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ABSTRACT

Polyethylene terephthalate (PET) is a recalcitrant non-biodegradable petrochemical-based plastic
contributing to environmental pollution. Therefore, it is urgent to develop strategies to mitigate PET
disposal impacts and develop sustainable alternatives, such as biobased biodegradable biopolymers.
This thesis address those challenges by developing upcycling strategies for the biotechnological con-
version of post-consumer PET (pcPET) waste, which was chemically depolymerized via reactive extru-
sion, composed primarily of terephthalic acid (TPA). Single bacterial cultures and a microbial consor-
tium (MMC) were investigated for their ability to use TPA as sole feedstock to produce polyhydroxy-
alkanoates (PHAs), biodegradable bioplastics with properties comparable to conventional plastics.

Two strains, isolated from plastic-contaminated environments, were tested for PHA production using
TPA as feedstock. Response Surface Methodology was used to determine the optimal concentrations of
TPA and ammonium for maximal cellular growth and PHA content. Rhodococcus sp. Ave7 was selected
given its efficiency in converting TPA into biomass and PHA. This strain also accumulated triacylglyc-
erols (TAGs), which were considered of interest for further exploitation. In a bioreactor, Rhodococcus
sp. Ave7 efficiently converted TPA into PHA and TAG, representing 15.01 + 0.68 and 15.40 + 0.29%
of the biomass dry weight, respectively. The culture produced the copolyester poly(3-hydroxybutyrate-
co-3-hydroxyvakerate) (PHBV), with a 3HV content of 90wt.%, and TAGs comprising octadecenoic
acid (Cis.1) (43.3-50.8wt.%), hexadecanoic acid (Cis0) (32.1-38.9wt.%) and octadecanoic acid (Cis:o)
(8.5-8.7wt.%).

An MMC selected from marshland sediments was enriched in PHA-storing organisms using cyclic
TPA feeding (feast-and-famine, F/f, approach) in a 2 L bioreactor with 4-day cycles. A stable culture
was established within one sludge retention time (40 days), an F/f ratio of 0.1, dominated by Gammap-
roteobacteria, including Halomonadaceae and Zoogloeaceae. Under permanent feast conditions (in a 1
L bioreactor) with growth-limiting conditions imposed by nitrogen exhaustion, the culture achieved a
PHA content in the biomass of 65.14 + 5.37wt%. The produced biopolymer was poly(3-hydroxybutyr-

ate) (PHB) with an average molecular weight of 352 kDa, with melting and maximum degradation
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temperatures of 174 °C and 253 °C, respectively. PHB films presented tensile strength of 18.8 + 1.9
MPa and Young's Modulus of 422.5 + 142.3 MPa, coupled with good gas and moisture barrier proper-
ties.

Overall, this thesis demonstrated the feasibility of biologically upcycling pcPET waste into PHA
using TPA from PET depolymerization as feedstock for microbial cultivation. Different PHAs were
obtained: PHB using an MMC, PHBV by Rhodococcus sp. Ave7 that also produced TAGs, further

adding value to the bioprocess.

Keywords: Polyhydroxyalkanoates (PHA), Plastic waste, Polyethylene terephthalate (PET) waste,
Pure cultures, Mixed microbial cultures (MMC), Terephthalic acid, PHA Films
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RESUMO

O polietileno tereftalato (PET) é um plastico petroquimico recalcitrante e ndao biodegradavel que
contribui significativamente para a polui¢cao ambiental. Portanto, € urgente desenvolver estratégias para
mitigar os impactos do descarte de PET e desenvolver alternativas sustentaveis, como biopolimeros
biodegradaveis de base biologica. Esta tese aborda esses desafios, desenvolvendo estratégias de
upcycling para a conversdo biotecnolédgica de residuos de PET pds-consumo (pcPET), que foram qui-
micamente despolimerizados por meio de extrusdo reativa, compostos principalmente por acido terefta-
lico (TPA). Culturas bacterianas isoladas e um consorcio microbiano (MMC) foram investigados pela
sua capacidade de utilizar o TPA como unico substrato para produzir polihidroxialcanoatos (PHASs),
bioplasticos biodegradaveis com propriedades comparaveis aos plasticos convencionais.

Duas estirpes, isoladas de ambientes contaminados por plasticos, foram testadas para a producao de
PHA utilizando TPA como substrato. O Método de Superficie de Resposta (RSM) foi usado para deter-
minar as concentragdes ideais de TPA e amonia para maximizar o crescimento celular maximo e o
contetido em PHA. Rhodococcus sp. Ave7 foi selecionada devido a sua eficacia na conversdo de TPA
em biomassa ¢ PHA. Esta estirpe também acumulou triacilglicéridos (TAGs), os quais foram conside-
rados de interesse para exploragdo futura. Em bioreactor, Rhodococcus sp. Ave7 converteu eficiente-
mente TPA em PHA e TAG, representando 15.01 £ 0.68% e 15.40 + 0.29% do peso seco da biomassa,
respetivamente. A cultura produziu o copdliester poli(3-hidroxibutirato-co-3-hidroxivalerato) (PHBV),
contendo 90wt% de 3HV, ¢ TAGs compostos por acido octadecenoico (Cis.1) (43.3-50.8wt.%), acido
hexadecanodico (Cieo) (32.1-38.9wt.%) e acido octadecandico (Cis.o) (8.5-8.7wt.%).

Selecionou-se uma cultura microbiana mista (MMC) a partir de sedimentos de sapal, a qual foi enri-
quecida em organismos acumuladores de PHA através de um regime de fome e fartura (F/f), utilizando
uma alimentagao ciclica de TPA num bioreactor de 2 L, com ciclos de 4 dias. Foi estabelecida uma
cultura estavel dentro de um tempo de retencao de lamas (40 dias), com um racio F/f de 0.1, dominada
por Gammaproteobacteria, incluindo Halomonadaceae and Zoogloeaceae. Em condig¢des de fartura

permanente (num bioreactor de 1L) com condig¢des limitantes de crescimento impostas pela exaustao de
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azoto, a cultura atingiu contetidos de PHA na biomassa de 65.14 + 5.37wt%. O biopolimero produzido
foi um poli(3-hidroxibutirato) (PHB) com um peso molecular médio de 352 kDa, uma temperatura de
fusdo e de degradacdo maxima de 174 °C e 253 °C, respetivamente. Os filmes de PHB apresentaram
resisténcia a tragdo de 18.8 + 1.9 MPa e um modulo de Young de 422.5 + 142.3 MPa, juntamente com
boas propriedades de barreira a gases e a humidade.

No geral, esta tese demonstrou a viabilidade do upcycling biologico de residuos de pcPET em PHA,
utilizando TPA proveniente da despolimerizagdo do PET como substrato para cultivo microbiano. Fo-
ram obtidos diferentes PHAs: PHB utilizando uma MMC e PHBV por Rhodococcus sp. Ave7, que

também produziu TAGs, acrescentando ainda mais valor ao bioprocesso.

Palavas chave: Polihidroxialcanoatos (PHAs), Residuos Plasticos, Residuo Polietileno tereftalato
(PET), Culturas puras, Culturas microbianas mistas (MMC), Acido Tereftalico, Filmes de PHA
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L Background and Motivation

I.1. Background

I.1.1. Plastics: sources, manufacturing and their global impact

Plastics are high molecular weight polymers derived from organic monomers (Jansen, 2016;
Van der Vegt, 2002) that are chemically linked through covalent bonds in polymerization reac-
tions, such as addition and condensation, to form long chains of repeating structural units (Cantor
& Watts, 2011; Jansen, 2016). These chains constitute the backbone of the polymer structure,
resulting in materials with a wide range of properties and applications (Jansen, 2016).

The two primary sources for plastics’ manufacturing are either fossil-based or renewable (Ku-
mar et al., 2023). The majority of raw feedstocks used for plastics production come from fossil
sources, such as crude oil, natural gas, and coal. However, there is an increasing, though still
limited, share from renewable sources, such as sugarcane or biomass (https://www.european-bi-
oplastics.org/, accessed on 10 January 2025; Walker & Rothman, 2020). Depending on their
origin, plastics can be grouped as natural, derived from microorganisms and plants, or synthetic,
meaning man-made by chemical synthesis (Kumar et al., 2023).

The plastic industry experienced a significant growth during the second half of the19" century,
largely driven by the use of fossil-fuels as raw material. This development was a major contrib-
uting factor to the rapid expansion of the plastic industry (Tilsted et al., 2023), leading to plastic
products becoming an inevitable presence in every aspect of our lives (Kibria et al., 2023). This
progress boosted the continuous economic growth of the modern consumer society, resulting in a
global plastic production of 2 million tons by 1950 (Geyer, 2020) and, since then, the production
increased at an annual rate of 10%, reaching approximately 413.8 million tons in 2023
(https://www.statista.com/, accessed on 28 February 2025), as illustrated in Figure 1.1. At the
current production rate, it is estimated that plastic production will double during the next 20 years
(Lebreton & Andrady, 2019). Despite the slight decrease during 2020 due to the worldwide pan-
demic (Chang, 2023), production is forecast to hit over 800 million tons by 2050 (Koppala et al.,
2024).
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Figure I. 1 - Annual and cumulative global production of plastic (Adapted from Koppala et al., 2024)

Currently, approximately 4% of the world’s oil production is used to produce most of the fine
and bulk polymers necessary for plastics’ manufacturing (Pilapitiya & Ratnayake, 2024). The
production process begins with the refining of crude oil through fractional distillation or by re-
moving impurities when natural gas is used as source, yielding key hydrocarbons components
such as naphtha and ethane (Marczak, 2022). These became major feedstocks to produce hydro-
carbons, for example ethylene, propylene, styrene benzene, toluene and xylenes (Zhou et al.,
2021), through chemical steps such as refining, steam cracking and reforming (Ren et al., 2008;
Singh et al., 2022). These monomers subsequently undergo polymerization reactions, catalysed
by specific agents, to form plastics (Atiwesh et al., 2021).

