetic wasts reported

aweightoss ranging from 35% (A and B}1t894{C) and® (D) Fom tlese
measuremenisis assumable that the reduction of humidity, jointly with thermophilic
phase shorter than one month, affiscted degradation of siyahetic waste\

further index of the influence of unfavourable composting conditions on the synthetic
matrix was provided by C/N ratio. The initial value of 27+2 decreased down to a range
of 1118 for the conditions A and B, and26dd C and D. A value between 10 and

20is normally expected for a good compos(\deradity Agricoltura, 2009)

From a comparison with previous studies on film bioplastics, it emerged that the
standardized synthetic ma&ems to encourage the degradation with respect to
composibr mixtures of green and food waste (such as in e.g. EN 14855, ASTM D5338,
EN 13432). Indeed, degradation of different types of film bioplastics (PLA, PHB, starch
based) in synthetic wastes wakttobe not lower than 90% in terms of weight loss
(Arrieta et al., 201Bortunati et al., 20Meng et al., 20100 thesame conditions

of temperature and test duration, bioplastics degradation in not synthetic matrices
reached up to 7Q¥abasi and Ajji, 208®mez and Michel, 20DB)it required

longer composting period to reacliB20&guer et al., 20IR)is assumption meets

one more evidence in the experimental study of Raitkb{@6Kd ) (Rutkowska et

al., 2004)on rigid stardiased bioplastiédter 4 months the degradation was
considered complete in synthetic environment, whilst in corapost arabte it

reached a maximum of 20%, in terms of weigheoasthor found tliae

environment in the synthetic matriigllyfavourablein terms of pHmatrix
homogenization admonia loss available for the microorganisms. Therefore, the
bioplastsrlegradatiaa encouraged

Starting from weight loss measurement, the kinetic study was developed applying
Equation.S. The calculation of reactionkraecludethe period of lag phase

started from day'. 4Moreoverthe strong changd temperaturand humidity
conditionfromthethermophiliphaséo the maturation phases considered in the
elaboration of the degradation kinetics. Therefore, the kinetic of the thermophilic phase
was elaborated with the values obtained whigab&$ByG and D were at 58+2°C.

Then, three different mesophilic kinetics were assessed fqrdBarGragiteibhe
temperaturdecreasdown to 37+2°C. The degradation kinetics for film and rigid
bioplastics are displayed in Figure 3.13,idifdrbasing on set humidity conditions

(L or BH. The values kfintercept arigf are reporteith Table 3.4The kinetic data

was reasonably fit weliseudéirst order reaction as showr pf,R306 0,9).
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Figure3.13Pseudar§t ordekinetic curvésr: film bioplastics in high humidity con@iditra bioplastics in low
humidity conditio¢i®), rigid bioplastics in high humidity congtijemd rigid bicggtics in low humidity conditions
(d).

Table8.4 Reaction rates of bioplastics degradation in composting, calculate &6m Equation

Film bioplastics Rigid bioplastics
k (d9Y Intercept R? k (d9 Intercept R?
A 0.0981 0.432 0.9905 0.0136  0.085 0.9307
B 0.0981 0.432 0.9905 0.0023 0.439 0.9833
C 0.0934 0.822 0.9289 0.0018 0.278 0.9626
D, 0.0850 0.981 0.9395 0.0018 0.097 0.9433
A 0.1663 0.851 0.9759 0.0159 0.055 0.9842
B, 0.1663 0.851 0.9759 0.0029 0.461 0.9954
Cq 0.1663 0.851 0.9759 0.0023 0.394 0.9298
Dy 0.1663 0.851 0.9759 0.0019 0.217 0.9304

Finally,from thereaction raté wasextrapolate thdeoreticatime required to

complete the degradation process. It costsfamtl 10nonths for . AandA,,
respectivelfiimes raisetbr B, C and D due to the reactiodeatease during the
maturation phase at 37+Xi@emperature and humidity conditions of the maturation
phase3; would takaroun® yearkorcompletely degradiBgandC, not less than 4
yearsC_andDy around 5 years; findllyywould degrade in 6 years.

Furthermore, it is fair to evaluate the times to reach 90% degradation, which is the
percentage required for bioplastics to comply wigrtaegonatandar@.e. EN
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13432) A, andA_ can degradg to 90% within 5 and 6 months, respectively, thus
complying with the international stafiRlatidbwska et al., 2084 13432:2000)

On the contrary, the operative conditions of the maturation phase slowdown the kinetic,
and consequently 90% degradation can be acquir8d/estfsn 2

Howeverbioplastics degradatwasnot completely prevendeding the matticn

phasewhere it continued at slow kinetics. It is assumd#i#elegeadation was
encouraged by mechanical factors, mainly stress and abrasion,dumohdpyturning
microorganisms infiltrated into the porous structure of therhetearal prected

against desiccation by the slime matrix secreted during microbial adhesion to bioplastic
surface and made of polysaccharides an{Lpoateiasal., 2008he pesence of
proteinaceous material found a confirmation in peak B6B@mme et al., 2003)

which rose in the FTIR spectra collectedgfted&gradation.

Microplastics identification in compost

Microplastics detection in the retained matter of 2 mm and 1 mm fractions was negligible,
accounting no more thragitem in each vessel. Indeed, it was expected that tissue nets
retained piec€ mm sizedn the contrarymaged softwaneasured sudaareas

from 20 to 50 n#im the undersieve&5 mm The graph in Figure 3.14 reports the
area/weight ratio of microplastics in each test condition, in relation with the maximum
weight loss reached by the respective bioplastic sample after 6ihg.of compost

Undersi
Sample Area (mm?) ndersieve

weight (mg)
0,9 A, 403 53.6
1 ’.D‘L B, 48.6 84.8
0,8+ A, C, 50.3 7356
| ]
07 Dy Cy D, 30.6 45.2
= . A 46.0 55.4
0,6 By B 334 74.2
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05 D, 20.1 100.2
0,4 C
E o
0.3
1 D
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Figure8.14Microplastida the undersieve of 0.5fomeach test condition of composting.

In low humidity conditipiiswas observable a quite linear #éritie end of
compostingpndition D witiheshortstthermophilic phaserespondéalthe lowest
abundance of microplastics in the undersieve of 0.5 mm. On titve comidgrgn

A where 52°C were maintained throughout all thevéasstharacterized by the
highest microplastics abundéineeefore, it was confirmed the role played by high
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temperatures in disintegrating bioplastics, already assessed by fjteviagadiudies
et al., 2020Neng et al., 2011)

In high humidity conditions, the trend was quite different because samples A,B, C and D
did not present strong variation in microplastics abundance in the undersieve of 0.5 mm.
Moreover, the area cedeny microplastics in sachpléreported again in Figure

3.14) was generally higher in cosdititinan LThus, beside the temperature,

humidity had a role in the disintegration process. A combination of mesophilic
temperatures and absence of mgisle@ddown both the degradation process and

the disintegration of larger pieces into microplastics.

Overall, microplastics identification with ImageJ software was easily applicable thanks to
microplastics round shape and light wdlimir enhancdadshold setting in dark

matrix and dark background (Fgyjise and b). Finallyisual identification of
microplastics generally required a validation of the items identified as microplastics.
Thereford; ITR analysis was randomly carraedtbetiteis(Song et al., 2015he

analysis both confirmed the nature of the fragments and provided information about the
type of bioplast.As expected, microplastics derived from rigid PLA/PBAT teaspoons,
which had not been completely degraded wihys BRamples of pictures of
teaspoons residoeliected from the tissue nets at different timings ofithe test
reported in FiguBel&c.

Day 4 Day 30

Figure3.15 Microplastics without (a) and with (b) threshold setting ifc)megjddes of PLA/PBAT spoon
collected inResde

Conclusions

The present research provided an improvement of the basic knowledge about the
influence of composting conditions on film and rigid bioplastics degradation, which can
be useful in the perspective of bioplastic wagemmat in industrial composting

plantsTo this purpose, the kinetic study was fundamental to deep analyse the degradation
procesdPue to the significant variation of conditions tettiheemophilic and the

maturation phatige kinetianalysis wsesparately perfornmethe two phases
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Even thoughe kinetic study showed major influence of composting conditions on rigid
bioplastic waste than, fille maturation phase always led to a strong slowdown of the
degradation rateurHidity as well asmperature jump down to mesophilic conditions

were found to significantly affect the degradation process

MatefBi® bioplastic films reachembmplete degradation withm 60 days of
compostindHowever, constant moistening to maintain humidiO&b@tlowed

film bioplastics to degrade within 30 days. On the contrary, in condition L where the
matrix was left to dry out, the degradation was not completeds6edfiangs.50
Concerning rigid bioplastic sarntipdedegradation rates where much slovgr and
andA,_werethe only conditiswhichwouldenabl¢éo reach 90% degradation within 6

months, as requitedcertify the compostabiltyen though in the other conditions

the degradation was not at all fg@vercontinue, the overall to@%degradation
rangeffom2to 3years.

It is fair to remind that a comparison with previous studies revealed that the synthetic
waste matrix provided by the standard, may enhance bioplastics degradation more than
ndaural composting environment. This issue should be accounted also in further studies
about compostability assessment in composting.

Finally, microplastaisundande the undersieve of @ was found to generally

increase when bioplastics reachedlbgyadatioMoreover, the results disclosed

that beside the temperature, humidity had a role in the disintegration process. Indeed, a
combination of mesophilic temperatures and absence ollowistedmgnoth

the degradatiand thdisintegratnprocess of bioplastics

Acknowledgments

The lascale composting tes@Ghapterwsere carried out in the laboratory of Sanitary
Engineering at the Department of Civil and Environmental Engineering (DICEA) of the
University dfirenzeThe TGA and FTIR analyses were carried out in the laboratories

of the CSGI Consortium and of theDegant of Che mMhesSEMY o0Ugo
analysisas donat MEMA centre in the Universityesfze

60

Sct



Chapter 4.1

4 Fate of bioplastics from composting to natural
environment

4.1 Bioplastics degradation: chemical and physical features
during the thermophilic phase and he maturation phase of
simulated composting

Abstract

The recent regulations, which impose limits on single use plastics and packaging, are
encouraging the developmerangpostabl@oplastics markekowever, bioplastic

products labelled in accordaititestandards for compostability assessment, present a
wide variability in type and propeaffesting the composting effici€éheycurrent

work aims to study the degradation mechanisms and efiitdesagnafketable

bioplastic products umdenitoredompostingrocesst follows the guidelines of ISO

1485% andstresses novel elements whetharagly influence bioplastics degradation:

the simulation of industrial composting conditions and the thickness of bioplastic
products, rangingtlveen 50m and 500m. Thsresearch approaches these critical
aspectsysimulating composting testh20d of thermophilic phase followed tby 40

of maturation phaseMarerBi®, PBAT and PLEonventionaDPEwvas introduced

as negativeenchmarkAn overall study wiTIR, TGAGPC,SEMand visual

inspections was applied. Results highlighted that MB film presented the highest
degradation raecompost#5+4.7%n terms of weight ld8seth MB and PBAT were

subjected twear changes in their physical and ¢bataresl, while LDPE presented

slight degradation signs. The most critical observations have been done for PLA, which i
strongly influenced both by thickness and thermophilic phase duration

This chapteris published in Journal of Polymers and the Environmerds

F. Ruggerdr. Onderwater, E. Carretti, S. Roosa, S. Benali, J. Raquez, R. Gori, C.
Lubello, R. Wattiez (2020egradation of film and rigid bioplastics during the
thermophilic phase and the maturation phase of simulated composting. Journal of
Polymers and the EomunentArticle in presB0i10.1007/s10924210209&2.
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Introduction

The currerghapter continuesiyiate from the stangestiand iintroducenovel

elements in the study of bioplastics degradadimesloser tdhe conditions of

industrial composting prooessonlywith respect to the operational conditions
mentioned teguidelinegut also considetrting effect of bioplastic tiesk.

Theoperational conditiarfsthe test were basedawroverview provided by the
European CommisgBuropean Commission, 20dtirh accounts 17 plants from 6
European countries (Spain, France, Ireland, Italy, Portugal, Uni}e@heimgeiom

length of the thermophilic phas8 se2ks; just two cases differ from the average,
presenting a thermophilic phase of one week and one month. On the contrary, the
maturation phase has a wider variability among the plants: from & nieaksim of

to a maximum of 6 months. Starting from this oitemaeset the duration of the
thermophilic and the maturation phase ischaélént 20d and 4@, respectively.

Considering the increasing trend of bioplast{E&usaegn Bioplastics, 2Q48)

input of the tested material has a concentration slightly higher than in the standard tests.
A turther element of novelty was relatsel ¢election of the type and the thickness of
testedioplasticdndeed, they astictly related to the usaigkioplastic products

MatefBi® (MB) iswidely employed for biobags prodwehibePLAIs generallysed

for single use glasses, cutleries and dishes mafifaseupgroducts are ten times

thicker than film bags.

In the degradation monitothegkey critemhighlighted by the methodolotjies

common guidelines, is the weight loss. Though, this parameter has some limitations: (i)
the visual recoverability of the entire sample due to the disintegratipieirgés, micro

(ii) the variablgsat influence the weighth ampost residues on plastic surface and

water absorbed during composting, and finally (iii) the complexity of the degradation
process which cannot be addressed. Based on these considerations, the current research
invesgateshedegradation processmulateshdustrial composting conditions with a

wide range of methodologies, enabling to amsigt into the cherptysical

changes of the tested polymers and to define the key drivers of the degradation steps.

Materials andmethods
Tested materials

The bioplastics selected for the experimentabtestalden the European market

and are products commonly used by citizens and disposed in the organic fraction of waste.
Three bioplastic types havesbismed. The first oveesMB as widely discussed in

Chapter 3, bags made of this materammercially available and were bought in

Italian supermark&heywere manually cut (thickness =50 pm, size =5x5 cm, melt
temperature=64°C, density2gdlcn®). It is reminded thaketmaterial is composed

of starch (209%)BAT(70%) and some additives (E&s)ioli, 1998)PBAT seems

to be the most critical part of MB, because its degradation is largely influenced by
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composting process conditions (especially low humidity and short thermophilic phase)
(Ruggero et al., 2020d4erefore, pure PBAT was separately tested to better investigate

its degradation process. PB&oflex® F Blend C1200 was supplied by BASF
(thicknes®80 pm, size=5x5 cm, melt temperatureE2A°@, density=1.2527

g/c?. 1t is fair to highlight that PBAT is fossil based and not biobased, but it certificated
as compostable bioplaktie.third materiaks PLA. However, differently from MB

and PBAT wes tested in rigid fqrmorder to simulate the degradation of some thick
products made of PLA and widely diffused on the markehgeasasutleries,

dishes and glasBeswas supplied by NatureWorks LLC (USA): PLA98.6/1.4 (L/D

lactide) ia grade for the extrusion of filaso(@er <1.4%; relative viscosity=3.94;

residual monomer=0.14%, melt temperatutB2Z)0Pellet&eredried in vacuum

oven overnight at 60°C and processed using a press model 4122CE manufactured b
Carver, with cieelshape (thickness =500 um, g =5 cm,).