The most relevant thermoplastics in the market, accounting for 92% of plastics, include poly-
ethylene (PE), polyvinyl chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET),
high, low, and linear-low density polyethylene (HDPE, LDPE, and LLDPE), polystyrene (PS)
and polyamide (PA) (Chamas et al., 2020; Kibria et al., 2023; Kumar et al., 2023). Upon heating,
these materials soften and can be shaped through extrusion, moulding or pressing, and hardened
upon cooling at ambient temperature (Kumar et al., 2023). On the other hand, polyurethanes
(PUR), epoxies, diallyl phthalates and acrylates are among the examples for thermosetting plastics
(Pascault & Williams, 2013). These undergoes an irreversible solidification process when heated
or cured, maintaining their rigid structure (Kumar et al., 2023).

Petrochemical-based plastics hold outstanding properties such as toughness, durability, tensile
strength, low weight, and plasticity, making them indispensable across all industrial sectors and
providing considerable benefits to society (Andrady & Neal, 2009; Geyer, 2020; Shen et al.,
2020). Their versatility and distinct features enables their use in a broad spectrum of applications

across multiple industries, namely packaging (44%), in building and construction (18%),
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automotive design (8%), electronics (7%), household (7%) , agriculture (4%), and others (12%),
such as paints, coatings, adhesives and energy production and a countless of other applications
including medical sector (Geyer, 2020; Gibb, 2019; Kunwar et al., 2016; https://plas-
ticseurope.org/, accessed on 10 January 2025).

Unfortunately, the essential role plastics play in society, combined with a shift in consumer
behaviour toward single-use items led to a worldwide increase in plastic production, which re-
sulted in widespread plastic pollution that impacts ecosystems (Chen et al., 2021). Given the in-
herent durability of plastics, their elimination from the environment is challenging, with some
taking hundreds of years to break down, thus accumulating in waste streams and posing potential
risks to human health (Koller & Braunegg, 2018; Walker & Fequet, 2023). The degradation pro-
cess depends on material properties and environmental factors, such as water, temperature, light,
air and abrasion or through the action of microorganisms able to breakdown plastics (Acharjee et
al., 2023; Danso et al., 2019).

Recent estimates indicate that 70% of the plastics produced globally became waste, represent-
ing 240 million tons (Mt) of plastic waste generated annually (Soong et al., 2022). In the overall
faith of plastic (Figure 1. 2), only 9% of post-consumer plastics are recycled, while 12% are in-
cinerated and the overwhelming majority (79%) end up in landfills or improperly discarded in the
environment, where they slowly degrade and persist for centuries (Geyer et al., 2017; Koller &
Braunegg, 2018). Plastics in landfills are problematic not only because they continue to increase
due to low recycling rates, do not degrade easily, but also, they occupy large amounts of space
and contribute to serious leachate issues, releasing harmful chemicals into the environment and
serve as major reservoirs of microplastics from plastic waste degradation (Acharjee et al., 2023;
Chamas et al., 2020; Wojnowska-Baryta et al., 2022). Although incineration reduces the waste
volume, it requires a substantial amount of energy and releases hazardous organic compounds
(e.g. heavy metals, persistent organic compounds and emission of greenhouse gases), which raise

environmental and public health concerns (Huang et al., 2022; Wojnowska-Baryta et al., 2022).
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Figure I. 2 - The faith of worldwide plastic (Adpated from Lomwongsopon & Varrone,
2022b).

Increasing recycling rates is seen as the most promising approach to reduce plastic waste in
landfills and minimize reliance on petrochemical plastics (Huang et al., 2022). Strategies to man-
age plastic waste vary considerable across countries, depending on local policies aimed at miti-
gating plastic pollution. (Kumar et al., 2021). For example, Europe has seen a strong shift toward
recycling and energy recovery, with a substantial decrease in landfilling (https://plas-
ticseurope.org/, accessed on 12 September 2024). However, future projections suggest that by
2050, 9,000 Mt of plastic waste will have been recycled, 12,000 Mt incinerated, and 12,000 Mt
discarded in landfills or the environment (Geyer et al., 2017). In this context, aiming to address
the growing plastic pollution crisis, innovative approaches are needed to manage and permanently
eliminate plastic waste, which is one of the main environmental challenges of the 21% century

(Geyer et al., 2017; Satti et al., 2024).

I.1.2. Polyethylene Terephthalate
o PET Synthesis

PET is one of the most widely used synthetic thermoplastics. First developed in the 1940s
(Scheirs & Long, 2005), PET is synthesized by the condensation of two key subunits: terephthalic
acid (TPA) and ethylene glycol (EG) linked through ester bonds (Figure 1. 3). Alternatively, it
can also be produced via the transesterification of dimethyl terephthalate (DMT) and EG tereph-
thalate to yield bis(hydroxyethyl) terephthalate (BHET), followed by polymerisation of BHET
into PET (Chamas et al., 2020; Webb et al., 2013).
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Figure 1.3 - Chemical structure of polyethylene terephthalate (PET) and constituent monomers tereph-
thalic acid (TPA) and ethylene glycol (EG) (Adapted from Carr et al., 2020).

Currently, the industrial routes to manufacture TPA consist in the direct chemical oxidation
of p-xylene (obtained from the fractional distillation of naphtha) with air in the presence of tran-
sition-metal catalyst (Lapa & Martins, 2023), while ethylene is oxidized in the presence of oxygen
or air on a silver catalyst, into ethylene oxide, followed by hydration reaction into EG (Cheng et

al., 2022).

e PET market

PET presents low density, high mechanical strength, toughness, low gas permeability (An-
drady & Neal, 2009; Webb et al., 2013), which combined with its simple synthesis, low-priced
production, thermostability, and durability, renders it one of the most consumed plastics. Its man-
ufacture accounts for 6.2% of global plastics’ production (Thomsen et al., 2023). PET is exten-
sively used in the packaging industry, particularly for soft drink bottles, food jars, and plastics
films (Andrady & Neal, 2009; Koshti et al., 2018; Samak et al., 2020), and in the textile industry
for producing fibers for clothing (Maurya et al., 2020). The majority of these materials, especially
those used in packaging, are designed for single-use purposes. For example, the life cycle for a
PET bottle is notably short, often culminating as plastic waste after its use (Ncube et al., 2021).

Between 2010 and 2023, worldwide demand increased from 17 million to 30 million metric
tons, with an increasing tendency for the next years (https://www.statista.com/, accessed on 10
December 2024). The packaging material sector predominantly drives the global PET demand,
with a significant segment used for single-use items, such as water and carbonated drink bottles

(Nistico, 2020).

e PET waste management

PET is highly resistant to physical, chemical and biological degradation (Carr et al., 2020).
However, this resilience, combined with its increasing demand, consumption and disposal, has
significantly contributed to the accumulation of PET waste in the environment (Raj et al., 2023).
Reports indicate that PET accounts for approximately 8% of global solid waste by weight and
around 12% by volume (Suhaimi et al., 2022).
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A substantial portion of PET waste escapes waste management systems, polluting oceans and
ecosystems due to its slow degradation rates. For instance, a single PET bottle can take approxi-
mately 450 years to be decomposed (Joo et al., 2018), leading to prolonged environmental pres-
ence and accumulation over decades (Sang et al., 2020). Furthermore, exposure to natural weath-
ering conditions causes PET to fragment into smaller particles, generating PET microplastics
(Sang et al., 2020). These pose serious environmental and health risks, such as groundwater and
drinking water contamination due to migration of antimony from PET coloured bottles into min-
eral water (Dhaka et al., 2022). Moreover, PET particles and additives (e.g, heavy metals, bro-
minated flame retardants and other types of plasticizers) (Pavlovskyi & Vorobyova, 2025) are
reported as endocrine disruptors, further raising concerns about their potential impact on human
health (Dhaka et al., 2022; Sang et al., 2020).

To address these issues, several pathways are available for PET waste management, including
(1) reuse and four main recycling methods: (2) primary, (3) secondary (mechanical recycling),

(4) tertiary (chemical) and (5) quaternary (energy recover) recycling (Barredo et al., 2023):

(1) Reusing PET materials, namely containers or bottles, is a direct and effective first step to
reduce the demand for disposable packaging. Reusing these materials 25 to 35 times re-
duces PET waste and the consumption of disposable PET products by over 70%, thereby
significantly lowering the carbon footprint (Soong et al., 2022). However, safety consid-
erations must be addressed, primarily involving the need to thoroughly clean them before
use, particularly for food and beverage storage (Soong et al., 2022).

(2) Primary recycling, also known as closed-loop process, involves the reconversion of clean
and single-type PET waste through mechanical re-extrusion (Singh et al., 2017). This
process is mainly for post-use PET packaging, that has been collected, sorted and repro-
cessed to produce materials with similar properties and end-use as the original products,
for example for PET bottle-to-bottle recycling (Faust et al., 2023; Pinter et al., 2021). It
is a simple and cost-effective method mostly used by manufacturers, although being lim-
ited to uncontaminated waste and is constrained by the number of reuse cycles (approxi-
mately six cycles), often limited due to cumulative thermal polymer degradation that the
material can endure (Damayanti & Wu, 2021; Grigore, 2017; Singh et al., 2017).

(3) Secondary, or mechanical, recycling is a well-established and widely used method for
processing post-consumer PET waste. This process involves collecting, cleaning and sep-
arating the waste from contaminants, followed by mechanical shredding through pro-
cesses such as extrusion, inject and blow moulding materials (Faust et al., 2023; Singh et
al., 2017). The shredded PET is further reduced into smaller particles, such as flakes,
enabling larger volumes of PET waste to be recycled in a shorter time. These are then

melted and extruded into pellets, which are used in the production of secondary plastic
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(Francis, 2016; Joseph et al., 2024). A critical step in this process is washing, which is
required to remove contaminants such as dirt, labels, and other plastics. However, this
consumes extensive volumes of fresh water and generates large amounts of wastewater,
raising environmental concerns (Jabtonska, 2018; Jabtonska et al., 2019).

(4) Tertiary, or chemical, recycling refers to the depolymerization of PET to recover its
chemical constituents, such as monomers, dimers, oligomers’ mixtures, or resins, which
can later be of use for repolymerization into PET, used as refinery feedstocks or fuels, or
converted into other value-added materials (Martinez-Narro et al., 2024; Sinha et al.,
2010; Thachnatharen et al., 2021). Chemical recycling can occur via pyrolysis, hydroly-
sis, methanolysis, glycolysis or aminolysis (Damayanti & Wu, 2021). These methods are
carried out using temperature, a combination of heat and solvent, and often with the aid
of catalysts (Martinez-Narro et al., 2024). The end products vary depending on the chem-
ical processing applied and the reactants used (Webb et al., 2013). While these methods
are more effective for processing heterogeneous and contaminated PET waste streams,
they are expensive, and energy demand may produce hazardous compounds and waste
solvents (Cao et al., 2022; Soni et al., 2021).