ConventionADPHN film form was introduced in the test as a begelireffior

its lowdegradatiafficiency. Furthermore, as some LDPE garbage bags are incorrectly
conferred to industrial composting praimgravement of the knowledge about their

fate in composting conditions could rise the need to provide stricter limits regarding the
use of LDPE bags for organic waste collection. LDPE film ET311350/2 was bought from
Goodfellow company (UK) (thicknes250is=um, size=5x5 cm, melt
temperature=116°C, density=0.925%/cm

Experimental setup

Composting tests were carried out in accordance with modified guidelines 1ISO 14855
2:20181S0 148583, 2018)It wasused 1§ of plastic, completely mixed in 350 g of
compost (concentratio®%@. A 3 months stable compg&.@Rng @g TS) from

green and agricultural waste was provided by Ipalle industrial composting plant, located
in Froyennes (BE), together with the chagsaal analyses carried out by Liege
University (BEMature compost shall be used as inoculum of ¢hacamesisi to

provide sufficient diversity of microorganisms and enhance the degradation process of th
tested materiattumidity, C/N and pH of compost were 47%, 15 and 7.5, respectively.
Composting tests were carried out in three replicates feriaacharedver, three

reactors contained only compost as background controls. Glass reactors were
cylindrically shaped with a volumg oféhufactured by Pierre E. bvba (Vilvoorde,

BE). The reactavereconnected with a system provided by Wetkidsdé® sprl
(LouvaiaNeuve, BE), which abkaolihe automatic control of the air flow through the
reactor. The air flavashumidified by passing through distilled water in a glass bottle,

of which each reaetes provided. The 15 reactors were ipkacee Binder BD400

incubators in order to maintain the conditions required during the test.

The test was carried out under thermophilic condi26@3 {682, followed by

a maturation phase (37+£2°C) farR€actors were opened once a waahktyhwas

checked and manually adjusted to be in the5%tgartDthe sample was mixed to

ensure a proper homogenization of the plastic material within the compost.

63



Chapter 4.1

Some pieces of the material from each reactor were recovered aftido 2 and 60
submitted to the chenphbgsical analyses in 3 repliBafese being analysed, the
samples were gently brushed off with tissue papers to remove composeiesidue from th
surface.

Fouriertransforminfrared

FTIRspectra were collected in total reflectance mode (ATR) with Bruker Tensor 27 IR.
The investigated wavenumber range-80@058@ and the resolution is 2t.cm
Moreover, the analysis was directly pedarthegbieces of the tested materials, with

a size bigger than 1 fitme.system is coupled with software 6.5 Opus. The spectra were
acquired in absorbance.

Experimental weight loss

Compost recovered aftet@@ompostingadirst sieved (2 mm meBlgstic pieces

both from the over ahdundersieve were extracted with tweezers, as far as it was
possible with a naked eye. They all were brushed off and weighted to be compared with
the initial weight (10 g). Even after brushing, the plastiessetesopnpost
residuesittached to the surfddereover, part of the tested plastmsireshe

capability to absorb water during composting process. These two variables could alter the
experimental weight of plastic pieces reabtiezezhaf the test.

To provide an estimation of these variables and subtract them from the experimental
weidnt, information shown by TGA analysis were exploited. Percentage values of water
and residues depicted by TGA were used as the two quantities to be subtracted from the
experimental weight, resulting ifolllbevingequation:

Equatiod.1

O @b QW ¢ ibi pTT

annn Vwo® 1| Qi Q®o Qi

werew is the experimental weight (g) of the plastic pieces recoverkdfafter 60
composting, 10 g is the initial weight of the plplgfic saon®i and Qi Q®6 Qi
are the valuespicted by TGA analysis, as explained in next paragraph.

Thermgravimetricanalysis

TGAwas performed using a TA Instrum&0 MTGIGA) apparatus using open
aluminium pans under a nitragessphere. Measurements were performed in a dry
nitrogen balance purge flow of 40.0+0.5 ml/min and sample purge flow of 60.0+0.5
ml/min by increasing the temperature from room temperature up to 800°C at
10°C/min. 10 mg of samples were submitted to/e anal
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From the first derivative of the TGA curves it is possible to obtain the characteristic
temperature associated to the thermal reaction, indicatghditioifesponding to

the maximum temperature reached during the conversion. Moreover, the weight loss of
the materials at given aging time can be acquired from the raw data, exploiting the
following equations:

Equationd.2

IR D ’QL’)’ "Y
0O oY

Where'Y and”Y are the initial and the final temperatures of conversion, readable in

the DTGA graph. The integral corresponds to the peak area, which basically is the weight
of the material. Knowing the peaklateaf the material befobed and after
degradath 0 6, it s possi bwébPt.o get the weight

Equationd.3

00 |
wL b pnnﬁawpnn

Finally, the TGA provides values of water absorbed by tesied m@érehd of

residues of compost attached to the plastits Qurfa®@o: the temperatures set

for the percentage weight of water and residues are T<105°C and T>500°C
respectively. These two valteexploited in the measurement of the experimental
weight loss, previouslgliscussed.

Gelpermeatiorchromatography

Gelpermeatiochromatography was applied on bioplastic residues in order to determine
the loss aholecular weight during composting. Samples were initially dissolved in
chloroform (only MB, PBAT and PLA are dissolvable), then the analysis was carried out
with Agilent1200 series GPC equipment. Size exclusion chromatography (SEC) was
performed in CHGIt 30°C using an Agilent liquid chromatograph equipped with an
Agilent degasser, an isocratic HPLC pump (flowaie¥lamAgilent autosampler

(loop volume=10pL, solution conc.=1 mdjmnan AgiledDRI refractive index

detector and three columns: a PL{galduard column and two PL gel-i2it€d

t m columns (linear columns for separation of MW(PS) ranging from 500 to 107 g/mol).
Polystyrene standards were used for calibration.

Scaning dectronmicrosco@

Images of degraded and intact plastic pieces were cdEsfekSMith200F JEOL
emission field scanning electron microscope apparatus. The pieces of bioplastics were
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pretreated before SEM analysis by submitting them batbih&one night 70%, 2

baths 90% for 30 min and last bath 100% for 1 hour). After this procedure, the samples
were dried passing to the critical point. aié€amples wefirallymetallized with

gold using JEOL device JFC 1100E ion sputtat, Tine oeetallization took place at

10 mA for 3 min.

Visual inspection

Plastic residues recovered from compost were reported in photographs to visually define
the macroscopic changes of the material in accordance with the following criteria as
describd by EN 14045 (EN 14045, 2003): distribution of particle size, consistency of
the material, discolouring, erosion signs on the surface and lateral erosion signs.

Results and discussion
Fouriertransforminfrared

FTIR analysis provided an overview of the chemical bonds which characterize the tested
materialdisplaying the material through the main peaksl(figure

The observed FTIR spectrum of the fresh PLA was similar to that reported previously
with the saemmateriglrabasi and Ajji, 20AHjeta et al., 2014he peakt 1748 cm

lis due to the asymmetric stretching of C=0 in lactide;! idfafabie to Glh

alkanes, 1132-twhich corresponds t€ Gtretching in alkanes; 118Wtich is

the GO stretching WtCHO group; 1081 crof GC in ralkanes; 755n¢ that

identifies the crystalline phase of PLA {8 6stead the wavenumber of amorphous

PLA).

The FTIR spectrum of fresh LDPEdgp®eific peaks of this material: 29/dm

2485 crh which correspond to antisymmetric and symmesticc@ithg in n

alkanes, respectively. Then 1468 attributable to gdteformation iralkanes and

721 criis from methylene rocking. Finally, 1306 and 18&tecobserved in the

LDPE spectrum, connected to the twisting and wagging defdrenGtibgradp

(Da Silva and Wiebeck, 2017)
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Figurel.1Spectra of MB, PBAT, PLA and LDPE resulting from the FTIR of samples anadyskd beéifre and
the test, day 0 and 60 respectively.

The FTIR spectra colleatdte endf the test (day 60) reported some peaks
which are specific to all theadedyioplastics and LDREthe range between 3360
cm' and 3240 cinthe band between 3380am 3340 chis due to the stretching
of the OH bond of the hydration by water molecules, wB#803840s assigned
to NH group of amides. Thudyrthead peak in this range, wiaishore intense after
60 d, can be attributed to two main phenomena: the hydrolytic degradation of the
biomaterial and the presence of proteinaceous substances due to the bacterial activity. |
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particular, the peak at I8%ould be correlated to carboxylate i6@@Rwhich

formation is due to the activity of microordamigates et al., 2014horeoverfter

60d, the presence of the peak at 1558 attributable to proteinaceous material
(Bonhomme et al., 2003)

It isfair to observe that the spectraddiégffaded MB and pure PBAG almost

identical: they depidthe same characteristic peaks. This indicates that on the one hand
PBATwassubjected to degradation during the composting process both as pure material
and as part of MB, and on the other hand that the presewesadinststralegligible

in the degraded MB (as indicated by the strong decrease of the peaks between 1150 cm
and 950 ci Regarding PLA, this material, after degradation, did not present significant
changes with respect to the fresh material, as already observed in previous studies
(Massardidtageotte et al., 2006)s interesting to compare this observation with the
hydrolytic degradation process of ester bonds, typically occurring in PLA, which always
generate oligomersmmnomer@enali et al., 2016pr this reasonisitair to expect

that during the degradation the peskd tel the bonds characterizing PLA do not
change.

Finally, in LDPE just a slight sign of degradation was demonstrated by the two peaks at
1615 cmand 1032 chwhich oseafter composting; the first, as already observed in a
previous stu@@elacuvellerie et al., 20iDjeliable to-O bond, and the second is a

CH deformation.

Experimental weight loss

Figurel.2 reportthe experimental weight of the testiedialexpressed in grams of

residual weight of both macro and micro (<2 mm) hegdugsulafor MBsome

micro (<2 mm) and macro residues, with a size bhetwital 5x5 cm and 2 mm
(Figuret.2a) are still present at the end of the degradatianmpfactbe weight

loss experimentally measured with Equatas 45+4.7% (Figdt2b). This value

is not far from observations of previous studigsgojpe similar temperature
conditions for a test pefiooh28 to 9@ (Massardi®dtageotte et al., 200MHhee et

al., 2008Accinelli et al., 2012heyfound that degradatiangsbetweer80 and

55%.It is already interesting to observe a difference with the weight loss of pure PBAT
film, which was 8+1.6%.

Considering the PLA, it was found that the degradation did ndd.@cdde: 3

observed trendlPLA requires toake a comparison with presgtodies which found

better degradation results. In a prolongated thermophiBO phabe degradation

excee®0% in terms of experimental welghle et al., 200FPradhan et al., 2Q10)
Conversely, it was found that mesophilic condifiOf $88p PLA degradation at

around 10¢Massardidtageotte et al., 20@®ng et al., 2Q@hrestha et al., 2020)

However, available studies on PLA were performed only on film material, with thickness
ranging from 30 to 50 pum. Thus, the current research disclosed the importance of
considémg the thickness as significant variable in the degradation test, as well as
composting conditions and the complexity of polymeric structure.
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Besides MB, only PLA presented microplastic fragmentsoaftem@@sting; a
further discussion of this phenomenon is priwedeebparagragh

12 100
|E===1 DAY 60 (micro) DAY 0
| DAY 60 (macro) 90 I DAY 60
10
80 4
8. 70 4
- g e
=}
~ 12
£ % T 8 504
2 =
%’ g, 404
4
S 304
24 2]
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MB PBAT PLA LDPE MB PBAT PLA LDPE

Figuret.2 Experimental weight of the testddrialeexpressed in grams of residual weight of both macro (5 cm
2 mm) and micro (< 2 mm) residues (a) and in percentage of weight loss (b), elaborated in accordance with Equation
41

Thermgravimetricanalysis

The results derived from TGA analysis thdtdae2major contribution in MB weight

loss was given by starch degradation: up to,&&tmh@kated in Fighi& while

this value is about 18+1.8% for PBAT (obtained by/=3ju&tborMB itvasalso

possible to provide an estimation of the global weight loss, considering that starch and
PBAT constitute 30% and 70% of pofgspactively. The result estimated by these
proportions/as39+2.1%.
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Figuret.3 Trendof weight loss of the testatkrialgerived from TGA analysis in accordance withZ&juation

As expected from the results of the experimental measurements previously described,
the weight loss derived from TGA for the othemtgsigals wat very high

6+0.3% for pure PBAT, 4+1.2%iigidPLA and lower than 2% for LDPE

It is interesting to compare the results obtained by TGA with the weight loss
experimentally measured. TGA results obtained for MB and PBAT, adtlod present

major degradation among the matesi@20+5% lower than experimental values.
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This discrepancy can be attributed to the higher precision of TGA analysis compared to a
method based on a first visual recovery. Especially for MB, the expgatihosstal wei
methodvasighly limited by the naked eye recovery of micro fragments. Therefore, the
smallest pieagsrelikely to remain into the compastixandverenot accounted in

the residues weighted.

The Teadsee Tablel) is a furth@arameter that can describe the degradation level of
the investigated polymers. In MB, the strong decygasetaf tarch component

(from 31%C for the undegraded tkBvn to 308 for the sample of MB collected 20

d after the beginning of thepositing process) confirmed its stronger degradation with
respect to the PBAT component. A progressive,sititloer temperatures was

found also in PLA: from 361°C for the fresh ydatenab 338+4.5°C afterdsof
composting, indicating #hethain degradation occurred for this polymer.

On the contrary, a slight increasg,@fab observed for both PBAT and LDPE: this
interesting phenomenon was already observed in eafaftesetchés 200andt

is probably due to cilodsng or recombiimat reactions of the biopolymer chains
occurring during the first step of degradation.

Table4.1 Table reports information derived from TGA analysis omtia¢etésied

Day T,ea(°C) Weight loss (¢ Water (% Residue (¢

=0 317 - - -
Q £ 20 303:0.841:15 3+0.9  23%1.2
2 60 - 88+2.9 9+2.4  25+1.8
—~0 395 - - -
Q5 20 396£0.6 17+2.9 3:0.9  23#1.2
& 60 395+0 18+1.8 9+2.4  23+1.8
~ 0 395 - - -
< 20 399+0.8 5+1.7 10 10+1.3
O 60 400+0.3 6+0.3 - 10+0.3
0 361 - - -
é 20 349+1.6 2+0.5 2+0.5  2+0
60 338+4.54+1.2 2+0.5  10.9
w O 467 - - -
& 20 469+1.8- - 2+1.3
— 60 470+0.3 2+1.3 - 2+1.3

Gelpermeatiorchromatography

An important confirmation that biodeterioration and further depolymerization occurred
in theselected polymers was also provided by GPC analysis (Figure 4
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Figuret.4 Trendof molecular weight loss (g/mol) for the tested bioplastics at the beginning, durireg (day 20) and
the endday 60) of the test.