(5) Quaternary recovery consists in energy recovery during plastic combustion (incineration)
to obtain heat, steam and electricity, exploiting the high calorific value of plastics. How-
ever, this process is typically associated with the generation of toxic residues and fumes

(Meneses et al., 2022).

Most PET waste is mixed with high volumes of other heterogenous waste streams, such as
municipal solid waste containing paper, metals and organic materials. Such mixtures pose addi-
tional challenges for the effective recovery of PET (Al-Maaded et al., 2012; Al-Salem et al.,
2009). Additionally, many PET-based products are combined with various materials, such as mul-
tilayered products or composites with rubber, aluminium and other additives, such as fillers, plas-
ticizers and colourants (Aguado et al., 2014; Eriksen et al., 2018). While these additives are in-
tended to enhance the products’ properties, such as barrier to gas, moisture, or light, they make
the recycling process much more difficult or impractical (Biermann et al., 2021; Ding & Zhu,
2023). Those materials’ heterogeneity hinders mechanical recycling, since their presence deteri-
orate the quality and properties of recycled PET in each recycling cycle (Francis, 2016).

Chemical recycling offers a promising strategy for handling mixed PET waste streams with
high contamination levels, multilayered structures, and limited recyclability, which hindered the
effectiveness of mechanical recycling (Martinez-Narro et al., 2024). However, contaminants also
pose challenges, particularly in thermochemical recycling, where pyrolysis oils are often contam-
inated with heteroatoms such as oxygen from organic residues, additives and metals (Kusenberg

et al., 2022). Their presence leads to complications such as high viscosities, equipment corrosion
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and catalyst deactivation (Martinez-Narro et al., 2024). To mitigate these issues, additional pre-
treatments like washing or in-situ additives, are often applied to reduce contaminant levels,
thought this increases the overall complexity and cost of the process (Kusenberg et al., 2022).
Currently, only 25% of PET is recycled in Europe, primarily into lower-grade applications
(e.g. trays, films), leaving a substantial amount of PET waste unmanaged (Kim et al., 2022; Thom-
sen et al., 2023). Despite legislative efforts to improve PET recycling, existing limitations con-
tinue to hinder efficiency of current strategies. This highlights the urgent need for innovative
solutions to enhance the management of post-consumer PET and drive greater circularity in plas-

tic waste management (Lomwongsopon & Varrone, 2022a; Ronkay, 2023).

e Biological strategies for PET waste management

Despite the advancements in plastic waste management, additional approaches for PET recy-
cling and valorisation are necessary to enhance and/or complement the existing ones. In this con-
text, biological strategies, such as biodegradation, are gaining more attention as sustainable and
eco-friendly alternatives for reducing plastic waste. Certain microorganisms have shown potential
for waste plastic degradation, including PET (Lv et al., 2024; Salam et al., 2021). Biodegradation
occurs when plastic materials are exposed to abiotic factors (e.g., solar light, abrasion, oxygen,
moisture and temperature) and microorganisms capable of colonizing their surface and secrete
extracellular enzymes that break down their macromolecular structure into smaller molecules,
which are then converted into carbon dioxide, water and methane by mineralization, via aerobic
and anaerobic conditions (Salam et al., 2021; Soong et al., 2022). Although this method requires
less energy and operates under mild conditions, PET’s recalcitrant nature poses challenges for
biological degradation and valorisation (Soong et al., 2022; Thachnatharen et al., 2021). One
promising alternative is the combination of PET waste chemical depolymerization with microbial
conversion of its breakdown products. This integrated process contributes to mitigate the negative
impacts of PET waste while enabling the production of new valuable products such as single-cell
protein, B-ketoadipic acid and PHA (Lomwongsopon & Varrone, 2022b; Schaerer, Wu, et al.,
2023; Werner et al., 2021).

I.1.3. Bioplastics: the eco-friendly alternative

Bioplastics, which are increasingly gaining attention as sustainable alternatives to traditional
fossil-based plastics, comprise a diverse group of materials that can be biobased, biodegradable,
or both (Figure 1. 4) (https://www.european-bioplastics.org/, accessed on 8 October 2024). They
can be derived from various renewable resources, such as corn, starch, sugarcane or cellulose,

making them biobased. Examples include bio-based PE, PP, or PET, which exhibit properties
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comparable to their synthetic ones (Fredi & Dorigato, 2022). On the other hand, biopolymers such
as polycaprolactone (PCL) and polybutylene adipate-co-terephthalate (PBAT), though derived
from crude oil, are considered bioplastics due to their biodegradability (Goel et al., 2021).

Bio-based

V- N

Bioplastic Bioplastic
PHA, PLA, PBS, Starch-based,

Bio-based PE, PET, PA Cellulose-based

Non-biodegradable .. ................................................................. Biodegradable

Conventional

plastic Bioplastic
PE, PP, PET )i PBAT, PCL
HDPE, LDPE i

N J

Fossil-based

Figure 1. 4 - Classification of plastic material and their degradability (adapted from Fredi & Dorigato,
2022).

Biobased and biodegradable plastics present chemical structures that can be decomposed by
microorganisms. This category includes bioplastics such as polylactic acid (PLA), poly(butylene
succinate) (PBS), PBAT and polyhydroxyalkanoates (PHAs) (Abang et al., 2023). These bioplas-
tics offer a promising and sustainable alternative to fossil-fuel plastics. PHAs, in particular, stand
out for their versatility and biodegradability under various environmental conditions, making
them a promising solution to combat plastic pollution (Suzuki et al., 2021).

Currently, bioplastics represent less than 1% of the total annual plastic production with the
packaging field leading this niche market. However, global bioplastics production capacity is
projected to grow 62% by 2028, an estimated 2.43 million tons compared to 2.18 million tons in
2023 (https://www.european-bioplastics.org/, accessed on 20 January 2025; https://plas-
ticseurope.org/, accessed on 30 January 2025).

The high production cost remains one of the main barriers to the broader adoption of PHAs,
primarily due to expensive substrates, which account for 30-50% of total costs (Bhola et al.,
2021). Additionally, inefficient and environmentally concerning downstream processes further
hinder the competitiveness of industrial PHA bioprocesses compared to cheaper fossil-fuel plas-

tics like PP and PE (Bhola et al., 2021; Jaffur et al., 2021). Currently, the market price for PHAs
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ranges from 2-5 €/kg, which could be up to six times higher than synthetic plastics (0.8-1.5 €/kg)
(Acharjee et al., 2023). However, the PHA market is expected to grow at an annual rate of 12.2%
until 2028, supported by the availability of renewable feedstocks and the implementation of fa-

vourable green policies (https://www.marketsandmarkets.com/, accessed on 12 January 2025).

e PHAs: structure, properties and applications

PHAs are naturally synthesized by several Gram-negative and Gram-positive bacteria, as well
as a wide range of archaea and cyanobacteria, as energy and carbon storage material (de Souza et
al., 2020; Mezzolla et al., 2018; Muhammadi et al., 2015), being accumulated in the form of
granules in the cell cytoplasm, to levels as high as 90% of the cells” dry weight (Obruca et al.,
2017).

The general chemical structure of PHAs (Figure 1. 5) consists of linear polyesters composed
of R-hydroxyalkanoid acid monomers (Wei & Fang, 2022). PHAs are typically classified based
on the number of constituent carbon atoms in their monomer units. Short-chain-length PHAs (scl-
PHA) contain monomer units with 3—5 carbon atoms, with the most common monomers in this
category being 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). Medium-chain-length
PHASs (mcl-PHA) include monomer units of 6—14 carbon atoms, such as 3-hydroxyhexanoate (3-
HHx) and 3-hydroxyoctanoate (3HO). Lastly, long-chain-length PHA (Icl-PHA), which feature
monomer units with more than 14 carbon atoms, an example being the case of 3-hydroxytetra-

decanoate (3HTd) (Muhammadi et al., 2015; Samrot et al., 2021; Tan et al., 2014).
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Figure 1. 5- General chemical structure of PHA molecules, where x is the number of carbon atoms in
the linear structure of the polymer, R is the side chain and n indicate the number of repetitive monomer
units that vary between 100-30000 (Adapted from Miu et al., 2022)

PHAS are insoluble in water and biocompatible to living organisms, which contribute to their
stability in various applications (Verlinden et al., 2007). They have a high degree of polymeriza-
tion and possess distinct characteristics, such as optical activity, piezoelectric properties, and an
isotactic structure due to the stereospecific enzymes involved in their biosynthesis (Reddy et al.,

2003). These characteristics impart unique and functional properties, including the ability to form
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films with good barrier performance against oxygen and low water vapour permeability, as well
as a good resistance to UV light. However, they have poor resistance towards acids and bases
(Bugnicourt et al., 2014). In addition, PHAs are biodegradable in various environmental condi-
tions and exhibit thermoplastic properties similar to petrochemical plastics (LDPE and PP) mak-
ing them highly attractive for diverse market applications (Bugnicourt et al., 2014; Diankristanti
et al., 2024; Keskin et al., 2017; Zhang et al., 2024).

Depending on their monomeric units, PHAs’ physical and chemical properties are highly di-
verse. This variety impacts melting and glass transition temperature, degree of crystallinity, and
mechanical behaviour, which can range from hard and crystalline to elastic and flexible materials
(Anjum et al., 2016; Keshavarz & Roy, 2010). In general, scl-PHAs are characterized by high
melting (~179 °C) and decomposition temperatures (between 200 and 300 °C), high crystallinity
(60 - 80%), and relative brittleness and stiffness, with poly(3-hydroxybutyrate) (PHB) being the
main example (Mai et al., 2024). The incorporation of other monomers has been studied to im-
prove PHB features resulting in a more flexible and less crystalline polymer with tunned mechan-
ical properties. Among the copolymers formed are poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB), poly(3-hy-
droxybutyrate-co-3-hydroxypropionate) (PHBP), poly(3-hydroxybutyrate-co-3-hydroxyoctano-
ate) (PHBO), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX) (Mai et al., 2024). On
the other hand, mcl-PHAs are distinguished with lower crystallinity (below 40%), as well as lower
melting (between 40 and 60 °C) and glass transition (between -50 and -25 °C) temperatures, with
elastomeric behaviour, and present low tensile strength (lower than 10 mPa) and high elongation
to break (~300%) (Khanna & Srivastava, 2005; Reddy et al., 2022; Silva et al., 2021).