Concerning MB, after 60 d of composting, a decrease @ thelemasgveight of

75% was observed; thesdatests the progressive fragmentation of MB into a mixture

of oligomers and monorg&iracusa, 2019)

Concerning PLA, the GPC data indicate that the molecular weight decreased from 9500
g/moldownto 1750 g/mol, which is consistent with the depolymerization process that
gives the formation of simpler chains due to the hydrolysis(Bactatencet al.,

2020)

A peculiar situation is instead related to pure PBAT. While TGA and weight loss did not
highlight a strong degradation process, the GPC analysis repbodedatined

molecular weight close to 50%. This indicatesdidyadlymerization started. The

result seems in contrast with the slight incrgadeechiise both molecular weight

and Jeacan be considered as indexes of the complexitieatthé mas expected

that the decrease of the first index, which suggests a decomposition of the material inta
smaller polymer or oligomer chains, was accompanied by a degrgdseoéthe T

al., 2015)However, as mentioned in the previous paragraph, in this ceesseser

can be attributed to cfivdésng or recombination reactions occurring in PBAT polymer
while degrading.

Scanningdectronmicroscop

Morphological analysis with SEM introduced an overview of the material biodeterioration
and allowed to characterize the degraded residues through some interesting aspects.
In Figurd .5, fresh MB appears as a composite polymer withirsfaenibgdded in

a flat filmwhich corresponds to PBAT, as confirmed by the micrograph of a flat surface
of pure PBAT at day 0. Fresh PLA and LDPE are also characterized by a flat surface.

71



Chapter 4.1

Day 60

MB

PBAT

PLA

LDPE

Figurel.5 SEM micrographs at different timings of the test carried out anaterisdsted

Concerning MB film, the disappearance of the starch grains embedded into the
continuous matrix was evident already after the thgyhagghdfccompostolay (
20). Moreoveduringthis phase, the surface was fractured and colonized by different
microorganisms. Some peculiar long chains distinguishable on the micrographs (Figure
4 6a)wereidentifiablesfibres in the internal struetaf the biopolymer, which
constitute the strongest and less degradable part of the material. Thus, these fibres seem
to have surfaahae to the progressive erosion of the material, as observed in previous
studies dealing with plastic {iBreskonsky et al., 20A&aluddin et al., 201A)
further characteristic of the degraded maert@lenanometric light dots which
appearezh the surface after 60abmposting (Figd@h). The same nanodots were
present on the surface of degraded PBAZ.§giguae to the small size, toeyd
notbe related directly to microbial organisihsydsair tohypothesize that they are
residues of bioplastics assimilation
A further peculiar feature of PBAT was the tendency of the surface tallieak (Figure
This aspect was already obsemevibys authd&/eng et al., 2018/ang et al.,
2015)andwererelated to a physical degradatiooseeffects are usually not
immediately visible at a macroscop{®lexad] 2004 he present study confirmed
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the physical degradation and consigeedsurface cracks as a first step of film
disintegration thaincresult in the formation of nanoplastics (dimensions below 10 pm).
Moreover, SEM analysis inditattethe pure PBAT was much less subjected to diffuse
bacterial colonization than in MB.

Observing the degraded PLA, SEM micrographs illustrateteseafoing surface

and the appearance of pores after composting. Both observations characterize the
degradation of the matériai et al., 2015jurther peculiarities were found. First, a

porous structure with nanometric holes homogeneously distributed on the surface was
observed and this shageompletely different from the flat surface before composting
(Figue4.6d). Holes on PLA surfaeseobserved by previous st(Bliesimet al.,

2013 Valerio et al., 201'But in the current case this phenomasuoch more
extensiveSecondly, as reported in Fiyee an extensive bacterial colonization
occuredon PLAConversely,DPE did not present paldicvisual changes aftdr 60

of composting.

Figurel.6 Peculiar features observed with SEM analysis. (a) filaments on MB surface (al is for day 20 and a2 for day
60). (b) light dots on MB (1) and PBAT)PBAT after 2¢) @nd 60 days) (@f composting. (d) Sponge structure
of MB (g and PLA £d (e) bacterial colonization on the surface of PLA.

Visual inspection

Photographs of the tested materials showed some macroscopic physical changes occurri
during composting (Figurg. The size reductieasyisible for all the bioplastics, but
especially in MB film. In the first weeks, the phenomenon was muirilgerelated

folding of the bioplastic sheets and to the increase of it$lasdkittess/dsie to

the temperature of the thermophilic plusseto the melting poibreover, the
disintegration was induced by the increasing fragility of thel Biodhate

concomitant biotic activity. The disintegration effect was widely observed in the residual
MB recoveredat the endf the test, as reported in Fi§j@ee (around 25% of the

residues are microplastics; size belowrRhailp) both macro anidro residuesdha
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colour and consistency similar to commpast) from transparent or white to uniform

or spotted brown

Also PLA, as already found in earlier(Kialdiesal., 2006t_uzi et al., 20}, showed

the tendency to disintegratieirther observation (FigLrg on this thick bioplastic

was the loss of transpa@negdwfter one week of composting: this effect can be
attributed to a progressive lossanyshelinity. These aspeetsconsiderable signs

of abiotic and biotic activities involved in biodeteftatienal., 2007)

Finally, LDPE photographs reported an almost integer surface of LDPE (only the
presence of compost resicagedservable onto the film surface), still transparent and

flat even after 60 d of composting.

Day 5 Day 15 Day 20 Day 40 Day 60

=

PBAT

PLA

LDPE. .

Figuret.7 Photographs of tested materiaisdifferent timings of the degradation process.

Conclusions

The current research intratlac@ovelty among the studies related to bioplastics
degradation: it investigtte difference of composting process conditions with respect

to the guideline methodology and the variability of bioplastics thickness.

The appach combining a variety of methodologiesl disgidserange of useful
information about the degradation process. The implementation of industrial composting
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conditions to study the plastic degradationddgbhghtinteresting poigigns of
degadationvereobservable in all the tested materials. First, the decrease of molecular
weight, particularly accentuated for PLA and MB. Then, the peaks in the spectra assignet
to proteinaceous material, relatable to biofilm formation on the sudptzsbtshe b
Moreover, thexgere signs of erosion and disintegration visible from microscopic level

(in PBAT) to macroscopic level (PLA and MB), and nanopatrticles detected with SEM
micrographs on the surface of PBAT and MB residues. Finally,ed Was assess
depolymerization into oligomer chains, assimilable by bacteria.

MB and PBAT digpldthe major degradation rate, wiashaster for the PBAT

present in MB than for pure PBAT: in fact, starch grains in MB degraded first, generating
cavities whigdmnhanced the degradation of the whole polymer. Despitasthis, it
noticeable from all the analyses that additiowalsteqgaired for the complete
degradation and therefore assimilability to deumgb@smore, it emerged the issue

of micro and nano fragments detdcted enaf the test: further studies are
recommended tarefully monitor their fate into the environment and to rethink
regulation targets.

Rigid PLA exhibit key features of regsivg degradation thetstudy disclosed the
importance to include the thickness as fundamental variable in the degradation process
Indeed, it was found thatcombination of ad2Bermophilic phase and@@epum

thickness of the material pred@icomplete degradation within 2 months.

Finally, as reported in the introduction about the overview of the European Commission,
the industrial composting plants have a mean thermophiliejlda3@éeicidrent

study found that a thermophilie @ia®0d is not sufficient to ensure bioplastics
degradation. This result is of great concern, becafiseghat the discrepancy

between the standard conditions (e.g. EN I883P4855and the industrial
composting conditions is an issuetolrged in the bioplastics management system.

If necessary, a proper degradation time in the industmaly pteatsjuired by
recirculating maenresidues of bioplastics after a refining treatment. To th& purpose

last important issue emergedtifionest of LDPE in compastihg conventional
plastichowed a minor weight loss and not significatoremtpasith respect to

bioplastics. Moreover, the presence of LDPE in the retained material of refining
treatments prevents the recircutditibe whole oversieve, which is therefore destined

to incineration or landfilling. Thus, regulations should force the correct conferment of
only bioplastics in the organic waste, to allow recirculation cycles of bioplastics and to
improve the performaatthe industrial plants.
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4.2 Characterzation of bacterial communities responsible for
bioplastics degradation during the thermophilic phaseand
the maturation phaseof composting

Abstract

The microbial community plays a fundamental role in bioplastics degradation in
composting process, as polymers can be used by heterogeneous microorganisms for the
growth. The present study aims to investigate kegglasatsd bacterial
communitiashich are present under thermophilic and maturation phases of composting.
Composting process was simulated in a 2 newalestéddr. Mati®, PBAT, PLA
andconventionBDPE were considered as benchmark. A first qualitative screening was
done with Dmturing Gradient Gel Electrophoresis (DGGE), then the bacterial
community profile was disclosed with a 16S rRNA amplicon analysis. The bacterial
communities developing on bioplastics and LDPE became more specialized in degradin
polymers, and depictedindis bacterial genera in mesophilic and thermophilic
conditionsSome peculiar bioplastiseciated bacteria were identified in the current

work, in particuléBtreptomydeseudompAasibacilluSchlegellelamnobactand
Mhnellavereamongnost abundant genémaaddition, some bioplaskecgaitig

bacteria were found to be depenuéiné¢ @lastic nature, but a larger variety of
specialists were present on two or more plastic types. Finally, an enrichment method was
applied with thabjective to investigate the bacterial species using bioplastics as sole
carbon source. The method disclosed the possibility to culture some specific bioplastics
degraithg species, opening the frontiers for bioaugmentation practice in industrial
compostm
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Introduction

In accordance with the European Bioplastics Agency, bioplastics are divided into three
categories: biobased bioplastics, which derived from renewable resources; biodegradable
bioplastics, degradable by microorganisms; bioplafgatdwttiche characteristics.
Compostable bioplastics are biodegradable by microorganisms under composting
conditions, and they can be biobased or derived from fossil fuel. Even though compostable
bioplastics represent just a small part of the glolpabgladion, their increase on

the market will require further research to improve the management in biological waste
treatmentd=urthermore, the data from the Italian Composting and Biogas Association,
named CICCpnsorzio Italiano Composteded that part of the plastics arriving to

the organic waste treatment plants are not biodegradable (e.g. LDPE). During
degradation, the polymer is first biodeteriorated and depolymerized by a synergic action
of physical and biological agents; then ke rsoradmers are assimilated by
microorganisms and minerdlizeas et al., 2008) small portion of the polymer

however is expected to be incorporated into biomass, humus and other natural products
(Shah et al., 2008he microbial community plays a fundamental role in plastics
degradation, as polynages potential substrates for heterogeneous microorganisms
(Glass and Swift, 198®out 90 microorganisms, both aerobes and anaerobes, have
been identified in previous studies for their capability to assimilatd bath na

synthetic plastics: bacteria, fungi, archaebacteria and lowefEanédigotesal.,

2017Gu et al., 2003yungi and actinobacteria were particularlyfatadigchding

PLA PHA, LDPEKaramanlioglu et al., 20Lée, 2000)Overall, microbial

communities associated to plastics are responsible for the degradation and catabolism with
amylolytic, hydrolytic or lipolytic activity thanks to intracellular and extracellular specific
enymegKumaravel et al., 20T6kiwa and Calabia, 20@0roorganisms present a

broad biodiversity because their growth is strictly related to the matrix and the
environmeat condition&ettler et al., 2013The recent research about bacterial
biodiversity responsible for plastics and bioplastics degradation has been more focused on
soil and sedinethan on comp{Smadian et al., 201Byit compost should be an
environment of great concern because of the matrix heterogenicity and of the variable
process conditions (temperature, humidity, pH) which can influepacsitibe o

bacterial communities. To address these limitations, the current research focused on the
biological degradation of bioplastics during composting. Therefore, the aim was to
determine the impact of bioplastic waste in composting on tlcerbaxteityl

structure, which could push towards the selection of communities more specialized in
polymers degradation. Moreover, the lab scale experiments were carried out by testing
various types of materials (bioplastics compared to LDPE) undepbitithahdrm

maturation phase of composting. This setup allowed to make detailed observation on
bacterial community differentiation and specialization. First, Denaturing Gradient Gel
Electrophoresis (DGGE) and 16S rRNA amplicon sequencing were ngstiek to compa
microbial communities present in the compost matrix to the ones attached to bioplastic
pieces. Second, an enrichment method was applied to select bacterial species capable of
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forming biofilms on the selected bioplastics. The microbial cor@ositiochet!
biofilm was assessed by 16S rRNA amplicon analysis and plastics degradation afte
incubation in the enrichment culture was obse&EWMvaitid FTIR

Materials and methods

Experimental setup

Samples of different bioplastics were submittedotopbstingest: starehased

MatefBi®, PBAT and PLA. The test was complemented with a background control (no
addition of plastics) and a negative control with the aclitventonalDPE,

knowrfor its low degradation .ratee dbscale composting test was carried out for 60

d with a thermophilic phase of 20 dtatG8&ollowed by raaturation phasé

3#2°C. Samples of composbigpldstic fragments were recoaethd endf the

thermopitic phase armd the endf the testio carry out the analyses of microbial
communities.hE residues of the tested maletialseesubmitted to chemical and

physical analysis to observe the degradation after.cohpediifg the pieces
wereweighted in order to obtain an experimental measure of the weight loss after the
composting te3iGAwas performed to observe the characteristic temperatures of the
materials before and after the degradation. FTIR allows to monitor the degradation of the
chemical structure of the materials, and SEM analysis provides a highly precise overviey
of the morphological changedescription of samples, experimental setup and
methodologies are provided in the section Materials and methods of Chapter 4.1

Denatuiing gradient gel electrophoresis

The bacterial community structure and diversity were preliminarily studied by DGGE in compost
(control and reactors with test material) and bioplastic pieces. Samples of compost (control and
reactors with tested matgriafsbioplastics and of LDPE in triplicates were recovered and
directly processed after the thermophilic phase and at the end of the test. Therefore, a total
amount of 57 samples was processed. First, DNA was extracted, both from compost and from
bioplast and LDPE pieces. Before starting the DNA extraction procedure, plastics were rinsed
in phosphabriffered saline (PBS) to remove compost residues from the surface and therefore
ensure to focus the extraction on the bacteria attached to the pidoas, futfabioplastics
purified following the manufacturerds instr
BioSpenano manufactured by Shimadzu Biotech, the solution was dijulted ko ng/

the further steps of the procedure. daucRECR amplification of 200 bp fragments of the 16S

rRNA gene was carried out using the following primersAB IR B5CGGCTGCTGG

3") and GM5¢R2 (5*CGCCCGCCGCGCCCCGCGCCCGTCCCGLLaGLeeecarecaee
ACGGGAGGCAGC46A%(Gillan et al., 1998; Muyzer et al., 1993; Wawer and Muyzer,

1995) The PCR cycle was as follows: 10 min at 95°C, and then the first cycle was carried out 20
times using a denaturation temperature of 94°C for 30 seconds (sec),tarmpleraizetion

of 65°C for 45 sec (decreasing by 0.5 °C at each cycle) and an elongation temperature of 72°C
for 30 sec. The second cycle was performed 10 times using the same denaturation and elongatic
temperatures and a hybridization temperature o#5=€cfahe PCR was ended by heating
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at 72°C for 10 minutes. 40 pl of PCR products were analysed by DGGE in a gel containing 25
75% (v/v) denaturants (100% denaturants corresponding to 40% (v/v) formamide and 7 M
urea). The gel also contained 0.5% AEWuffer (Tris, Acetate, EDTA) and 10% acrylamide

(v/v). Finally, 0.2% final (w/v) ammonium persulfate (APS) and 0.1% final (v /v). Temed were
used to polymerize the gel. The gradient of the gel was madwsatyigie &8hdient Former

Model 385 Bigad and the ISMATEC® peristaltic pump at 0.170 ml/min. The gel was placed

in the Bidrad DcodeTM vat and filled with 40 yul PCR products per well. The migration was
carried out in 0.5% (v/v) TAE buffer for 16 hours at 60°C and 75 volts. The geledas then stai

in a solution containing 0.005% Gel Red (v/v). The gel was visualized and photographed by UV
illumination using Gel Doc 280fhmparison was donsamplem a single gel (difference

of composting conditions for one plagti@nd between g@ldference between plastics)

thanks ttheblank which senasl reference among fedflowedapreliminary qualitative
observatiabouthe presence of eventual common bands and peculiar bands.of each sample

16S rRNA amplicon sequencing

The 16 rRNA amplicon analysis was made by Novogene, with the following procedure
(reported in Novogene 16S Analysis Report of X204SZ2FHEII3)3 Total

DNA from samples was extracted using CTAB/SDS method: cetyl trimethylammonium
bromide (CTAB) is a catia@letergent that releases the cellular inner components and
promotes the separation of proteins and polysaccharides from nucleic acids, while sodium
dodecyl sulfaased (SDS) buffers are used for the (Psissteet al., 201BDNA

concentration and purity were monitored on 1% agarose gel. According to the
concentration, DNA was diluted to 1 ng/pl using sterile water. 16S rRNA genes of
distinct regions (16SV4/16SV3/18@YIBSVA/5, Arc V4) were amplified using

specific primgre.g. 16S V4: 515FGBGCCAGCMGCCGCGGTMAand 806R
(5-GGACTACHVHHHTWTCTAAT. All PCR reactions were carried out with
Phusion® Higffidelity PCR Master Mix (New England Biolabs). The PCR cycle was as
follows: 30 sec at 98°C, and then the diestvag carried out 35 times using a
denaturation temperature of 98°C for 10 sec, a hybridization temperature of 61°C for 30
sec (decreasing by 0.5°C at each cycle) and an elongation temperature of 72°C for 15
sec. The PCR was ended by heating at 72i{Ddtes. The same volume of loading

buffer (contained SYBR green) was mixed with PCR products and loaded on 2% agarose
gel for detection: samples with a bright distinct band be#s8dyp406re chosen

for further experiments.

PCR products of th@lidates were mixed in equidensity ratios. Then, mixture PCR
products was purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were generated using NEBNext® DN Library Pidt for lllumina,

following manufacturer 's menendations and index codes were added. The library
guality was assessed on the Qubit 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. Finally, the library was sequenced on an lllumina platform and
250 bp pairezhd reads were gates.

Sequences analysis was performed by Uparse
were assigned to the same Operational Taxonomic Units (OTUs). For each
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representative sequence, the Greengene database was used based on Ribosomal Datal
Project (RP) classifier algorithm to annotate taxonomic information.

Importantly, in order to study phylogenetic relationship of different OTUs, and the
difference of the dominant species in the groups, multiple sequence alignment was
conducted using the MUSCh#asef(Version 3.8.31).

The sequencing quality was verified using the rarefactsomgciin®AS Boftware

(Hammer et al., 200@)TUs abundance informataanavmalized usinighmaRGui

package (15090 read courdsgvaluate the microbial community divéesity,

diagrams were performed udagn DiagramRGui pckage using OTU
presence/absence to assess the distribution into the differen{Hamiictiansl

Paul, 2011Alphadiversity indice©TU richness and the Shannon iwdesx

calculated on the rarefied data using PAST3Haftweeeet al., 20@hd the beta

diversity was assessed using multivaygasebgriae PERMANOVA vesiaiiR Gui
packagd€YVang et al., 2012)his analysis tested the factor significance (type, plastic,
place) using the Btaytis dissimilarity with 10000 permutations. A heatmap was
performed with 34 OTUs for thermophilic conditions and 103 OTUs for the mesophilic
conditions, showing thatas significantly affected by the different conditions. These
OTUs were defined using a nbGLM (negative binomial distribution and Generalized
Linear Model) revised by 1000 resampling iterations of the residual variance. The nbGLM
is a deviance analysisrpeed using thevabun&gui packaf@ixon, 2003)Two

RGs were defined with a cluster dendrogram using theiBiacimkeand an average
clusteringvégamRGui package).

Enrichment cultures

Three 2x2 cm pieces of each bioplastitdtyhé DPEere recovered, at the end of

both thermophilic and maturation phase, with the purpose to isolate bacterial species
specialised in plastic degradation. One piece of the material was taken from each reacto
(three reactors per tested material) and dsellynriPBS to detached compost and
bacteria not strongly adherent to the plastic surface. The plastic samples were added int
50 ml polycarbonate Falcon® tubes filled with 15 ml low carbon source medium (0.2%
ammonium sulphate, 0.05% yeast extractteawd Eements (0.1% MgS€0,

0.1% FeSOHO, 0.01% 2ZnSOHO, 0.01% CuSGHO and 0.01%

MnSQ5H,0)) in 20 mM (Ihorpholino) propane sulfonic acid (MOPS) pH 8; adapted
from(Yoshida et al., 2046} previously descrillacuvellerie et al., 20T9e

enrichment cultures were carried out by an incubation at 58°C, for those pieces taken at
the end of the thermophilic phase, and at 37°C, for those collected at the end of the test
(efter the maturation phase).

Bioplastic and LDPE residues were recovered after 2 months of incubation and were
submitted to FTIR anM3B observe the degradation process. The equipment used for
FTIR and SEM analysis is the same described in Chapter 4.1.

Bacterial isolatiowere also performed on the recovered firstebacteria were
directly isolated from the plastic surface with the following protocol: plastic pieces were
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cut in millimetric fragments and transferred into a 50 ml tube Fak&on® afith

PBS, previously filtered with a 0.2 um pore size. Then, the steps were as follows: soft
sonication on ice for 10 min to ensure a smooth released, vortex for few seconds,
horizontal shaking for 20 min and finally vertical sedimentation aperatam® tem

for 1015 min. Petri dishes were prepared with Lysogeny Broth (LB) medium and 100

pm of diluted solutions (three 1:10 dilutions in water) wereplatishes were

incubated at 37°C and 58°C for a period of 48h (for the first andiserand dilut

72h (for the third dilution).To isolate the bacteria, each individual colony was collected

with a bacteriological loop and striped into new LB plates. DNA was extracted from all

these individual colonies using the QIAamp DNA Mini kit Qiatgehtalstiation

of genomic, mitochondrial, bacterial, parasite or viral DNA. DNA was purified following

the manufacturerds instructions.- After meas
nano manufactured by Shimadzu Biotech, it was dilujgidataRomgthe further

steps of the procedure. Touchdown PCR amplification of 500 bp fragments of the 16S

rRNA gene was carried out using primers: BRGCGCGGCTGCTEGand

F 8 -TTBECATAATATGTGCTACGCAACGTA ) . The PCR cycle was i
theonelescri bed for the DGGE and PCR product s
Magnetic Bead PCR Qlgdkit in accordance with the instruction of manufacturer. 16S

rRNA amplicon analysis were performed with Beckman CeR0@&0; GieQdata

were elaboratedwequencing Analysis software and a database search was carried out

using BLAST programme (NCBI, Maryland, USA) to identify the microorganisms at

species and strains levels.

Results

Bacterial community structure

At the end of composting test, the tested materials displayed different levels of
degradation. In particular, while MB showed large bacterial colonization, deep erosion
signs and a significative weight loss (45£5%), the other bioplastics didplatyed less evi
signs of degradation, as well as a much lower weight loss (8+1.6% PBAT and 3+0.7%
PLA). Finally, LDPE was almost undegraded (2% weight loss) and bacterial colonization
on the plastic surface was almost negligible. These preliminary rescitsseddely dis

in Chapter 4.1are important to delineate a correlation between the activity of the
microbial community studied and the effective degradation of the tested materials. The
analyses of the bacterial communities were performed on the different samples (blank
60Bd, O6pHlads tn-2Bd@FALAL DWEE and compost ©6Cod) , and
different times of the composting process: at the launch of the test (Start, 0), at the end
of the thermophilic phase (Thermo, 20 d), at the end of the maturation or mesophilic
phase (Mes80 d). It is fair to mention that the species accumulation boxplot reports
enough numerosity of the samples, which ensures good quality results. Moreover, the
rarefaction curves of the data set generally tended to an asymptotic plateau, thus the
speciesddiversity is well represented
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Preliminary observations about the community were extrapolatednfrowetrice
multidimensional scalimg$ profile(Figure!.8).
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Figured.8 nMDS profile of therpgse community dissimilarity {Btais) indices of the 16S rRNA amplicon
sequencinghe samples from harvested compost before the test filenkisti} are well distinguishable; the

compost samples from bioreactors during the tesbapaldé gr the purple cifelestics composted under

thermophilic conditions stay all in the yellow group, while plastics under mesophilic conditions are groupable in three
circles: red contains PLA and PBAT; green LDPE and brown MB.

The nMDS profile discriminated compost fromagisstieted communities, as well

as thermophilic from mesophilic commuigesicrobial community in harvested
compost (blank start) was found to be highly different than after test incubation. The
other samples of compost are all grouped together (colour purple). Plastics under
mesophilic conditions are divided into different groups, based on the type; on the
contrary, plastics under thermophilic conditions are all into the same group (colour
yellow).

An equilibrium in the dominance of the species was generally observed from the
equitability index (Figdréa and b).
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** P <0.01; ***, P <0.001.
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LDPE under thermophilic conditions is an exception, showingelt gossmant

species in the communities. The communities peculiar of compost are characterized by a
higher biodiversity of species than the communities developed on plastic samples, as
shown by the richness index. Moreover, from the richness englea thanthe

mesophilic communities (Figu@e) had aighernumber of species than the
thermophilic communities (Fig@h, both in compost and in plastics.

A common core about 177 (47%) and 195 (57%) OTUs for thermophilic and mesophilic
conditioa were displayedtlhy Venn diagrams (Figur@aandb). LDPE and PLA

had a larger number of unique OTUs than MB and PBAT. 9.5 and 7.4% of thermophilic
OTUs were unique to LDPE and PLA, respectively. The percentages were slightly lower
under mesophitemperature, with 7.3 and 7% of OTUs unique to LDPE and PLA,
respectively. 4 and 3.7% of thermophilic OTUs were present uniquely in MB and PBAT.
The percentages were lower for mesophilic OTUs, corresponding to 0.6 and 1.7% for
MB and PBAT, respectively.

a b

PLA LDPE

PLA LDPE

PBAT

Figurel. 10Venn diagrastsowing overlap of bacterial OTUs for the different testedjradteritie maturation
phase in mesophilic conditions, b) after the thermophilic phase

The same common cordauasl in the preliminary qualitative screening provided by
DGGE (Figure 4.11).
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Figurel. 11DGGE gels: MB in a), PBAT in b), PLA in c) and LDPE in d). In the legend, B: sample from compost in
blank bioreactor; PI: biofilm from the surflaeglastics; Co: compost samples from the same bioreactor of Pl. The
apex corresponds to the time t&fsth®: starting point; 20: end of thermophilic phase and 60: end of the test.
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The gels depicted the distinctness of the microbial community between compost and
bioplastics, as well as between the thermophilic and the maturation phase. The distinct
bandqspecies) were compared within the sample on a single gel (differences of
composting conditions for one plastic) and between gels (differences between plastics)
thanks to the blank which sasve reference among gels. A core bacterial consortium

was dred among the conditions tested, but the band counts and intensity differed
between PLA, PBAT and MB and also between thermophilic and maturation phase,
indicating a change in the bacterial community structure according to bioplastics degradet
and to theomposting temperature/duration.

The 16S rRNA amplicon analysis revealed that the microbial communities were mainly
composed &irmicutes, ActinobactdReoteobactaha sum of all three reaching a
minimum of 58.8% of the total community (colesramMB, mesophilic conditions).

Bar graphs of phyla for each plasticdyqmnpost were elaborated: in Fiiie 4

is reported the bar graph of the communities peculiaBi®,Mateunting samples

recovered both from compost and fronplhstlzigieces.

— |
| — e

Figurel.12Diversity of bacterial communities presented by a bar graph reporting the relative abundance in phylum in
all MateBi® samples.

The most abundant phylum in all samplesnicagesxcept for the bioplastics
associated population in mesophiliconeneiherroteobactegjaresented 37 to

49% of the population. Comaestciated community had a balanced distribution
among the major phipleieobact2d24%,Actinobact&ta%,Firmicut2s35%),
independently of the incubation conditiens,e pt f or Obl ank meso
BacteroidedeslChloroflefiespectively 15 and 11%). Conversely, the communities
associated to bioplastics were a little more heterogeneous with a marked difference
between thermophilic and mesophilic corttigi@esnmunity composition displayed

a shift with an increadgacteroidetesndance, reaching 10 to 23% of the population,

and oProteobactesipecially with the mesophilic bioplastics.
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The heat maps (Figuis, 4.14 and 4)lIfgpresent the relatabundance of genera
in each compost and bioplastic sample, enabling to highlight the most abundant genera
and the general trends.