PHAs are versatile biopolymers with applications spanning multiple industries (Figure . 6).
In packaging, they are used for flexible and rigid materials, single-use containers, and durable
products (https://www.european-bioplastics.org/, accessed on 20 January 2025; Philip et al.,
2007). They have also been explored in agriculture for mulch films and coatings, and as encap-
sulating agents for seeds and fertilizers to enable slow release (Pandey et al., 2022; Yogesh et al.,
2012). Their biocompatibility and tailored properties make them suitable for biomedical applica-
tions, including drug delivery systems, tissue engineering, implants and wound dressings (Diniz
etal., 2023; Kalia et al., 2023). Additionally, PHAs are promising materials in other areas, namely
plasticizers, fibbers, adhesives, and biofuels (Pandey et al., 2022; Reddy et al., 2022).
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Figure 1. 6 - Various applications for PHAs (Adapted from Muneer et al., 2020).

e PHA production

PHA production was first investigated in 1926, by Maurice Lemoigne, who observed the ac-
cumulation of PHB by Bacillus megaterium (Lemoigne, 1926). Since then, over 90 microbial
genera and 150 hydroxyalkanoate monomers have been identified (Raza et al., 2018; Shah &
Kumar, 2020). These microbial systems include single cultures (Kacanski et al., 2023; Kiselev et
al., 2022; Wendy et al., 2022), co-cultures (Khan et al., 2022; Rebocho et al., 2020; Saratale et
al., 2022) and mixed microbial cultures (MMC) (Cruz et al., 2022; Fradinho et al., 2016; Ntaikou
et al., 2014), presenting different strategies for optimizing production efficiency and cost-effec-
tiveness (Colombo et al., 2017). PHA synthesis is generally promoted under metabolic stress,
triggered by nutrient-limiting conditions (e.g., nitrogen, phosphorus, oxygen, or magnesium)
combined with excess carbon sources for the different microbial sources (Silva et al., 2021).

The use of single cultures has been widely studied, including wild type bacteria, such as Cu-
priavidus necator (Nguyenhuynh et al., 2021), Alcaligenes latus (Silva et al., 2021), and Halo-
ferax mediterranei (Khatami et al., 2021), as well as several recombinant microorganisms like
Escherichia coli(Chen et al., 2018) and Pseudomonas putida (Hur et al., 2024). Additionally,
cyanobacteria (Bhati & Mallick, 2015) and fungi (Thu et al., 2023), have demonstrated the ability

to produce PHAs, though their application remains less developed.
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While using single cultures, the microbial sources play a crucial role in determining the type
of PHA synthesized (Rai et al., 2011). For example, C. necator mostly synthesizes PHB, while
H. mediterraneai produces the co-polymer PHBV (Tan et al., 2014). Mcl-PHAs are typically
produced by Pseudomonas species, such as P. chlororaphis (Pereira et al., 2021), P. resinovorans
(Cruz et al., 2016) and P. citronellolis (Rebocho et al., 2019). Additionally, recombinant strains
have enabled the production of copolyesters, such as poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate-co-3-hydroxyhexanoate) (PHBHVHHXx) by C. necator Re2133/pCB81 (Bhubalan
et al., 2010), (PHBHHx) and poly(3-hydroxyhexanoate-co-3-hydroxydecanoate) P(3HHx-co-
3HD) by P. putida KTQQ20 (Tripathi et al., 2012) and a scl-Icl-PHA was obtained from P. aeru-
ginosa MTCC 7925 (Singh & Mallick, 2009).

For single cultures, the production process generally involves a biomass growth phase fol-
lowed by an accumulation phase under nutritional stress redirecting excess carbon flux towards
PHA synthesis (Koller & Braunegg, 2015). Some exceptions exists, as the cases of Alcaligenes
latus and Paracoccus denitrificans which accumulate PHA during their growth phase without
requiring growth-limiting conditions (Kourmentza et al., 2017; Kumar et al., 2020). These pro-
cesses are carried out in bioreactors under controlled conditions (e.g., pH, dissolved oxygen, tem-
perature), usually employing either batch or fed-batch cultivation strategies (Koller, 2018). In
general, batch cultivations are simpler to operate and widely used for studying novel substrates
or optimizing conditions (Kaur & Roy, 2015). However, it is limited by initial carbon and nitrogen
concentrations, often leading to lower cell density and productivity (Koller, 2018). Fed-batch, is
the most commonly used, allowing for scalability and higher efficiency by controlling nutrient
feed in pulses or continuously to avoid substrate depletion, achieving higher cell densities and
polymer accumulation (Kaur & Roy, 2015).

PHAs can also be produced by MMC under cultivation conditions designed to promote the
enrichment of PHA-storing microorganisms based on natural selection and competition (Koller
et al., 2017). In these systems, microbial consortia adapt to fluctuating nutrient availability, of the
substrate or by varying the availability of an electron acceptor (Montiel-Jarillo et al., 2017; Salehi-
zadeh & Van Loosdrecht, 2004). Microorganisms capable of rapidly storing the available carbon
source and, during carbon scarcity, utilizing the accumulated polymer for biomass growth, gain a
competitive advantage over those that lack this ability (Kourmentza et al., 2017). Within the tran-
sient conditions that influence polymer yield and cell concentration are carbon source concentra-
tion and type, nutrient availability, temperature, pH and sludge retention time (SRT), all crucial
for optimizing culture selection (Dias et al., 2006).

Most of the MMC-based processes are carried out using sequencing batch reactors (SBR),
operated with cycles of feeding, reaction, settling and withdrawal. These facilitate the enrichment
in PHA-producers through dynamic feeding strategies that enhance PHA (Dias et al., 2006). SBRs

are highly effective for culture selection due to their easy of control and process manipulation
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during operation (Valentino et al., 2017). Normally, they are followed by subsequent PHA accu-
mulation stage performed under pulse-wise or continuous feeding strategies (Chen et al., 2015).

Both single and mixed microbial cultures are widely used for PHA synthesis, each with distinct
advantages and limitations. Single cultures are known for achieving higher PHA accumulation
(80-90% of cell dry weight) and reaching high cell densities (100 and 200 g/L) (Chen, 2009).
They also attain volumetric productivities around 5 gpua/(L h), offering a significant advantage
in developing a cost-effective process (Chen, 2009). Additionally, these systems are more con-
sistent and controllable, enabling reproducible production (Wongsirichot et al., 2024) and sup-
porting broader variety of PHA types. This includes homopolymers like PHB (de Mello et al.,
2023), mcl-PHA incorporating monomers such as 3HO, 3-hydroxydecanoate (3HD), 3- hy-
droxydodecanoate (3HDd) ) (Hahn et al., 2024), as well as copolymers such as PHBHHx and
PHBYV (Koller et al., 2017). However, single cultures are costly to maintain (Wongsirichot et al.,
2024), as they require sterile conditions to avoid contamination, significantly increasing produc-
tion costs (Zhang et al., 2024).

Currently, studies optimizing PHA production with MMC have achieved biomass concentra-
tions of up to 10 g/L (Kourmentza et al., 2017), with PHA accumulation ranging from 45 to 70%
of the biomass content (Lorini et al., 2020; Valentino et al., 2014) and productivities between
1.25-6.09 gpua/L.day (Oliveira et al., 2017; Valentino et al., 2014), depending on the selection
parameters applied.

Research on MMC has primarily focused on the production of scl-PHA, namely PHB and the
co-polymer PHBV, with 3HV ratios varying from 8 to 72 % (Wei & Fang, 2022). The monomer
composition of PHA can be tailored by supplying specific precursors and leveraging the diverse
metabolic pathways of different microorganisms (Carvalheira et al., 2022; Laycock et al., 2014).
Additionally, MMC have been reported to synthesize scl-mcl-PHAs copolymers, with diverse
monomeric compositions, including PHBHHx (Chen, 2009) and PHBHVHHXx (Silva et al., 2022).
Some copolymers exhibited an even broader monomeric composition, incorporating PHB, and
monomers such as 3HO, 3HD and 3HDd (Tamang & Nogueira, 2021).

MMC are capable of robust integration into wastewater and biological treatment processes
(Morgan-Sagastume, 2016). They exhibited versatility and flexibility to rapid changing condi-
tions and substrate tolerance, while operating efficiently under non-sterile conditions (Bosco et
al., 2021). However, their use in industrial production is still dependent by the effectiveness of
the selection of PHA-accumulating bacteria, as poor selection can negatively impact production
(Mannina et al., 2020). The inherent variability of MMC may introduce irreversible changes to
microbial community, affecting both the process stability and PHA consistency, including its
composition, molecular mass distribution and properties (Laycock et al., 2014; Mannina et al.,

2020). To enhance MMC’s global productivity, achieving high and stable PHA storage ability, as
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well as high cell densities is crucial to improve PHA yields and making MMC-based PHA pro-
duction more competitive (Reis et al., 2011; Serafim et al., 2008).

As a more sustainable and cost-effective approach to PHA production, there is an increasing
interest in using low-cost feedstocks, including industrial byproducts, waste fats and oils (Argiz
etal., 2021; Ingram et al., 2022), lignocellulosic raw materials (de Souza et al., 2020), agricultural
and domestic waste (Amir et al., 2024; Zhou et al., 2023), and wastewater (Argiz et al., 2020).
However, these substrates often require the need for pretreatment due to their complexity (e.g.,
lignocellulosic biomass), and the presence of contaminants resulting from this that hinder micro-
bial growth, metabolism and overall production yield (George et al., 2021; Li et al., 2016; Li &
Wilkins, 2020; Wang et al., 2023). Both microbial systems have demonstrated the ability to utilize
cost-effective renewable carbon sources, significantly lowering PHA production expenses (Lay-

cock et al., 2014; Sabapathy et al., 2020).