==
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Figurel.13Heat map of the relative abundance of the bgetenia.itt compares the plastics under mesophilic
and thermophilic conditions.
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Figurel.14Heat map of the relative abundance of the bacteria in genera. It compares all plastic types and compost
under thenophilic conditions
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Figurel.15Heat map of the relative abundance of the bacteria in genera. It compares all plastic types under mesophilic
conditions (maturation phase) and compost blank.

Sphaerobat¢igdrogenispBtanifilumndTuberibacilusre more present in compost,

with respectively and average abundance of 4.88%, 2.79%, 1.68% and 1.28% in compost
samples (including the blafks)abundance of specific genera were dassheated
composting conditions, i.e. the mesophilic and the thermopHihephagelyspora,
Cohnelland Thermocrispi#uatinobactgriRaenisporosar@aaillusind Geobacillus
(Firmicu)esvere found especially in thermoptifimunities of bioplastic samples

(Figurs 4.13 and 4)1During the maturation phase, the phyuoteohactesds

largely predominant: in particBlgmetiplaa8teroidoba@eifurifustiserrovibaad

Verticiavere identified associatddojplastics (Figurd3. In additionChryseolinea
andTaibaiell@othBacterodite®re also two major genera detected, with respectively
7.06% and 4.01% associated to mesophilic plastics compared to 1.12% and 0.05% with
themophilic plastics.

Besid#he previously described bacteria, some others appeared to be more specific to one
or more bioplastics. In thermophilic condtilongutegere dominant in MB, in
particularThermobacil{@s25%), Paenibacill{is94%) andohnelléd.01%). The
Aeriaicillugvas also mostly associated to PBAT under thermophilic conditions (6.41%).
During the maturation phase, PBAT was colonized prefekéatiiaiigd¥)and
Sulfurifust{®.88%), the latter one also present on MB (2.65%otdbigacteria
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LimobactéB.47%) an8chlegeldlf&o), as well Astinobacteria Pseuddn3diiays
andStreptomy(@28%) were more specific to PLA even if slightly present also in the
other mesophilic plastics. Concerning LDPE Pavtewigacténa thermophilic
specialist bacteria were iden@iigaiavid{is13%) anhizobiui®.07%).

Enrichment cultures
Characterization

SEM observations did not report pronounced differences between samples incubated at
37°C and at 58°C (Figufie.

£,

Figurel. 16 SEM images of bioplastics surface after 2 months incubation ipeliffenentterditions: a) MB at
58°C; b) MB at 37°C; c) PBAT at 58°C, d) PBAT at 37°C, e) LDPE at 37°C and f) PLA at 58°C.

MB and PBAT had a thick layer of biofilm which ensured nutrients exchange between
bioplastic surface and bacteria; microorganidissitueted both on the surface and
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inside cracks of bioplastics (Figéeed.PLA and LDPE had less diffused and
stratified biofilm, but more than before the enrichment cultureseg-igureoml

SEM micrographs it was visible that the stiatetumé of all the tested material was
subjected to a strong degradation during the 2 months incubation, whatever the
incubation conditions were: indeed, the remaining plastic residues did not display a
homogeneous surface as at the start of inauthatioer displayed cavities and cracks
providing specific sites for bacterial settlement (particularly for PLA and PBAT). Lumps
on LDPE surface were attributed to metabolites of microbial activity or to the tendency
of the flat surface to flake ofigldegradation.

The FTIR spectra reported the presence of the major peaks which can be associated to tf
microbial communities development during the enrichment cultureassigs@edm

to NH group of amides in the proteinaceous substanceéBoihhimfime et al.,

2003) and 1635 cinrelated to carboxylate ion<C@®) formed due to
microorganisms actiityrieta et al., 2014iterestingly, the main peaks of MB and

PLA almost disappeared after incubation at 58°C. For MBCEQ boonded to

an alkyl group)cati15050 cm (C-C in ralkanes of starch). For PLA: 1748 cm

(C=0 in lactide), 1132-tand 1081 cH(C-C stretching in alkanes), 1181@@

stretching).

Bacterial communities in the enrichment cultures
The 16S rRNA amplicon analysis oisblai#? bactewas performedthe genus
and species level. All the identified bacteria belong to thé-pimyytutesfey are
reported in Table2

Téaled.2 Bacteria isolated from enrichment cultures under thermophilic and mesophilic conditions

Genus Species Temperature conditio Plastic
Bacillus borbori Thermophilic MB
, - MB, PBAT,
Bacillus cereus Mesophilic L DPE
Bacillus cleronius Mesophilic LDPE
L . - PBAT, PLA,
Aeribacillus pallidus Thermophilic L DPE
S . - MB, PBAT,
Aneurinibacillus migulanus Mesophilic PLA. LDPE
L . Thermophilic MB
Brevibacillus  borstelensis Mesophilic PBAT
Geobacillus thermoleovorans  Thermophilic PLA, LDPE
Geobacillus kaustophilus Thermophilic PLA, LDPE
Parageobacillu: thermoglucosidasit Thermophilic PBAT, PLA

After incubation under thermophilic conditions, 13 isolates beBagihg to
GeobacilargdParageobaoilere identified. In particuaepbacillus thermodenitrificans
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was found in PBAT and MB, one bacterial isolate associated with@aobaumligraer.
thermoleovoreass isolated on PLA and LDPE, one isolate pang@stbacillus
kaustophilass also isolated on the same plastics but with respectively 1 and 4 isolates on
PLA and LDPE. TRarageobaditleenoglucosidasigsidentified, one in the culture

of PBAT and one in PB&cillus borbodBrevibacillus borsteleresisetected MB

culture. OneBrevibacillus borstelassialso isolated in PBAT under mesophilic
conditions. FinalKeribacillus palkdas detected with almost all the bioplastics: 3, 4

and 1 bacterial species were isolated respectively in PBAT, PLA and LDPE.

After incubation under mesophilic conditions, 20 isolates were obtainefdbelonging to
different species, and therefore a smaller number compared to the thermophilic
conditions. Most of them were present in almost all the plastics and therefore was not
specific to one material. Beside the already nB¥etidraetllus borstelelades in

PBAT pneBacillus olerowias found in the isolation process with LDEACcilus,

cereuwgs identified with almost all the bioplastics. 3, 2 amal & Hastepecies were

isolated respectively in MB, PBAT and LDPE.Afreatipjbacillus miguhasus

identified with all the bioplastics: 2 were found in MB, 2 in PBAT, 5 in PLA and 2 in
LDPE.

Discussion
Bacterial community structure

In the present experiment, degradation activity was detected in all the compostable
bioplastics tested, but FTIR, SEM and TGA analyses showed that the more complex,
and/or thicker, is the material, the longer is the degradation time. While bioplastics
preented degradation signs at the end of compostony ésdgienaDPE was still

undegraded and did not present a wide bacterial casrseatioim Chapter 4.1.

Despite these differences, the amplicon sequencing disclosed that allite tested mate
were increasingly colonizeblabteriaMoreover, the highest relative abundance of
specialized bacterss detect@ud LDPEthis conventional pladisplayed the lowest
degradation. LDPE is a conventional, not compostable, plastic: therefore, significative
signs of deterioration during composting were not expected. It is fair to assume that the
less biodegradable is a compound, the more spbeigliseg i3f bacteria exploiting

the compound as carbon source. Indeed, baotayidntvet the capabilpydduce

enzymes usefuldegradéhe complex structure of the polymer can predominate, as
observed from the equitability index (Ei€uxeOn the contrary, a polymer with

more readily biodegradable compounds, such as MB and PLA, can be colonized by a wider
group of bacteria without specific metabolism. The present study analysed in deep the
bacterial communities developed on the tesi@d,ateng the objective to identify

bacteria that potentially degrade bioplastics (MB, PBAT, PLA compared to LDPE) in a
composting environment, differentiating mesophilic and thermophilic communities. In
the present study, a large variety of bastédentfied in compost matrix, which have

already been identified in previous research carried out in composting environment: e.g.
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Geobacill®li et al., 201, Tjuberibacil(ttatayama et al., 20@8anifilurfHan et

al., 2013) Hydrogenispdmaline with literature, the present research outlined a
significant variation of bacteria according to the composting conditions and plastic types
(Liu et al.,, 2020Nang et al., 201@s shown by nMDS profile (Hg8teln

particular, temperature had an impact on the structure of the bacteri@@kemmunity

et al., 2015)and bacteria in the thermophilic phase needed to face high temperature
conditions by, for example, formingdststance endospores, as commonly done by

most ofFirmicutéSangeetha et al., 2@hd) byrhermopolysp@aodfellow et al.,

2005) Moreover, the bacterial community originally present in the harvested compost,
changed signifitta during the degradation process, and the abundance of polymers
degrading bacteria increased from day 0, to day 20 and fina{Ehtindast @0,

2019) with the progressive appearance Blaergbacilltseudomonas, Schlegellela
Sulfurifusti®igmetiphaffégure4.15. This latter one was found specifically
wastewater containing dying agents, for the capacity to use pigmentgvafdhe plastics

et al., 2007HoweverroteobacteFimmicutesctinobacteBacteroidetedChloroflexi

always remained the most represented phyla in the bacterial community of both compost
and plastics. The same predominance was already assessed in previous studies wi
compost both rilug the thermophilic and the maturation@batze et al., 2Q18

Zhong et al., 2018ong et al., 2020)

These findings led to the following consideration: a core bacterial consortium is
maintained in the compost, while specifidgdmaticsprogressively appeared during

the 60 days composting process, as confirmed by the Venhisliaigaameans that

the concentration of bioplastics in compost (2.9%), as well as the duration of the
composting phases, were enough to change the bacterial community towards a more
specialized in degrading polymers.

Focusing on specific genera associated to pladtasid¢gsagady, some of them

were as well associated to plastics degngutatioyus reseaftablet.d).

Tabled.3 Comparison between the microbial genera highlighted by 16S rRNA amptjc@atetioemthe
heatmagpand found in the literattifdo reference about these genera associated to plastic degradation.

This study In the literature
Genus detecte Plastic
. Temperature  Tested .
by amplicon " ) withthe  Ref.
. condition material
sequencing genus
Thermopolyspc Thermophilic  PLA *

B (Boyandin et al., 2013
Hsu et al., 201Prinh
Tan et al., 2008)

(Boyandin et al., 2013

PHA; PH

Streptomyces Mesophilic PLA polyester

(BSE;((:)I::I)EZIIUS, Thermophilic ~ All Egﬁ.’rPHB Hsu et al., 2012hang
et al., 2019
(Jeszeova et al., 2018

Paenibacillus Thermophilic MB PBAT Teeraphatpornchai et
2003)

Cohnella Thermophilic MB *

Aeribacillus Thermophilic PBAT *
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Pigmentiphaga

. .
Sulfurifustis Mesophilic MB, PBAT
Ferrovibrio, 1o cophilic  PBAT *
Verticia
(Pattanasuttichonlakul
Pseudomonas Mesophilic PLA PLA; PHA al., 2018Boyandin et
al., 2013)
Schlegellela, .
Limnobacter Mesophilic PLA PHB (Elbanna et al., 2003)
Cupriavidus Thermophilic LDPE PHA (Boyandin et al., 2013
N o LDPE, (Delacuvellerie et al.,
Rhizobium Mesophilic PBAT PET 2019)

From literaturet was found that some of the specialized bacteria identified in Table 4.3,
maybe capable to prodelceymeypically involved in hemicellulose, chitin and lignin
degradation in composi@igtinase enzymes degrade the chitin, a fibrous substance
consisting of polysaccharidebnellvas associated in previous studies to the
production ofhitinasefAliabadi et al., 2018arancicteal., 2020)Like chitin,

hemicellulose and cellulose are slower to be degraded in compost than sugars, starch,
lipids, acids and proteins, but faster thanThgsm.compounds are degraded by
xylanase enzy(@uitadamo et al., 2Q1Rggarding the bacteria associated in this

study to bioplastics degradatenmopolyspasafound to be able to produce xylanase
enzymes in a previous reséantfarasan et al., 20Fally, @encerning lignin,

scission reactions by specific enzymes are more difficult. The enzymes capable to degrade
lignin can interact with low molecular weight that could lead to the formation of free
radicals and consequently to oxidise and to cleave @vomptdgcolar lignin
network(Lucas et al., 200Beelman et al., 201Bhe oxidizing ability of such
microorganisms can also contribute to the degradation mechanisms of complex molecular
structure of polymemevious researaloutpolymeric blendsegradationn

particular polyethylene and gtasdteporteavicnt signs of erosion in presence of

lignin degradingdteria of the ge@ieptomytex et 311991; Shah et al., 2008)
Streptomywas also identified in this study among PLA degrading genera.

Some other bacteria were found to be abundant in the community structure. The
following bacterial species were not mentioned4r8 Tebtbey were not directly

associated to plastics degra&atimmdobacter, Sphaerobacter, Chryseolamad, Taibaiella
lamiaThough, they can be considered as a part of the core bacterial consortium shared
among the tested samples. This core was also displayed in a qualitative way in the DGGE
gels (Figufel] and in the Venn diagrams (BigareMost of the mémed bacteria

are known from previous research for their abundance in con(Sisteyndtsail

2015 Xu et al., 2018 the present study, these species were identifiedsticboth pla

and compost samples, and were largely present also in the initial compost samples (Figure
4.134.19. These bacteria cannot produce any of the previously described enzymes
involved in polymers degradation mechanisms. However, it is fair te.geport that
Taibaiel@ndlamidave a metabolism capable to easily degrade some shorter acids and
sugars which can be intermediate products of plastics (#gragadtos., 2018
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Xu et al.,, 2018)hus, the tested materials caacihdibe an additional suitable
substrate in compost.

Important references were found in literature about sonegesiicacteria,

which have not yet been mentioned in the present study. However, an oriented search of
these species in the heatmaps, detected some of these bacteria in the community. The
low abundance prevented the association with bioplastics tégrasetsemiag.

In particulaBrevibacillsdClostridiumthe phylum Bfrmicutegre associated in a

previous study to PLA and PBAT deteri@Batiandin et al., 20Gosh et al.,

2013) In the phylum ofd®eobacteAécanivoraas found to play a fundamental role

in the degradation of LP&acuvellerie et al., 2048d finally in the phylum of
Actinobacte8accharopolysgsadentified in a previous study for its abiorstance

reached in microplagtizkei, 2015)

Enrichment cultures

It was disclosedttRirmicute®minated both the thermophilic and the mesophilic
communities in the enrichment cultures. This phylum was commonly recognized as a
fermenting group of baci@angeetha et al., 20t&)ter heatsistant than other
phylgZhang et al., 201Cpnsidering that LB is generally suitable medium for various
enrichment cultur@éoshida et al., 2016)is assumable that the predominance of
Firmicutegas mostly relatable to their much better adaptability to the cultivation
conditions. Moreov@&acilluandGeobacillisghly developed in the cultures, were
abundant in bioplastic samples already before cultivation.

Geobacillus thermodenjtwéisaiosind from previous study to be capable to use starch
for its metabolism, in partichlarstraiBGS@anachini et al., 2006)leed, in the

current work, thisespes was identified in the cultivation with MB bioplastic containing
starchlt is also interesting to reportGleabac#ie generally capable to exploit n
alkanes present in the polymers as substrate, i.e. thieerspelcesorand
kaustophd(azina et al., 200ahdhermoglucosidafdtasgeobacilthe straiATCC
4374ZInoue et al., 2019)

Among the coloniziRgmicuteAeribacillus pallidas detected in almost all the
bioplastics in thermophilic conditions, while before cultivation it was predominant only
in MB. MoreoveBrevibacillose of the plasiiegraiigbacteria with low abundance

in the original community, colonized MB and PBAT in both mesophilghéied thermo
conditions. This finding confirmed what disclosed by previous authors about the capability
of Brevibacillasexploit PBAT as sole carbon §Bay@ndin et al., 2Q1BBAT is

also the prevalent component of MB polymeric €nibBresiacillus borstekmsis
Aeribacillus palvdeie furtherly investigated in literature, findisgettiit strains

can be capatdedegrade complex carbonic struesipectively the stia4 (Y.

Q. Wang et al., 20E3)d the stra@iqYildirim et al., 201 oncerningrevibacillus
borstelendle strailr07was studied by Hadad et al., 2005 as specialist in LDPE
degradation in géladad et al., 200Bpwever, in the LDPE cultures of the present
studyBrevibacilharstelengss not identified.
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Conversely, from the isolation process with LDPE it \Basiftusndlerantusas

the capacity to adapt to mesophilic conditions, but is also known for its ability to cause
extended lesions in skin and bleg@avitistDarkoet al., 201, 7Szkaradkievei et

al., 2012)Bacillus cemsas isolated from LDPE, but also from MB and PBAT. It was
found to well adapt to mesophilic conditions; moreover, this species present many strains
with different performances and capéB#ities a015)Bacillus ceausbe found

in soil, water and food, where it is a potential pathogen {brahovaagisal., 2003)

In particular, the strAMCC 145@8ploits a large number of carbon sources, such as
starch and other saccharides, amino acids, dipeptides and glycerol, while other strains of
the same bacillus are not able to use thesdarutrentgowttMols et al., 2007)

Findly, Aneurinibacillus miguleasuslightly present in the community before the
culture, but at the end of the test isolated in all the mesophilic cultures. This
bacterium cannot produce any specific enzyme involved in polymers degradation and it i
generally used against plants diseases for its ant#tiweeffetctl., 20Tgkagi

et al., 1993)Therefore, it is assumableAtiadrinibaciigulandsd not survive in

the enrichment cultures for its capability to use polymers as carbon source, but due to an
endogenous growth.

After the enrichments culture, bioplastics showed much deeper signs of degradation, as
visible from FTIR and SEM. These results, jointly with the peculiar metabolism of the
colonizing communities, highlighted that the mentioned bacterial species strongly
contributed to degrade bioplastics.

Conclusions

The present study disclosed that 16S rRNA profile in bioplastics associated communities
largely differed from that of the initial compost, collected before composting test. After

2 months composting, theddsioplasishowed deep signs of erosion, in particular
MatesBi®. On the contrargonvention&dDPE was found not to be subjective to a
significative degradation. Howthaatks to tHeEsS rRNAmplicon sequencihg,

current research identifiedesbacteria which have a higher abundance in one of the
tested materials with respect to the other. SEmepédsre, for each bioplastic and

LDPE, peculiar bacteria capable to degrade the material weradditiod,

referencdrom literatureepot that somef thesbioplastieassociated bacteray

have the capabilitpitoduce enzymesich typically degrade complex structure, such

as hemicellulose or lignin

The bacterial communities developing on bioplastics and LDPE hostedadistinct bacter
in mesophilic and thermophilic conditions. Some specialists were found to be plastic
nature dependent, but a larger variety of bacteria colonized two or more plastic types.
This finding is important in the promotion of research studies on bivaugmentatio
Bioaugmentation practice can enhance the degradation of bioplastic waste in industrial
composting (LDPE is not compostable). However, a wide variety of bioplastics is
conferred to composting plants; therefore, wider is the variety of bioplaktics degrada

by bioaugmented bacteria, more efficient may be the bioaugmentation practice.
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With the objective to investigate the possibility to culture some specific bioplastics
degraithg species, an enrichment method was applied. After 2 months cultures in the
closen mediurfjrmicuteempletely predominated in bioplastics colonization, under
both thermophilic and mesophilic conditions. Most of thdespi§eavith the

cultivation approaaiere found to be specialist of one or more tested bioplastics.
However, one speciesneurinibacillmgyulanusurvived in all the cultures with
endogenous growth.

In the present study, some genera capable to specifically degrade bioplastics were
identified also amdrgteobactandActinobactefiherefore, enhiment methods
enhancing the growth of species from thesaghptafurther investigated.
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4.3 Bioplastic residues after composting: fate in soil and water
environments

Abstract

The degradation of bioplastics in composting has been deepprestiadied in
chaptershighlighting the possibility that some not completely degraded residues are
released into the environment as part of compost. Therefore, the current research
discloss a new perspective in the monitoring of compostable bioplastics, following their
fate after composting in solil, freshwater, saltwater Residasaf MateBi®,

PBAT PLAand LDPfwere recoveraftercompostintab scale test previously carried

ou. It consisted of 2@fthermophilic phasallowed byl0 d ofmaturatiophase

LDPEwas used as a negative benchimassidues wérenncubated into the four
environmental matridgesa danight cycle, for three months. The apalfeamd

on the remaining fragmeanthe endf the test, withGA, FTIR, SE&hd visual

inspections, broaden the scenario relating to bioplastics degradability in the environment.
The results in fact outline that in water environments the degradasaiues$ the r
continues, even though with a not negligible sl@mdbe/contrarshe degradation

in soil and sand is strongly prevented by both physical factors and microbial competition.
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Introduction

Environmental pollution from plastic waste and microplastics was widely investigated in
the last years of research: however, the predominant fields of interest are marine and
fluvial environmei(kortonet al., 2017)rherefore, there iwidegap of knowledge

regarding plastic pollution in agricultural soils and terrestrial (€to=yatewanga

et al., 2016)Plastic waste entering soil environment comes from some main sources:
plastic mulch films, municipal waste (municipal solid waste and compost), biosolids
(sewage sludge and anaerobic digestatejcapgdstiertilizers and atmospheric
pollution(Rodrigue8eijo and Pereira, 20Hawever,te most important sources

among these are likely to be agricultural films and-ouneyamtd Nizzetto, 2018)

(Blasing and Amelung, 20B8jh these sources refer to conventionabpiaststs

to bioplastics. Compost in particutdtamedt the endf industrial composting

treatment of organic waste fraction and it is employed in agriculture as source of organic
carbon for the improvement of the natural conditions of the cult(Reegbfeelels

al., 2017Sanchez et al., 2017} fair toemindhat conventional plastics should not

be conferred with the organic waste and their presence is expectetthb@reduce
increasing improvenwdithe separate collection. On the contrary, the fate of bioplastics
labelled as compostable is to be treated in biological processes with the organic waste.
Despite this, compostable bioplastics require specific conditions of temperature, timing
and humity for their degradat{®udnik and Briassoulis, 204igh are not always

fulfilled by the industrial composting plants. From this issue, it raises the possibility that
some not completely degraded residues caat teenaimdf the treatment and be

released into the environment as part of (Rogues et al., 2020a)

From the bestrafknowledge, in literature there are no studies about the fate of plastics
and bioplastics, which are residual from composting treatments and are released as part
of compost in soil and water.

If in soil, water and sand the degradation rate of l@sjplasticis slowed down
becauswoproper conditioase metthere is a risk of progressive accunfuiatéin

al., 2014and mactsagments disintegration into microp{Bstiass et al., 2015)

In fact, regarding bioplastics, it is fundanrentalitbat their degradability is lstrict

related to the environmental conditions and the material must fulfil specific requirements
to be labelledl@edegradablet only in composting but also in soil ofijeltien

et al., 2019)

The present research intents to provide further knowledgepaigressiaof

bioplastic residues degradation after release in the esspanénobmpost. Figure

4.17 shows a simple conceptual of@pbtential pathway for bioplastic residues from

the source, compost, to environmental targets: soil, water, Taedasgicdltural

soil is the more easily reachable target arttiet psitbrivay to water, due to run off

and irrigation. The pieces are transported to the irrigatooldedivaised first to

rivers and later to seas. The transport of particles in fresh and saltwater environment is
governed by complex mechanismsieffeayd on particles physical features (size,
density, shape) and on dynamic properties inCiikiagenko et al., 2018)
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Therefore, bioplastic residues can float on water surface or deposit in the marine
sediments, and part of them can be driven on the beaches due to the waves motion.

INDUSTRIAL COMPOSTING

MARINE
ENVIRONMENT

. FLOATING
e  SUSPENDED  ———b

FRESHWATER BODIES

Figured. 17 Conceptual modebddplastic residues pathway in the environments after release in agricultural soil as
part of compost

Newstudies on the fate of bioplastic residues in the erafeoneeed because
manyaspectsf their impact on water and e terrestrial ecoayststii unknown

(Weithmann et al., 2018hese impacts may be summarised as follows: (i) these
materials may act as vectors for other contaminants, such as organic pollutants, heav
metals and human path¢@ees al., 2020{ii) it is actually unclé@contribution

of plastic and bioplastic residloss of soil structure, reducing of rainwater infiltration

ard water loading capdtity et al., 2014aswvellas their impact on soil organic C, N

and minor nutrierfisiu et al., 2017{iii) there is an important gap of knowledge
regarding the impact on living organisms. More studies are needed to assess the potenti
for biomagnification in the food (Fesiten et al., 20G8)d the organisms capability

to adsorb and desorb pollutants from ingested plastics. Preliminary results on this topic
comes from a recent research on micraplagéity, which found that organic
pollutants are not readily transferred to t{Bakaset al., 201§)v) finally, the

distribution and migration mechanisms from agricultural soils into the environment
require further investiga{ida Souza Machadd.,e2@18 Zhou et al., 201&ven

though it has been assessed that size and density are important variables in these transy
mechanisr(idizzettet al., 2016)

With the effort to enlarge the scenarios of the fate of bioplastic residues in natural
environment, the present chapter experimentally tests the degradation of some MB,
PBAT, PLA and LDPE sangdeased from compostingexegbsed @hapter 4.
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Materials and method
Samples preparation

Samples bfoplasticand LDPRere recovered from composting test carried out as
described in Chapter 4l1.is reminded thdte testlasted for 6@ayswith a

thermophilic phase of 20 d#2%&3followed bynaaturatiophasender mesophilic

conditions3# 2°C. At the endfthelabscale compostsgneéMB, PLA, PBAT and

LDPEmicro and maeresidues were still present in the compost matrix, gwven thou

showing signs of advanced degradation. Among the recovered residues, pieces not smaller
than 2x4 cm were chosen to carry out the current test.

Experimental setup

Fresh and saltwater environments

Fresh water was sampled in the Canal du CesiréBdE)Tdnd satter came from

the North Sea, collected in the coastal city of Oostende (BE). Samples were harvested in
July 2019. To the purpose to remove microorganisms livinghickvatard be a

further variable in the already complex phenohuagyadation, both salt and fresh
wateswerefiltered with 0.@m filter.

Plastic samples were then rinsed in a series of three bakers filled with fikered phosphate
buffered saline (PBS), to remove the compost residues attached to th@insurface, wit
compromising the fragile integrity of the degraded samples. Glass tubes of 15 ml capacity
to storage water were sterilized for 1 h with UV radiations, thed pi&0eg)(df

bioplastias LDPEvere added.

The tubes were placed on a shakeyahéviwsc/mito simulate convective motions

of water environment.

Soil and sand environments

Sand was collected in the coastal city of Oostende (BE) dadvesieiias

agricultural fields in the city of Ath (BE) in July 2019. GidsOflasksvere used

to storage 5D ml of sample: half of the flask was left for the head space and cellulose
cap was used as coverage to allow air filtration and avoid water evaporation. For sand,
100 g of matrix were added and humidified with Stitéafgiter. For soil, 60 g of

matrix were wet with 5 ml of distilled water. To simulate the rain and to avoid that
bacteria dry out, once a week 8 ml and 5 ml were vaporized in sand and soil, respectively.
Both the tubes of water microenvironments and the flasks were incubated in a 500
cabinet (SP$042.00, Parasonic). The conditions were maintaineught aylzg,

where the light was provided by 1 UV lamp during the 12 hours simulating the day
condion. The temperature had a small gap of 5 degrees from day to night, passing from
30°C to 25°C. The test lasted for a total period of 90 d.
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Bioplastics characterization

The samples of biopleatidd DP®#ere submitted to characterizafi@n recary

from 6@ of composting and then after the succasshiad@ation in the different
environments. Before being analysed, the tokens were just brushed off with tissue paper
to remove eventual residues of the matrix from their surfaceti@ hesidogiasvere

submitted t6GA, SEM, FTIRhe methodologies and equipment ukstabed in

Chapter 4.1.

Results
Fouriertransforminfrared

The spectra after 90 d in the microcosms of the four enweranaémtsst at all

equal to thoseemftompostinBroviding an overview of the spectra, the peaks detected
after 6@ of composting were still identifiablé.ahdl726 chnelatable to C=0 an
(CHy)n=4in PBAT. In PLA the main peaks were 1'6£8h@C=0 bond in lactide,

1181 anii081 cmcorresponding teCCin-CHO group and-G- in alkanes. LDPE
presented the peaks 2842645 ctnboth relatable to CH

After incubation in the microenvironments, indexes of bacterial colonization were found
in the peaks of proteinaceotggiaha&onstituting the biofilm: 1635 6@ dnt
(Bonhomme et al., 2008)e broad peak in the surrounding of 33G0reauy
identified during compostingsstill high in all th@ecesextracted from water
environmentdt isattributable to both hydrolytic degradation and microbial activity
(Ohtake et al., 1998)

The only new peaks were identified in LDPE, corresponding tanl@&iecm
environments and to 1030 ionsoil and sand. They are normally assigied to C
vibration and to in plane CH deformation, respectively. Bedhthdépaiso
polyethylene was subjected to ptlysioaal alteration while being incubated in water
and soll.