I.1.4. PET upcycling into value-added products: closing the loop cycle

Despite the non-biodegradable nature of PET, several enzymes and microorganisms have been
reported for the breakdown of PET into its oligomers (BHET and MHET) and/or monomers
(TPA, EG, and DMT) (Ru et al., 2020; Taniguchi et al., 2019; Yoshida et al., 2016). These mi-
croorganisms have been mostly isolated from natural environments, such as plastic contaminated
water and soils, plastic landfills, and hydrocarbon polluted sites (Ali et al., 2021; Ru et al., 2020),
namely from the genera Pseudomonas, Bacillus, Comamonas and, most recently, the bacterium
Ideonella sakaiensis (Maheswaran et al., 2023; Ru et al., 2020).

Moreover, the discovery of PET-degrading enzymes, such as PETase and MHETase, ex-
pressed by bacteria (e.g., Thermobifida fusca, Ideonella sakaiensis) and fungi (e.g., Fusarium
solani, Thermomyces insolens) (Herrera et al., 2023; Salvador et al., 2019; Yoshida et al., 2016)
offer a promising solution for degrading PET. Mixed microbial consortium (composed of bacte-
ria, protozoa and yeast) isolated from sediments near a PET recycling plant demonstrated poten-
tial for complete PET degradation or monomer recycling (Taniguchi et al., 2019).

Despite the ongoing development of engineered enzymes, the current biological processes still
face efficiency challenges in PET waste management (Maurya et al., 2020). Microbial PET bio-
degradation is still limited due to factors like PET’s crystallinity and impurities in waste streams
which affect considerably the efficiency of microorganisms and their enzymes (PETase and
MHETase) (Soong et al., 2022). To overcome these limitations and improve efficiency in degra-
dation, chemical methods for depolymerization of PET waste into TPA and EG have been inves-
tigated, that when combined with microorganisms able to metabolize them into valuable products,
offer a more robust approach for PET upcycling (Lomwongsopon & Varrone, 2022b; Mudondo

et al., 2023). Microorganisms from different genera, namely Comamonas sp. E6 (Sasoh et al.,
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2006), R. jostii RHA1 (Hara et al., 2007) and P. putida IM37 (Miickschel et al., 2012) have been
identified for their capacity to metabolize PET degradation products like TPA and EG, as carbon
and energy sources (Gao et al., 2022). Under aerobic conditions, TPA is transported into microbial
cells via specific TPA transporters, and subsequently converted into protocatechuate (PCA), a
key metabolic intermediate for central metabolism (Fig. 1. 7) (Gao et al., 2022). This conversion
is facilitated through Tph dioxygenases, with Tph genes that have been identified across micro-
organisms from the Comamonas, ldeonella, Pseudomonas, Ramlibacter, Delftia and Rhodococ-
cus genera (Dissanayake & Jayakody, 2021; Satta et al., 2024). PCA then enters either the B-
carboxymuconate or the catechol pathway, before reaching central metabolism (Gao et al., 2022).
Meanwhile, EG is metabolized into glycolate and subsequently converted into glyoxylate, a cru-
cial intermediate that is further processed in the tricarboxylic acid (TCA) cycle for degradation
(Fig. I. 7) (Gao et al., 2022). So far, the EG metabolic pathway in Pseudomonas putida KT2440
has been mapped using omics-based systems biology, providing insights into its degradation

mechanisms (Dissanayake & Jayakody, 2021).
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L Background and Motivation

These metabolic pathways show the possibility for TPA and EG bioconversion into high-value
compounds, presenting the opportunity for biological recycling PET waste.

Interestingly, several studies report the production of high-value compounds resulting from
feeding microorganisms with PET degradation products, namely TPA and/or EG. Examples of
value-added compounds are depicted in Table I. 1, which include PHA (Kenny et al., 2012a),
hydroxyalkanoyloxy-alkanoates (HAAs) (Tiso et al., 2021), bacterial cellulose (Esmail et al.,
2022) and muconic acid, vanillic acid , gallic acid , pyrogallol (Kim et al., 2019).
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L Background and Motivation

Table I 1. High-value products obtained from PET degrading products upcycling: microbial sources, depolymerization strategies and substrates.

High-value product

Microbial source

Depolymerization strategy

Substrate

Reference

mcl-PHA

PHB

Hydroxyalkanoyloxy-alka-
noate (HAA)
Glycolic acid (GLA)

Vanillin

Pseudomonas putida GO16, GO19 and
G023

Pseudomonas umsongensis GO16 KS3

Pseudomonas putida MFL185

E. coli BL21 (DE3)
Pseudomonas putida KT2440-ARDt-

AZP46C-M
Ideonella sakaiensis 201-F6

Yarrowia lipolytica Polf (PETase)
Pseudomonas stutzeri TPA3P

Pseudomonas umsongensis GO16 KS3

Gluconobacter oxydans KCCM 40109

Pichia naganishii AKU 4267
Rhodotorula sp. 3Pr-126

E. coli RARE pVanX

Hydrolytic pyrolysis

Enzymatic degradation

Enzymatic hydrolysis

Biological degradation

Enzymatic hydrolysis

Enzymatic degradation

Microwave radiation

Enzymatic hydrolysis

Mixture of TPA, oligomers, benzoic ~ Kenny et al.,

acid, and others.

2008, 2012a

Hydrolysed TPA and EG Tiso et al., 2021

EG Franden et al.,
2018

TPA and EG Liu et al., 2023

PET yielding a mixture of MHET,

Fujiwara et al.,

BHET, TPA and EG 2021

TPA and EG Liu et al., 2021
Hydrolysed TPA and EG Tiso et al., 2021
EG Kim et al., 2019
EG Kataoka et al.,

PET hydrolysate yielding TPA

2001

Sadler & Wallace,
2021
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Table I 1. High-value products obtained from PET degrading products upcycling: microbial sources, depolymerization strategies and substrates (cont.).

High-value product

Microbial source

Depolymerization strategy

Substrate

Reference

Bacterial Cellulose

Acetate and Ethanol

Gallic acid

Pyrogallol

Muconic Acid (MA

Vanillic acid

Protocatechuic acid (PCA)

Catechol

[S-ketoadipate (PKA)

Lycopene

Komagataeibacter xylinus DSM2004
and DSM 46604

Acetobacterium woodii

E. coli strain PCA-1 and HBH-2

E. coli strain PG-1a

E. coli strain CTL-1 and MA-1

E. coli strain PCA-1 and OMT-2"
E. coli PCA-1

Bacillus subtilis esterase (Bs2Est) and
engineered E. coli expressing
pKE112TphBaroY and
pKM212TphAabce

Pseudomonas putida KT2440

Rhodococcus jostii RPET

Microwave radiation

Chemocatalytic glycolysis and en-
zymatic hydrolysis
Chemocatalytic glycolysis and en-

zymatic hydrolysis

Chemocatalytical glycolysis

Alkaline Hydrolysis

TPA and EG

EG

TPA

TPA

Mixture of BHET, MHET, and

PET oligomers

BHET

TPA and EG

Esmail et al., 2022
Trifunovi¢ et al.,

2016
Kim et al., 2019

Kim et al., 2019

Kim et al., 2021

Werner et al.,
2021
Diao et al., 2023
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L Background and Motivation

I.2. Motivation and objectives

The persistent accumulation of plastic waste, particularly PET, has significantly contributed to the
continuous pollution of oceans and other natural ecosystems due to their inherent resistance to degrada-
tion. Current strategies for managing PET waste streams are insufficient to address this growing prob-
lem. Moreover, the need for sustainable alternatives to conventional synthetic plastics, which rely on
fossil resources, has driven the search for more environmentally friendly plastics.

PHAs represent an alternative to petrochemical-based plastics because they are biodegradable, bio-
compatible, and can be produced from renewable sources. Their chemical, thermal and mechanical
properties render them suitable for replacing many conventional petrochemical-based plastics in several
applications, thus minimizing their adverse impact in the environment (Kumar et al., 2020). However,
despite these advantages, the high production cost of PHAs limit their widespread commercial use.
Nonetheless, global PHA production is expected to increase in the coming years (Naser et al., 2021).

A promising solution to both reducing PET waste and to obtain a feasible feedstock for bioplastics
production is through the depolymerization of PET waste into its constituent monomers, such as TPA,
which can then serve as carbon source for microorganisms to convert into PHA. This strategy enables
the upcycling of PET degradation products into valuable biopolymers, integrating PET waste manage-
ment strategy with sustainable bioplastic production. This approach will help reducing the environmen-
tal impact of plastic waste, tackling PET waste streams, while providing a sustainable alternative to non-
biodegradable fossil-based plastics, aligning with EU bio-based policies and advancing the circular
economy.

This thesis aims to tackle the challenge of heterogeneous PET waste contamination by developing
and optimizing bioprocesses that use microbial systems capable to efficiently convert PET monomers
(specifically TPA) into PHAs. Therefore, the research began with the characterization of depolymerized
post-consumer PET (pcPET) material, which was assessed prior to its use as the sole carbon source in
microbial cultivations. Subsequently, investigation was carried out for different microbial systems, in-
cluding both single and MMC cultures, which were evaluated for their ability to produce PHA using the
processed depolymerized pcPET waste as feedstock. The objective was to obtain effective microbial
systems for PHA production for the upcycling of depolymerized pcPET waste. Additionally, the biopol-
ymers produced during the cultivations, as well as other value-added products, were recovered and char-

acterized. Furthermore, PHA films were developed, envisaging their potential future applications.
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1.3. Thesis outline

The work developed during this PhD project is presented in 4 chapters. The first chapter presents a
brief outline of the state-of-the-art, while the second and third chapters describe the experimental work
performed and the results obtained during this PhD project, with each chapter comprising an introduc-
tion, the materials and methods section, the discussion of the results and the main conclusions. Finally,
the last chapter presents the general conclusions of this thesis and suggestions for future work.

A summary of the content of each chapter is described below:

Chapter I — Background and Motivation — introduces a state-of-the-art overview on plastic waste
general problematic, emphasizing on PET waste. It approaches the current management strategies to
deal with this problem, its limitations and the efforts being put into PET recycling to complement the
methods established, focusing on recent biological approaches. Additionally, this chapter also provides
some insights on the motivation of this PhD thesis.

Chapter II — Microbial upcycling of post-consumer PET waste: Single cultures systems — describes
the investigation of two novel bacterial isolates for their ability to use depolymerized pcPET waste
sample for cellular growth and production of value-added compounds. Additionally, from this screen-
ing, a bacterial strain was selected for bioreactor process development, in which the selected strain was
able produce PHA, as well as accumulating triacylglycerols (TAGs) as an intracellular storage com-
pound. The bioproducts composition was characterized.

Chapter III — Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural
microbiome — describes the development of a PHA production process using a MMC, selected from a
natural microbiome, using depolymerized pcPET waste as sole feedstock. Culture selection was per-
formed by the feast and famine regime. Additionally, the produced PHA was characterized regarding
its physical and thermal properties, followed by the preparation of films which were evaluated for their
mechanical and barrier properties.

Chapter IV — Conclusions and future work — reviews the main outputs of this work and proposes

suggestions for future research.
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II.

MICROBIAL UPCYCLING OF DEPOLYMERIZED POST-

CONSUMER PET WASTE: SINGLE CULTURES SYSTEMS

The results presented in this chapter, namely those of section I1.3.3., were published in the paper:

Rebocho, A. T., Torres, C.A.V., Konnickx, H., Stragier, L., Attallah, O. A., Mojicevic, M., Tas, C.
E., Fournet, M.B., Reis, M.A., & Freitas, F. (2025). Upcycling depolymerized PET waste into polyhy-
droxyalkanoates and triacylglycerols by a newly isolated Rhodococcus sp. strain. Biotechnology for the

Environment, 2(5). https://doi.org/10.1186/s44314-025-00019-4

The depolymerized pcPET used in this study was kindly provided by the Materials Research Institute
of the Technological University of the Shannon Midlands Midwest (TUS) (Ireland), in the scope of the

PanEuropean project BiolCEP (https://www.bioicep.eu/). The bacterial strains used in this study were

kindly provided by Avecom NV (Belgium), under a material transfer agreement (MTA) agreement, in
the scope of the PanEuropean Project BioICEP.
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Summary

Depolymerized pcPET waste (REX-PET) obtained through the reactive extrusion of a mixture of
PET waste materials, was used for the cultivation of two bacterial isolates, Delftia sp. AveS and Rhodo-
coccus sp. Ave7, for evaluating their ability to grow and produce PHA. Using TPA from REX-PET as
the sole carbon source, optimal concentrations of TPA and ammonium were determined for each strain,
towards maximum cell growth and PHA accumulation, by response surface methodology (RSM).
Delftia sp. Ave5 and Rhodococcus sp. Ave7 showed the best results for high concentrations of TPA
(10.00-11.66 g/L)) and ammonium (0.17-0.50 g/L). These isolates achieved significant cell growth, with
Delftia sp. AveS5 reaching 2.12 g/L, and Rhodococcus sp. Ave7 reaching 5.09 g/L. Additionally, they
accumulated PHA, with Delftia sp. Ave5 accumulating 7.9wt.% and Rhodococcus sp. Ave7 accumulat-
ing 22.5wt.%. Interestingly, Rhodococcus sp. Ave7 also accumulated 19.2wt.% TAGs when grown on
10 g/ REX-TPA and 0.17 g/L ammonium. Given these findings, Rhodococcus sp. Ave7T was selected
as the most promising strain for developing and optimizing the production of PHA and TAG in biore-
actor cultivation assays. Aiming to improve both bioproducts’ production, different reactor strategies
were conducted. In batch mode, with initial concentrations of 12 g/LL TPA and 0.3 g/L ammonium, the
culture reached 2.67 + 0.06 g/L of biomass with a 13.45 + 0.69wt.% TAG content and 4.22 + 0.03wt.%
of PHA. Under fed-batch mode, with a 20 g/L. TPA pulse feeding, the TAG content increased to 16.26
+ 0.12wt.% with only 3.05 £ 0.05wt.% of PHA, while continuous feeding with a 20 g/ REX-TPA
solution resulted in higher a biomass production of 3.85 £ 0.09 g/L, with improved PHA and TAG
contents of 15.01 + 0.68wt% and 15.40 + 0.29wt.%, respectively. The produced PHA was mainly com-
posed of 3HV monomers (>90wt.%), while the TAGs presented a fatty acids profile rich in octadecenoic
acid (Cig.1; 52wt.%), hexadecanoic acid (Cies.0; 32wWt.%) and octadecanoic acid (Cig.o; 12wt.%). Overall,
Rhodococcus sp. Ave7 demonstrated a high capacity for TPA removal (30.46 + 0.25 g), converting it
into cell biomass (0.24 + 0.04 gx/grpa), PHA (0.051 + 0.003 gpua/grra) and TAGs (0.052 + 0.000
grac/grrea), thus rendering this bioprocess a promising solution to help reducing the PET waste burden,
in a circular and sustainable approach, by converting it into value-added bioproducts, including a bio-

plastic.

Keywords

Plastic upcycling; Biodegradation; Rhodococcus; Polyethylene terephthalate; Polyhydroxyalka-
noates; Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); Triacylglycerols
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II.1. Introduction

The bioconversion of PET waste degradation products (e.g. TPA and EG) into high value products
is an emerging approach to recycle PET waste, by using the monomers resulting from the depolymeri-
zation of PET as carbon source for microbial growth (Qi et al., 2022). TPA and EG are obtained from
the depolymerization of PET and there are a few studies reporting attempts to transform them into val-
uable compounds, including, among other bioproducts, PHAs. For example, TPA derived from the py-
rolysis of PET has been successfully used by bacterial strains, namely Pseudomonas umsongensis GO16
KS3, P. putida GO19, and P. frederiksbergensis GO23, for the accumulation of an mcl-PHA up to 23—
27% of cell dry weight (CDW) (Kenny et al., 2008). The cultivation conditions were later optimized to
improve polymer production by co-feeding TPA with waste glycerol (Kenny et al., 2012a). Several
microorganisms, such as Rhodococcus eryhthropolis MTCC3951 and R. pyridinivorans P23, have been
isolated based on their TPA degradation capacity and ability to produce PHA (Guo & Shao, 2020; Mau-
rya et al., 2023). Additionally, the combination of PET enzymatic hydrolysis followed by TPA and EG
bioconversion has also been tested. Ideonella sakaiensis 201-F6 and P. umsongensis GO16 KS3 pro-
duced PHB (48.5% of CDW) and mcl-PHA (7% of CDW), respectively, while P. umsongensis GO16
KS3 was also able to synthesize HAA from TPA (Fujiwara et al., 2021; Tiso et al., 2021).

The bioconversion of PET into PHA was also obtained when recurring to engineered microorgan-
isms. Researchers have successfully engineered the fungi Yarrowia lipolytica Polf (PETase) and the
bacterium Escherichia. coli BL21 (DE3) to hydrolyse PET into TPA and EG, which were subsequently
used to obtain PHB and mcl-PHA by P. stutzeri TPA3P and P. putida KT2440, respectively (Liu et al.,
2021, 2023).

Delftia and Rhodococcus genera are widely distributed in different ecosystems, such as soil (Gilan
et al., 2004; Wedulo et al., 2014), marine habitats (Guo et al., 2023), wastewater (Shigematsu et al.,
2003) and municipal waste (Kumar et al., 2020), and have been reported for their ability to degrade a
variety of recalcitrant compounds, including crude oil (Lenchi et al., 2020), HDPE, LDPE, PE (Fonta-
nella et al., 2010; Peixoto et al., 2017) and PET (Guo et al., 2023). For example, Delftia tsuruhatensis
T7" and Delftia sp.WL-3 were isolated for their terephthalate-assimilating ability and reported to de-
grade PET from activated sludge, respectively (Liu et al., 2018; Shigematsu et al., 2003). Similarly, R.
jostii RHA1 and Rhodococcus sp. SSM1 were reported to degrade TPA (Hara et al., 2007; Kumar et al.,
2020), whilst Rhodococcus sp. DK17 and R. erythropolis PR4 are able to degrade aromatic and alicyclic
rings, and alkanes, respectively(Kim et al., 2018).

Moreover, many of these microorganisms can produce valuable compounds. For instance, D. aci-
dovorans MMO1 and D. tsuruhatensis Bet002 were reported to produce PHB and PHBV (Razaif-Mazi-

nah et al., 2016; Smith et al., 2014). Additionally, several Rhodococcus species can produce many
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valuable compounds, including biosurfactants and carotenoids (Cappelletti et al., 2020), PHA (Altaee
et al., 2017), wax esters and TAGs (Alvarez & Steinbiichel, 2002; Castro et al., 2016), some of which
are accumulated intracellularly. For example, R. aetherivorans 1AR1 was reported to convert toluene
into PHA and TAG (Hori et al., 2009).

By exploring microbial metabolic pathways and optimizing their bioconversion capabilities, signif-
icant steps can be made towards the mitigation of PET waste impact by combining it with the production
of valuable and sustainable materials (Balola et al., 2024; Qi et al., 2022). Therefore, this study aimed
at investigating two microbial isolates, namely Delftia sp. Ave5 and Rhodococcus sp. Ave7, for their
ability to grow and produce PHA using depolymerized pcPET waste containing TPA as the sole feed-
stock. RSM was used to select the most suitable strain and determine the optimal concentration ranges
of TPA and ammonium for developing a bioreactor process. The study assessed the performance of the
chosen isolate under different cultivation modes, to evaluate its performance. Further, the produced bi-

oproducts were extracted from the bacterial cells and characterized.

I1.2. Materials and Methods

I1.2.1. Feedstock processing and characterization

I1.2.1.1. Chemical depolymerization of post-consumer PET waste

A sample of pcPET waste (Fig. II. 1A), containing approximately 2-5% PE, 1-2% pigments, metallic
ingredients, and carbon black additives, was supplied by Novelplast (Ireland). Depolymerization exper-
iments via reactive extrusion (REX) were conducted at TUS (Ireland) using a bench-top PrismTM twin-
screw extruder (Thermo Electron GmbH, Karlsruhe, Germany) following a modified procedure from
Fournet et al., 2022. The pcPET waste was mixed with solid NaOH at a 2:1 (wt%/wt%) ratio. The well-
mixed depolymerization reaction mixture was then dispensed through the main shaft into the barrel,
which was maintained at a constant temperature of 250 °C, while the screw rotational speed was set at

20 rpm. The resulting REX product was named REX-PET (Fig. II. 1B).
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Figure II. 1 - pcPET waste (A), REX-PET chemical depolymerized sample obtained from reactive extrusion
of pcPET waste (B) and REX-TPA aqueous solution obtained from REX-PET material used for the bioreactor

cultivation runs (C).