Thermogravimetrianalysis

TGA analysis allowed to define the percentage weight loss of the tested materials. The
weight loss of pieces recowted the incubation in the microenvironments is
compared in Figdrd8 with the weight loss afted 60mpostindt isinteresting to

observe that the degradation was still encouraged in water.ea&mmmeviB

degraded up to 79 and id@4lt and freshwater respectRBAT in MB tha peak

of 27% weight loss in freshwater, while pure RBABYs#egradat in water with

respect to 6% when recovered from composting. A surprising result was observed for
LDPE isaltvater, as it degraded up to 7%, starting from 2% after composting.

PLAdiffeedfrom the trends of the other plabickighest degradatias reached in
sand, with 6% weight loss. Moreover, Pledigheach microenvironment a fall of
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Teeavalue, particularly emphatic in sand, from 361°C to 285¢@) (Taiddeature
suggestithat a depolymerization process was still occurnmigrioetingronments

and that the residues afterdd@omposting were not yet oligomers and monomers
readily assimilable by badiewas et al., 20@nali et al., 2015)

Tablet.4 Characteristic parameters from TGA analysis
Composting +
s. water soil sand
MB (starch)
Toead°C) 317 : : : S

New Composting ater

water (%) - 12 48 63 3 3
residue (% - 25 14 16 31 22
MB (PBAT)

Toea(°C) 395 395 395 396 395 397

water (%) - 12 48 63 3 3

residue (% - 25 14 16 31 22
PBAT

Tpea°C) 397 400 398 398 398 397

water (%) - 1 - - 1 -

residue (% - 10 8 7 11 11
PLA

Teea(°C) 361 338 300 302 315 285

water (%) - 2 2 2 - 4

residue (% - 2 1 1 2 1
LDPE

Toea(°C) 467 470 467 467 465 466

water (%) - - - - - -

residue (% - - 3 7 1 -
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10
[__Inew material
90 B composting
I composting+f. water
80 B composting+s. water
B composting+soil
70 B composting+sand

Weight loss (%)

MB (starch)  MB (PBAT) PBAT PLA LDPE
Figuret.18Weight loss (%) from DTGA analysis

Scanningdectronmicroscope

SEM pictures accentuated some features already obserdedegigetaBOon in
composting (Figdrd9), such afiffuse biofouling, particularly in water environments.
In FHgure 4.20 micrographs of bacterial colonizatomeportedvith a higher
magiiicatior(x1000Q)Comparing the fragments recovered from water incubation with
residues immediately after compostivagoliservable a larger biofilm extension,
which embdddbacteria on the surface of bioplastic r@$idugsee bioplastics
preseted cracks and fractureswiratvidened with respect to composting residues,
especially in soil and.saD&E reported wide horizontal fractures in the fragment
incubated in freshwgtantly with smadut diffuse mechanical cracks on theourface
the piece recovered from saltwater. Residues from soildahdosgmdsent
differences with respect tal 60 composting. PLA residue after sand incubation
presented enlarged pitsch providdavourable locations for oxidation to occur.
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Composting Composting Composting Composting Composting
residue + fresh water + salt water + soil +sand

Figurel. 19SEM micrographs of the tesaerialafter recovering from composting and incubation in water, soil
and sand environments

Figurel.20SEM micrographs which report the bacterial colonization and biofilm formation on plastic surface in water
environment. PLA in pictdgeandb), MBin (c).

Visualinspection

Pieces recovered afted 60 composting presented physical features imputable to a
degradation of the material: darker surface colour, lateral and superficial erosion, size
reductia and brittleness. After the subsequent period in the microenthesements
signsverea little more extended (Figu2®). The folding and stickiness effects were
observed in MB pieces recovered from waters, while superficial erosion was more
pronoured in MB and PBAT samples from soil and sand. In bioplastics recovered from
these matrices, some soil and sand grains were found attached to the surface.

Finallyit isfair to notice the brittleness of PLA in water envirbmieeote pieces

immerge in the water environments were fragmented during the incubation.
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Composting Composting Composting Composting
+ fresh water + salt water +sand + soil

Composting

LDPE

Figuret.21Photographs of the degnadéerialeecovered from composting first and then after further incubation
in the microenvironments

Discussion
Fresh and saltwater environments

From the observations on residues recovered after incubation in water environments, it
emerged that bioplastic wesidlegradation was not prevented at all. The effects of
physical weathering and microbial activity were underlined by the analyses and both
enhanced the deterioration, which had not yet been completed during composting.

However, it was observed espdoiall weight loss that the degradation rate in the
microenvironments was lower than duringl ttargibsting.

It is fair to notice tlabsion signssible at macrosgcait® grooves, pits and fractures,
observable in SEM micrognaphs just atuperficial levah PBAT, PLA and LDPE

On MB instead, superficial pits and micrbersseady enlarged, generating a

deeper erosion. Nearly all the initial breakdown occurs on surface layer, where first the
material becomes weaken and brittleeangenheratéacturegAndrady, 2011)

Therefore, it is assumable that the samegendbi3could later occurtire other
materialgestedIt justrequire longer time duetttemajor thickneasd less available
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surfacef the materiglespecially PLAQintly with theninor degrabgity of PLA,

PBAT and LDPE residues when incubated in the envivoreeves, the

degradation of MB=nhanced by starehdilydegradable material) in the structure

Itis the first to degrade antt fuléher pits beside those generated by phyesinal

weathering, thus enlarging the surface directly exposed to physical weathering and
microbial activity.

Weathering agentshich are likely to influence degradation, pneressll

reproduced in the fresh and saltwater microenvironmerdsuréetepesase, from

37 2°C in maturation phase of composting do¥80%6 P5water, was expected to

be an inhibition factor for degragandnady, 2011Yloreover, temperature change

between day (30°C) and night (25W&)]ashe highumidity, induced a stress which

made the material susceptible of frédtuedsal., 1999)V light, imposed during

daily part of cycle, was a fundamental factor for its involvement in the oxidative process
of plastic surface. It produadical hydroperoxidesponsible for diffuse holes and
pits(Brine and Thompson, 20&0)thermore, these pits on bioplastic serface

favourable sitesriacrobial cells to grow: the intense microbial colonization explored
with SEM suggests that the microbial community took part in the degradation via physical
and metabolic me@wetter et al., 2013t is fair to remind that no indigenous bacteria

were present in water. On the one hand, the absence of competition with indigenous
bacteria enhanced the bacterial community from composting to survive to environmental
conditions chana@s well as to continue the degradation process. On the other hand, a
further study may include the indigenous community to account the eventual contribution
of species naturally present inamabapable of plastic degradation.

Finally, it is inteteg) to mention the thick biofilm layer formed on bioplastics surface.
This phenomenon is positive for nutrients exchange between polymer and bacteria
embedded on it. Despite this, a diffuse and thick fouling on the surface can prevent UV
light and oxygémom reaching the inner part of the bioplastiénuieady, 2011)

This can be an issue especially for rigid products witlCabi@knesshose

degradation can be very slow, as exemplified by PLA in the current work.

Soil and sand environments

In soil and sand, it was observed that the degradation of bioplastic residues was strongly
slowed dowrThe inhibition factoesdthe chemigohysical features of degradation,
weresimilar in the two matrices. Consequently, thggtasgliscussed in the current

paragraph.

The analyses disclosed that the main evidences ofvdegradatianicallglated:

embrittlement of pieces and digging of the superficial erosion. These signs of mechanical
abrasiowererelatable to the collision with soil or sand@pajper and Corcoran,

2010)

Despite this phenomenon gesheraper sites for oxidation and bacterial cedingrow,
almost negligible degradai@snbserved with TGA and SEM analyissisggest
that therewvere inhibitorspreventingignificative structural changes and microbial
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attacks. Thayereidentified in the decrease of temperatunettendot uniform

exposure to humidity and UV light, due to different orientation and depth of the piece
surface(Sakai et al., 200M)his latter in particular inhied chemicghysical
deteriorations, such as oxidative process and (Buwinelyaisl Thompson, 2010)
Moreoverthe lower and not homogeneous humidity on bioplastiasudaithe

conditions which largely &fdibetcterial colonizat{@ntake et al., 1998his basic
knowledge abouttidity effect and the SEM observatiorenddited to roughly say

that the bacterial commumggmoresporadic after incubation in soil and sand than
after composting.

The poor microbial activity detected on bioplastics surface may be atthbute also t
competition with the microorganisms already present in sdihdeddsidacivas

a vast pool of microbial competitors, especially in soil, and a wide range of mechanisms
thatcouldbe responsible for the emergence of dominant microtmakfignkhtue

et al., 2013shii et al., 2008eside this, the same communities which in composting

used biopolymers as carbon soascbave falim soil alternative and mmeaglily

assimilable substr@t#sbing et al., 2Q1&dhikari et al., 2016)

Conclusions

Whethemplastic andioplastic residues egleased into the environment as part of
compost, they can interact through different pathwaysamdtresbwateuntil

saltwater and sand. It is of great concern to provide a basic knowledge about the fate o
these undegraded residues in tharmewi.

Considering the great resonance of bipjiléstias to make clear the appropriate

disposal of such items and the consequences of inappropriate management. Bioplast
products, such as bags or single use cutleries, that are labelled as biodegradable, are like
to make consumers more relaxeddawamting them via the dedicated pathway of
organic fractionMBWsort collection, but unfortunately also by direct disposal into the
environment, right I n view of their p €
biodegradability is strictly rekatede environmental conditibmeeans that these

items are not supposed to quickly degrade in natural habitats. In particular, compostable
bioplastics should be conferred with the organic waste and require proper temperature,
humidity and durationtieé industrial composting process for their degradation.
Therefore, if discarded directly into the enviraheerdre supposed not to find
favourable condiséor a shoterm degradation.

Furthermore, the current study odithia¢ also the degtitaof bioplastiderived

from composting is strongly slowed down in the natural habitats. In soil and sand, low
and not uniform humiditywad as the competition with the indigenous microbial
communitypreverdd the degradation process to contihaeonly factor which

contributd to a superficial deterioration of the fragraaihis mechanical abrasion

with grains. In fresh and saltwater, the degradation processhaoksnioeboth

physical factors (i.e. waves motion, UV light) and autralyidlevertheless, the
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slowdown of the degradation process was not negjligindein a loegpected time
needed f@complete degradation in these environments.

In conclusion, whether bioplastic products do not meet proper conditistisgn comp

plants for their complete degradation, some residues are likely to be released into the
environment. They may accumulate and disintegrate into micro fragments, favouring
potential impacts on the environment and living organisms, about sdmcttifierther
knowledge should be acquired.

A first prevention of bioplastic fragments release into the environment can be achieved
by promotintheoptimization and monitoring of composting processestlas well as
implementation of proper refining tretstrfer an efficient removal of undegraded
bioplastics.
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5 Methodologies for microplastics recovery and
identification in heterogeneous solid matrices: a
review

Abstract

The missing link in plastic mass balance between mismanaged plastic waste worldwid
and plastic waste effectively detected in marine etsvitasmecently risen the

attention on microplastics. In fact, beside primary sources of microplastics such as
cosmetic products and textile fires, there are secondary microplastics generated from
plastic items due to weathering agents and bioladgtimirdé/tale the marine and
freshwater environments are actually of great concern, ground environments, and
matrices related to it, have been less consideeegimdbearch about microplastics

detection. Major attention should be reservedhtesolggeneous matrices, such as

soil, compost, sediments and sludge. Worldwide regulations about compost, which is
used as amendant in agricultural fields, have siteasigoid from 2 to 15 mm for

the requirements related to plastic impurdreplddtics which pass through the mesh

of the threshold sieve are considered assimilable to compost. One of the main lacks tha
prevents the improvement of these regulation, is a standard protocol for microplastics
detection in solid heterogeneousesatiicthis purpose, the current review proposes

an outline of methods tested in previous research for microplastics recovery and
identification in the matrices of interest.

This chapteris published in Journal of Polymers and the Environmerds:

F. RuggerdR. Gori, C. Lubello (2020) Methodologies for microplastics recovery and
identification in heterogeneous solid matrices: A review. Journal of Polymers and the
Environment/olume28, 738748 D0i10.1007/s10923419016443.
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Introduction

Preliminarymodels have been huilthe last years estimate the amount of
mismanaged plastic waste whose fate is reaching the fresh and saltwater environments.
The numbers obtained range from an overestimation of 25 million tonnes (10% of total
plast waste genergtédambeck et al., 2016) 513 million tonng&uropean

Commission, 201B)anysampling campaigns in water environments were carried out

to provide more precise numbers about plastic wastéBpehuatioit et al., 2017

Gasperi et al., 2014pwever, from a comparison between estimations and samplings,

it emerges a difference of several order of mfgehhatinset al., 201,99 missing

link between the amount of plastic waste expected to be found and the samples collected
(Thompson et al., 200M)e last years studies effort to provide explanations about this
missing link and to overcome tl€mgapeR016)Beside recent developments which

highlight that the majority of plastics seems to sink in the deep ocean, where is
undetectable during superficial sar(iplikgen et al., 20Mfoodall et al., 2014)

part of the missing plastics can be related to microplastics, pieces smaller than 5 mm very
difficult to be recovered from the envirofithempson et al., 2QMMjcroplastics

come either from primary sources, such as personal care products, cosmetics, textile
fibres, as well as raw materials and subprpiistis manufactufiRgch&santos

and Duarte, 2016y from disintegration of plastic waste due to weathering agents and
biological degrada(itva et a2018)

Microplastics, both primary and secondary, are likely to be found not only in water, but
also in ground environments, such as public gardens, agricultural soil and compost, where
they can remain for long time even if eventually they will enter thvéromemieet e

via inland waterways, wastewater outflows, and transport by wWRidchieides!

Roser, 2018)

While the marine and freshwater environments are actually of great concern, soll
environmental matrices have been less consideredcémttégearch about
microplastics detection. Solid heterogeneous matrices, with a high content of organic
matter, thiashould require a higher attention for the presence of mamesuhstics

compost, sediments sahaige The current review is mainly focused on these
environments and includes also some cases studies related to sand and biota, when the
techniqueswidoped may be efficient for the matrices of mairStodgeould be

considered in the boundary between liquid and solid, even though the main recovery
technigues which have been found for watst, theveame good applicability for

sludgeue tahe much higher presence of organi¢Joattephy et al., 200%nong

these matrices, sediments have been quite larg@pstadiedl., 2018)uch less

soil(Qiu et al., 2016&. Zhang et al., 2048¢sludgéLi et al., 2018nd almost none

composfNg et al., 2018In particularfertilizers derived from aerobic composting

should be submitted to a higher comsidasatotential vehicle for the entry of
microplastics in agroecosygy@ishmann et al., 2018) fact, comparing the

compost standards within Eufaperica and Australasia, the most precautionary
indication requiresttplastics >2 mm are <0.5% of compost weight in dry mass. Plastic
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pieces which pass the 2 mm mesh are considered assimilablent@aroenpost:
countries the threshold is 10 to 15 mm (e.g. Spain and New Zealand), while in some
other Europeaountries and in USA plastic is not mentioned in the requirements for
iImpurities inspection. This observation outlines that the risk of microplastics pollution in
terrestrial environments is much less accounted thabonesatey the absence of

standrd protocols for their extraction and quantification in such solid nmatrices does
allow to improve compost regulations regarding plastic contamination limits.