I1.2.1.2. Characterization of REX-PET

e Moisture and Inorganic content
For the moisture content determination, REX-PET (~50 mg) was subjected to a temperature of 100
°C until a constant weight was achieved. Afterwards, the dried sample was placed at a temperature of
550 °C for 24 h, and the inorganic salts content was determined gravimetrically by weighing the result-

ing ashes. All measurements were done in triplicate.

¢ Elemental analysis
Elemental analysis was performed in an elemental analyser (Thermo Finnigan-CE Instruments, Flash
EA 1112 CHNS series, Italy). The samples are subjected to a flash combustion in an oxygen environ-
ment and the resulting gases (N2, CO,, HO and SO,) were separated by gas chromatography (GC).
Finally, the contents in nitrogen, carbon, hydrogen, and sulphur were calculated using a thermal con-

ductivity detector.

e Fourier Transform Infrared spectroscopy
The REX-PET samples were characterized via Fourier-Transform Infrared (FT-IR) spectroscopy
with a spectrum two spectrometer (Perkin-Elmer, Waltham, MA, USA) equipped with the attenuated
total reflectance (ATR) accessory. The spectra were recovered based on five scans between a resolution

of 4000 and 400 cm ™!, at room temperature.
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I1.2.1.3. REX-PET processing and characterization

For the bacterial cultivation experiments, REX-PET was processed into an aqueous solution (named
REX-TPA), which was obtained by preparing a 3.33% (w/v) mixture of REX-PET (5 g) (Fig. II. 1B) in
deionized water (150 mL), followed by homogenization by magnetic stirring at 600 rpm during 1 h.
Then, the mixture was filtered (using paper filters with a pore size of 20 um) followed by pH 7 normal-
ization by HC1 5 M addition. The final solution contained approximately 20 g/L. of TPA, representing a
recovery of 60% (Fig. II. 1C). The REX-TPA solution was assessed for its pH, inorganic content, in-
ductively coupled plasma (ICP-AES), total carbon and TPA quantification.

¢ Inorganic salts content

The inorganic salts content of REX-TPA (~5 mL) was determined as described above.

e Inductively Coupled Plasma - Atomic Emission Spectroscopy

REX-TPA samples (~5 mL) were filtered (0.2 um nylon, Whatman) and analysed by ICP-AES
(Horiba Jobin-Yvon, France, Ultima, equipped with a 40.68 MHz RF generator, Czerny-Turner mono-
chromator with 1.00 m (sequential) and autosampler AS500).

e Total Carbon

The total carbon was determined in a TOC-VCSH Analyser (Shimadzu) with a combustion catalytic

oxidation at a temperature of 680 °C. High purity air served as carrier gas at a flow rate of 150 mL/min.

e TPA concentration

TPA concentration was determined by high performance liquid chromatography (HPLC) using an
Agilent Eclipse C18 250%x4.6 mm, coupled to a UV detector. The analysis was performed at 50 °C, with
samples eluted in isocratic mode using methanol (Fisher Chemical, HPLC grade) and 0.1% formic acid
(Sigma-Aldrich, HPLC grade) solution (1:1, v/v). The flow rate was set tol mL/min, and the injection
volume 5 puL (Yang, 2013) . TPA detection was obtained at 240 nm. A TPA stock solution (1 g/L)
(Merck Millipore, 98%) was prepared in a phosphate buffer (containing per liter: (NH4):HPO4, 1.1 g
(PanReac AppliChem, 99%); KoHPOs4, 5.8 g (PanReac AppliChem, 99%); KH,POs4, 3.7 g (ChemLab,
99.5%)) and adjusted to pH 7. From this stock solution, TPA standards were prepared by serial dilution
with a water—methanol mixture (10% methanol, Fisher Chemical, HPLC grade) to achieve TPA
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concentrations ranging from 4 to 400 mg/L.TPA standards and samples were prepared by diluting in

10% methanol (Fisher Chemical, HPLC grade). All measurements were done in triplicate.

11.2.2. Cultures’ isolation

Two bacterial strains (Figure II. 2) were isolated by AVECOM (Belgium) from landfill soil, by se-
rially diluting and cultivating a sample on selective plates of mineral salt media (MSM), containing

commercial TPA (Merck Millipore, 98%) as carbon source.

Figure II. 2 - Bacterial strains isolated by AVECOM and identified as Delffia sp. Ave5 (a) and Rhodococcus
sp. Ave7 (b).

MSM had the following composition: 8.86 g/L. K,HPO4 (PanReac AppliChem, 99%), 2.80 g/L
KH,PO4 (ChemLab, 99.5%), 0.50 g/L NaCl (PanReac AppliChem, 99.5%), 0.10 g/L MgSQ4-7H,0 (Bi-
ochem Chemopharma, 99.5%), and 0.10 g/L. NH4CI (PanReacAppliChem, 99.5%). The micronutrients’
solution was added to the medium at a concentration of 10 mL/L. The micronutrients solution contained

(per liter): FeSO4~7H20, 1.83 g; MnSO4-1H20, 0.56 g; ZnSO4'7HZO, 1.35 g; CaClz'ZHZO, 0.067 g;
CoSO, 7H,0, 0.036 g; CuSO, SH O, 0.036 g; H.BO,, 0.65 g; EDTA dissodium -2H,0, 1.104 g. TPA

(Merck Millipore, 98%) was added to the medium at a concentration of 0.5 g/L. The culture media
containing TPA was sonicated in an ultrasonic bath (Bandelin Sonorex Digitec Berlin) for 30 min, fol-
lowed by pH adjustment to 7.0 by addition of 5 M NaOH to ensure TPA solubilization. All solutions
were autoclaved separately (20 minutes at 121 °C, 1 bar) and mixed after cooling to avoid precipitation.

The isolation procedure involved inoculating the landfill soil samples in solid MSM (containing 15
g/L agar), and incubating, during 72 h at 30 °C. Single isolated colonies were collected and inoculated
in MSM media containing TPA as sole carbon source. The cultures were incubated between 48 to 72 h

at 30 °C and cryopreserved at -80 °C in glycerol (25%, v/v). Single isolated colonies of each isolate
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were used for the amplification of the 16S rRNA gene via colony PCR using a T100 Thermal Cycler
(Bio-Rad). The amplified 16S rRNA genes were then sent to Macrogen Europe (The Netherlands) for

Sanger sequencing.

I1.2.3. Cultures’ selection

11.2.3.1. Media

MSM media, prepared as described in section 11.2.2, was used for all experiments. For inocula prep-
aration, MSM was supplemented with commercial TPA (Merck Millipore, 98%) as carbon source at a
concentration of 0.5 g/L and NH4Cl (PanReacAppliChem, 99.5%) as the nitrogen source (0.10 g/L). For
the cultivation experiments, MSM was supplemented with REX-TPA solution (prepared as described
in section 11.2.1.3) to achieve the desired TPA concentration for each experiment. The media’s pH was
adjusted to 7 by addition of HC1 1M and NaOH 1M, and all media were sterilized by autoclaving at 121
°C and 1 bar, for 30 min.

11.2.3.2. Inocula preparation

The inoculum for each strain was prepared by inoculating a cryovial (1 mL) in a 500 mL baffled
shake flask containing 200 mL MSM medium, prepared as described in section I1.2.2. The cultures were

incubated in a shaker incubator (200 rpm), at 30 °C, during 48 h.

11.2.3.3. Cultivation experiments

The cultivation experiments were conducted with MSM supplemented with REX-TPA as carbon
source, in 500 mL baffled shake flasks containing 200 mL of medium. The concentration of TPA and
ammonium was set according to the design of experiments (Table I1. 1). The flasks were inoculated with
10% (v/v) of inoculum, prepared as described above, and incubated at 30 °C in an orbital shaker at 200
rpm, during 48 h. At the end of the experiments, the cultivation broth was collected for CDW, TPA,

ammonium and storage compounds (PHA and TAGs) quantification.

I1.2.3.4. Experimental design

RSM was used to evaluate the influence of nutrients’ concentration using as experimental variables
(Xi): TPA concentration (X;, g/L) and ammonium (X», g /L), on the observed responses (Yi): cellular
growth, represented by CDW (Y1, g/L) and PHA (Y2, wt.%); for Rhodococcus sp.Ave7 the intracellular
accumulation of TAG (Y3, wt.%) was also evaluated as a response. A central composite rotatable design
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(CCRD), with two independent variables was applied, composed of eleven runs, with four factorial
design experiments at levels +1; four axial experiments at level o = +1.414; and a central point with
three replicas (Table II. 1) which allowed the determination of both the experimental error and the re-

producibility of the data (Lundstedt et al., 1998; Torres et al., 2012).

Table II. 1. Independent variables and their levels used in the response surface design.

Factor Level

Independent variables Coded Variable

-a -1 0 1 a
TPA (g/L) X 0.34 2.00 6.00 10.00 11.66
Ammonium (g/L) Xa 0.03 0.17 0.5 0.84 0.98

The mathematical relationship between the independent variables can be approximated by the sec-
ond-order polynomial for two independent variables model equation (I1.2.3.1):

YP = bo + b1X1 + bzXz + b11X12 + b22X22 + b12X1X2 Eq (11231)

In equation (I1.2.3.1), Yp corresponds to the predicted responses, and X; and X, are the coded values
of the independent variables, namely TPA and ammonium concentrations. b, b;, bj, bjj (i, j = 1, 2) are
the coefficient estimates, b being the interception, b; and b the linear terms, b, and by, the quadratic

terms, and the b, the interaction term.