With the aim to provide a useful overview of the main techniques to recover and identify
miaoplastics in heterogeneous solid matsgreposedsubdivision of the methods

in accordance with the usage. A first paragraph is dedicated to different methodologies
applied for microplastics recovery from a bulk sample, including cdseb studies w
exploit the use of combined methods. The second paragraph is focused on the
identification and characterization of microplastics, tlesiitiyiiagind innovative

techniques.

Microplastics recovery

When sampling environmental matricestigateé¢he presence of microplastic waste,

the bulk sample has a high presence of organic and inorganic materials, from which the
plastic particles should be recovered. Previous research studies employed various
methodologies which act either to remgoéidhmatrix (e.g. digestion), or to separate

the microplastics exploiting the difference of their properties with respect to the bulk
sample (e.g. flotation). In Talleit is presented an overview of the available
techniques, indicating the enwrttain matrix and the characteristics of the
microplastics (polymer type, size and shape). In order to develop more efficient
procedures for complex matrices, some current studies have also proposed a combinatio
of two techniques, as displayed later on.

Tablés.1 Overview of the techniques to recover microplastics from different solid heterogeneous matrices

Group Technique Polymer Size Shape Matrix Ref
(Distilled) .
Water (1.0 PE, PP 50100 Fibres, Soil (S Zhang e
glcn?) pum fragments al., 2018)
PP, PET 053 . . . (Nuelle et al.
PVC mm Particles Sediment: 2014)
NaCl or Na 10 pr5  Fibres, film, (Li et al,
solution PE, PP, PS mm microsperes Sludge 2018)
Flotation (1.21.4 PE, PP, P F t
g/cn) Nylon, 20 pml :‘Ig?;gn s Sand (Ernicassola
PET, PUR mm SOW or etal., 2017)
PVC
PE, PP, PS 200 pm . . (Quinn et al.
7nBs  or PET,PVC 1mm Fragments  Sediment: 2017)
znCt (16 PC, PE, PF Fragments (Imhof et al
1.7g/cm) PS, Nylon 1-3 mm pellgts '’ Sediments 2012) '
PET, PVC
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4 Nylon, ABS 500 pm _. (Ellika
Se" o EPS, PES475 F:;;ﬁjés Sediments Crichton  ef
P PVC mm P al., 2017)
Water
column witt 60 um2 Particles, (Kedzierski €
sieving Nylon, PVC mm powder Sand al., 2016)
Elutriation separation
\é\lll?ttr(ia;tion PS PVC 10300 Fibres, Biota, (Claessens
column ' pm microspehere sediments al., 2013)
PE, PP, PS .
Nylon, PET. 100 pm Fibres, Sediments (Maes et al
Alkall PUR, PVC 1 mm Fragments 2017)
Digestion ~ABS, PC
(KOH or PE, PP, Foam, (Kiihn et |
NaOH) PET, PUR 5mm fragments, Sand 2017) a
PVC, MB, pellets
PLA, PHB
LDPE, PP .
PS, Nylon 8%300 Fragments  Biota géir%m' etal
Acid PET, PvCc M
Digestion Films, ,
(HCI  or HDl(F;E’P\F;(S: 5mm  microspheres Biota %i'%oo etal
NHG;) ylon, pellets
60600 . Marine (S. Zhao et al
_ PE, PS um microshperes snow 2017)
'gestion _ PE, PP, PS :
Enzymatic Nvion. PET 100 um  Fibres, Sediments (Maes et al
Digestion PBL/JR ’PVC‘ 1 mm Fragments © 2017)
10300 Fibres, Biota, (Claessens
PS, PVC pum microshperes sediments al., 2013)
10 ym5  Fibres, film, (Li et al,
PE, PP, PS mm microshperes Sludge 2018)
- 0.255 . (Lares  an
g;édr:gng PS, PET mm microshperes Sludge Ncibi, 2018)
(HO. or |ppE, PP 80300 Fragments  Biota (z}éir;‘m' etal.
Fenton) PS, Nylon *I" )
PELF pyc 106300 Fragments  Sand (Shim et al.
' um 9 2016)
(Cauwenberg
- iOmOnqum Fragments Sediments he et al,
2013)
0.250 5 . (Lares an
PS, PET mm microshperes Sludge Ncibi, 2018)
o 0.55 . . (Qiu et al,
Sieving - mm Fragments  Sediment: 2016)
50 pm Fibres, film, (Song et al
PE, PP, EP 1mm  fragments Sand 2015)
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Flotation
It is mainly a technique based on density separation between the microplastics and tht
environmental matrix in which they are being detected5.tharahleported the

densities of plastic materials that has a wide use in the common products.

Tablés.2 Densities of widely used plastics

Plastic Class Acronym Density (g/cm?
Expanded Polystyrene EPS 0.030.15
Acrylonitrile butadiene sty ABS 0.901.53
Polypropylene PP 0.920.95

Low density polyethylene LDPE 0.92
High density polyethylene HDPE 0.96

MaterBi® MB 1112
Nylon (Polyamide) Nylon (PA 1.021.06
Polystyrene PS 1.05
Polymethyl methacrylate PMMA 1.091.20
Polyurethane PU 1.2
Polycarbonate PC 1.201.22
Polyhydroxy butyrate PHB 1.25
Polylactic acid PLA 1.25
Polyvinyl chloride PVC 1.351.39
Polyethylene terephthali PET 1.381.41
Polyester PES -

Enough density difference between matrix and microplastics is provided in a sample of
sediments (2.7 gRmMA solution with a density2 g/cn? can easily allow the

separation of all microplastic types from the bul{Ceetapét al., 2019n the

contrary, compost ahadgél.21.4 g/cn) are more heterogeneous matrices with a

much lower density than sediments and close to the density of some polymers. Thus,
flotation can work with a smhuvith a density >1.2 gfd¢mavoid the flotation of the
environmental matrix together with microplastics.

Forsoil, flotation can be successfully carried out in water or distilled water; a previous
treatment of sonication can be applied to ensure that each particle in the bulk sample
deposits or floats in accordance with its own settlin(Svélbaitg et al., 2018)

NaCl solution (1.2ayf) is one of the most yasdhe salt is highly available, cheap

and ecfriendly(Nuelle et al., 2014jut it is limited to polymers with lower density

(Songet al., 2015)NaBr and Nal (4146 g/cm) solutions are also able to separate

heavier polymers with good recovery rate. In sgdiaehbten assessed that a density
separation with Nal can provide a recovery rate highefNbahed@al., 2014)

Higher density solui@btained with Zp&hd ZnB(1.61.7 g/cn) were found to
be the most effective ways to separate all polymers from sediments in a single washing
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while generally lower density solutions require up to three passages to obtain a good
recovery ra{®uinn et al., 2017)

An alternative method involves the use of oil to enhance plastic separation from the
environmental matrexploiting the hydrophobicity of polymers. Solutmhweth

found to improve the recovery rate by increasing wettability of plastics and reducing the
surface tension. The method was tested in a sediment matrix: the addition of pine oil to
a ZnGlsolution significantly improves plastics flbtdtmiret al., 2012)

Moreover, an oil extraction proto@hédEP) was defined in a recent study for
extraction of Nylon, EBS and PVC microplastics in ¢gelliikaeGtschton et al.,

2017) The mixture i®mposed of 100 ml water and 5 ml canola oil with 50 g of bulk
sample. The flotation in a separatory funnel requires no more than 2 hours. To allow the
analysis of the recovered particldsSTWRibr other characterization techniques, the
surnatant is washed with ethyl alcohol which removes olil traces.

The most common ways to carry out flotatibbacket and separatory funnel, this

one particularly used for separation in watewatetsalutions. Once the flotation

Is ended, the surnatant is recovered, filtered dvefahedakeing submitted to further
analyses.

Elutriation

Elutriation is a technique based on density separation and it has been mainly tested in
sediments. It israd out in a column of height in a range of 1 to 2 m, with air or water
inflow at the bottom of the column to encourage particles flotation or deposit along in
accordance with their density. The flow rate shall be adjusted to achieve a maximum
extractiorefficiency and minimal contamination of the sample with the matrix. It was
experimentally determined that a flow ratd/lof@005 min is adequate to keep sand

in the pipe, while other maggriatluding microplastics, flowed over the edge
(Claessens et al., 20IBg surnatant can be recovered and filtered to be submitted to

a further separation treatment or to characterization analysis. However, some authors
suggest inserting on the top of the column ores@vwa®ito separate the particles in
accordance with their @azlzierski et al., 2018has been demonstrated that this

step improves the recovery rate of micrqpladtiearski et al., 2Q16)factwhile

without granulometric separation the particle mass controls tdepisititon
equilibriumwhen particles are divided within granulometric fractions, volume stays in a
defined range and consequently the equilibrium is a function of the particle density.

Digestion

Digestion, when dealing with a bulk sample mainly composed of orggha&smatter,
compost and sludge, contributes to remove most of the matrix and to reveal
microplastics, which instead are resistant to digestion treatment.

Digestion of organic matter can be acid, alkali and with the use of oxidizing or enzymatic
agents. Acid digien is carried out with HEOHCI: even though it has been assessed
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that higher is the amount of organic matter, stronger is the resistance of microplastics to
oxidation, the effects of acids on plastics is of melting, yellowing or total destroy with a
heating above 60(R@rami et al., 2Q10evriese et al., 2Q0Nadoo et al., 2017a)

This leads to an underestimation of microplastics in the bulk sample.

Alkali digestion with NaOH and KOH has been confirmed to work for removal of organic
matter from sediments and biota after heating at 60°C from 12(kbe24 lebats

2017) Nonetheless, it should be taken into account that both the alkali agents can cause
discoloration and degradation of the micréilasties al., 2017)

Digestion with oxi di zO, hag found & wide siIsagefne nt o n
recent studies with different application protocols. Three protocols have been assessec
for HO,, and validated on PP, PE, PS, PVC and PETeTthelsgract of®4 on

microplastics, the agent was added in a ratio 100:1 to microplastic sample: the impact of
the oxidizing agent was considered né¢iligilideet al., 2014 accordance with

the first procedure, 35%Hs added to bulk sample and left actirbatoroém
temperatur@arami et al., 2017The residue is then rinsed with water or with 80%
ethanol and filtered. In the second protoco}B@id-bn the matrix fakat 55°C.

The residue is then diluted with water and/Altéred al., 2015)he third protocol

was assessed on biota, with 85%t B0°C for d, reachinglmost 100% of organic

matter remov@aami et al., 201However, other authors obtained a good removal

rate under lower temperatures, from 25 t¢SB0iCet al., 201Gauwenberghe et

al., 2013)Finally, enzymatic digestion is less used and generally applied as previous
treatment to stainiiMaes et al., 2017)

Sieving

Wet or dry sieving of the sample divides both environmental matrix and microplastics
into granulometric fractions. In accordance with the size of the particles characterizing
the matrix and tha@croplastics inside it, it is possible that some of the fractions are
completely clean or on the contrary are composed almost only by, midotplastics

are easily identifiable by a naké€@ieyst al., 2016Moreover, whdahe research

aimsto recoveonly microplastics from the sample, a preliminary sieving is done to
remove all the material with a size higher than 5 mm.

Sieving technique can be used also in field to collect samples of plastics smaller than
specific @4e.g. 1 mifbong et al., 2015)

Combined methodologies

A few series of research studies depict the usage of combined methodologies to ensur
extraction of microplastics from the bulk. sampgfgculaim most of them digestion

of the organic residues follows a previous treatment for microplastic§rssparati
application was done for sediments samples after flotatigqiNueeNa@l., 2014)

and after elutriation in wé@aessens et al., 20TBese matrices in fact allow a
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proper separation from plastics due to the high difteesitgbut can require a

further digestion to remove eventual organic residues which float due to their lower
density. Irsludge matrix digestion is combined with a previous sieving treatment
(fractions from @@n to 2 mm)which provides the remoivalast of theludgéut

leaving bigger size organic re@idoes and Ncibi, 20 hallyit isfair to report

the treatment which couples elutriation to sieving, already discussed with the elutriation
methodology, for its high efficiency in sand(8adpleski et al., 2016)

Microplastics identification

Most of the cases studies displayed in the previous paragraph combined recovery
methodologies with techniques which allow microplastics identification among the
residues remained after separation from the bulk samplé)(FSgune dhe

identification methodologies (Balde are simple and @dfdctive methods (e.qg.

FTIR and visual inspection), but not easily applicable on the smallest microplastics. In
Figures.2, it is proposed a comparison of recovery and identification iesgthodolog
grouped in eight main categories, used in accordance with the minimum particle size.
Moreover, in the following paragraphs some techniques recently introduced for
microplastics identification and characterization are discussed,-8IRh as Vis
spectrscopy and methods involving thermal degradation.

Recovery® Recover®® Identificatioh® IdentificatioR® Ref
Digestion Visualngection (Li et al., 2018)
Sieving Digestion  Visuaingection (Lares and Ncibi, 2018)
Thermal degradatic (Dimichen et al., 2017)
5 Flotation Visuaingection (Zhang et al., 2018)
0 Spectroscopy (Corradini et al., 2019)
Digestion Visuaingection (Cauwenberghe et al., 2
» | Digestion Staining Spectroscopy (Maes et al., 2017)
@& | Elutriation  Digestion (Claessens et al., 2013)
-_% Flotation Spectroscopy (Imhof et al., 20Tuinn «
o) al., 2017 Ellika Crichton
@ al., 2017)
Flotation Digestin Spectroscopy (Nuelle et al., 2014)
Digestion Spectroscopy (zhao et al., 2017)
Digestion Staining Spectroscopy (Shim et al., 2016)
Digestion (Kthn et al., 2017)
Elutriation  Sieving (Kedzierski et al., 2016)
Flotation Staining (Ernicassola et al., 2017
Sieving Spectroscopy (Song et al., 2015)
Sieving Visuaingection (Song et al., 2015)
Visuaingection (Heo et al., 2013)
Thermal degradatic (Hermabessiere et al., 2!

Figuré.1 The graph presents the main studies discussed in the review in accordance with the combination of recovery
and identification methodologiesdpplauthors.
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