I1.2.3.5. Statistical analysis

The significance of each source of variation was obtained from the statistical analysis of variance
(ANOVA) provided by the statistical software (Design of Experiment 13, Design-Expert® software
package from Stat-Ease Inc.). ANOVA was used to assess the fit of each model, which was considered
an accurate prediction tool when it met the following criteria: a good correlation value (R*> 0.7, ac-
ceptable for biological samples with statistical meaning (p-value < 0.05, for a 95% confidence level)
and with no lack of fit (p-value > 0.05, for 95% confidence level), meaning the model error was in the
same range as the pure error (Lundstedt et al., 1998; Torres et al., 2012). The three-dimensional surface
plots analysis provides information regarding to the best range for TPA and ammonium influence on

CDW, PHA and TAG content.
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11.2.4. Bioreactor cultivation

11.2.4.1. Inocula preparation

The inocula for the bioreactor assays were prepared by inoculating 1 mL of the cryopreserved culture
into 200 mL MSM, prepared as described above, in a 500 mL baffled shake flask. The flasks were
incubated in a rotary shaker (200 rpm), at 30 °C, for 48 h.

11.2.4.2. Media

For the bioreactor assays, a growth medium consisting of MSM supplemented with REX-TPA (pre-
pared as described above) and ammonium concentrations of 12 and 0.3 g/L, respectively, was prepared

as described above in section 11.2.1.3. After sterilization in an autoclave at 121 °C, 1 bar, for 30 min.

11.2.4.3. Bioreactor assays

Three bioreactor experiments were performed under different modes of cultivation: batch (Assay A)
and fed-batch with pulse feeding (Assay B) or continuous feeding (Assay C), for Rhodococcus sp. AveT.
In all assays, the bioreactor was inoculated with 200 mL of the prepared bacterial culture to initiate the
experiments. The initial pH was set to 7 and monitored but not controlled during the cultivation. The
temperature was controlled at 30 = 0.1 °C. An aeration rate of 2 SLPM (Standard Liters per Minute)
was kept during the experiments. The dissolved oxygen (DO) concentration was controlled at 20% of
the air saturation, by automatically adjusting the stirring rate between 300 and 1000 rpm. Foam for-
mation was automatically suppressed by addition of Antifoam 204 (Sigma-Aldrich).

Assay A, conducted under batch mode, was done in a 3 L bioreactor (Jupiter 3, Solaris, Italy), with
initial working volume of 2 L. Assay B was performed in a 5 L bioreactor (Jupiter 6.0, Solaris, Italy)
with an initial working volume of 2 L. After initial TPA depletion, signalled by an abrupt increase of
the DO concentration, a REX-TPA pulse (1 L) containing 20 g/LL TPA was fed to the bioreactor. Assay
C was performed in a 3 L bioreactor (Bionet F1, Spain), with an initial working volume of 1.5 L. A
continuous feeding of a REX-TPA solution containing 20 g/L. TPA and 0.01 g/L of ammonium, was fed
to the bioreactor at a 0.1 L/h flow rate, for 15 h.

Samples (10 - 20 mL) were taken from the bioreactor for quantification of the CDW, TPA, ammo-
nium, PHA and TAG.
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I1.2.5. Analytical methods

11.2.5.1. CDW Quantification

For determination of the CDW, the culture broth samples were centrifuged (20 min, 18 516xg, 4 °C)
to separate the cell pellet from the cell-free supernatant. The cell pellet was washed twice with deionized
water and lyophilized (ScanVac CoolSafeTM, LaboGene, Lillered, Denmark) for 48 h. The CDW was

determined gravimetrically by weighing the dried cell pellets. All measurements were done in triplicate.

11.2.5.2. Quantification of TPA and ammonium

Determination of TPA concentration in the cell-free supernatant samples was performed by HPLC,
as described in section I1.2.1.3, diluted in the same 10% methanol aqueous solution to ensure consistency
of the standards and samples matrix for the HPLC analysis. Ammonium concentration was determined
by colorimetry using a flow segmented analyser (Skalar 5100, Skalar Analytical, Netherlands). NH4ClI
(PanReacAppliChem, 99.5%) samples at concentrations ranging from 2 to 20 mg/L were used as stand-

ards. All measurements were done in triplicate.

11.2.5.3. PHA and TAG quantification

Storage compounds content in the biomass, namely PHA and TAGs, and their composition were
determined by GC analysis after acidic methanolysis of freeze-dried cells’ samples. Freeze dried sam-
ples (3 to 5 mg) were mixed with 2 mL 20% (v/v) sulphuric acid (Honeywell Fluka, HPLC grade) in
methanol (Fisher Chemical, HPLC grade) and 2 mL benzoic acid in chloroform (0.5 g/L) (Fisher Chem-
ical, HPLC grade) and heated at 100 °C, for 4 h. Benzoic acid (Sigma-Aldrich, >99.5 %) acted as internal
standard. The calibration curve for PHA quantification was prepared using a standard solution of
PHBHYV (Sigma-Aldrich) with a 3HV content of 14 mol% . For TAGs quantification, a mixture of fatty
acid methyl esters (FAME) composed of C4-C2 (Sigma-Aldrich) at concentrations ranging from 0.1 to
1.0 g/L, was used. The methyl esters obtained from the methanolysis, derived simultaneously from both
PHA and TAGs, were analysed in a single run using a Trace 1300 GC apparatus (Thermo Fisher Scien-
tific, US) equipped with a flame ionization detector (FID) (Thermo Fisher Scientific, US) and a Restek
column (Crossbond, Stabilwax). The system operated at constant pressure (96 kPa) using helium as
carrier gas. The oven temperature program was the following: 20 °C/min until 100 °C; 3 °C/min until
155 °C and, finally, 20 °C/min until 230 °C with a holding time of 30 min. All measurements were done

in triplicate.
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11.2.5.4. Glycogen Analysis

Glycogen content was assessed following the protocol described by (Lanham et al., 2012). The pre-
viously weighed freeze-dried biomass was treated with 2 mL of a dilute solution of HCI. The tubes were
incubated at 100 °C for 3 h. The samples were filtered (filter with 0.2 um pore size, Whatman) and
analysed by HPLC using a chromatograph equipped with an Aminex HPX-87H HPLC column (Bio-
Rad, USA). A solution of 0.01 N of H,SO4 was used as a mobile phase with a flow rate of 0.5 mL/min
and a 30 °C operating temperature. The detection wavelength was set at 210 nm. Glucose (Scharlau,

Barcelona, Spain) was used as standard ranging from 0.06 to 1 g/L. Samples were analysed in triplicate.

I1.2.5.5. Polyphosphate staining

For staining polyphosphate inclusions, the samples were fixed with gentle heat on glass microscopic
slides and exposed to Loeffler’s methylene-blue staining followed by light washing in distilled water

(Hernéandez et al., 2008).

I1.2.5.6. Calculations

The maximum specific cell growth rate (tmax, h™') was calculated by determining the linear regres-
sion slope of the exponential phase of Ln X/X, versus time curve, where Xi/Xo (g/L) is the active bio-
mass concentration at time t (h) and at the beginning of the run (to), respectively.

The active cell biomass (X, g/L) (without PHA and TAG) used for yield calculations, at time ¢, was
determined by equation (I1.2.5.1)

X = CDW, — (PHA; + TAG,) Eq. (I.2.5.1)
where CDW, (g/L), PHA, (g/L) and TAG; (g/L) represent the CDW and the concentrations of PHA and
TAG at time t(h), respectively.

The overall volumetric productivity (, g/ L.(day)), where P is indicative of PHA or TAG, were

determined by equation (I11.2.5.2):

AP

- Eq. (112.5.2)

Tp =
where AP (g/L) is the product (PHA or TAG) produced in time interval At (h).
The yields of active biomass (Yxss, gx/grea) and the products (P) on substrate basis (Ypss, gp/grra)

were determined by equation (I11.2.5.3) and (11.2.5.4):
AX

AP
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where AX and AP are the active biomass and the PHA and/or TAG produced (g/L), respectively, and
AS (g/L) is the concentration of TPA from REX-TPA residue consumed during the same time range of

the cultivation run.

I1.2.5.7. Statistical Analysis

The statistical differences for the mean and standard deviation of the kinetic and stoichiometric pa-
rameters obtained from the three assays performed by Rhodococcus sp. Ave7 using REX-TPA, were
assessed using one-way ANOVA followed by Bonferroni's Multiple Comparison Tests in GraphPad

Prism 5 with the criteria for statistical significance set at p < 0.05.

I1.2.6. Bioproducts extraction and characterization

I1.2.6.1. PHA and TAG extraction from Rhodococcus sp. Ave7 biomass

The cultivation broth was centrifuged (10,350 g, 20 min, 4 °C) and the obtained cell pellets were
freeze-dried and milled. The bioproducts were extracted from the freeze-dried biomass by Soxhlet ex-
traction with chloroform (Fisher Chemical, HPLC grade), at 80 °C, for 48 h. The PHA was precipitated
in ice-cold ethanol (1:10, v/v), under vigorous stirring, and dried in a fume hood at room temperature
(Rebocho et al., 2020). The ethanol used for PHA precipitation was collected and allowed to evaporate
at room temperature in a fume hood, to recover the produced TAGs.

For further purifying the PHA from the ethanol precipitated extract, the sample was mixed with 1-
butanol (> 99.5%, PanReac AppliChem) at a concentration of 0.3% (w/v), and heated to 75 °C for 2 h,
under constant stirring, to dissolve the TAGs fraction. The solvent was removed while still hot and the

insoluble PHA was recovered and left to dry at room temperature in a fume hood.

I1.2.6.2. FT-IR

The recovered TAGs and PHA samples were characterized via FT-IR, as described in section
11.2.1.2.

I1.2.6.3. Thermal Properties

Differential Scanning Calorimetry (DSC) was carried out with a DSC Q2000 instrument (TA Instru-
ments, New Castle, FL, USA). Hermetic aluminium pans were used to place the samples, and the anal-
ysis was performed with a heating and cooling rate of 10 °C/min over a temperature range of -90 °C to

180 °C, through three heating cycles. The endotherm peak’s temperature and area of the first heating
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cycle were used to determine melting temperatures (T) and melting enthalpies (AHn), respectively,
while the glass transition temperature (T,, °C) was taken as the midpoint of the heat flux step. The
crystallinity (Xc, %) was estimated as the ratio between the obtained melting enthalpy and the melting
enthalpy of 100% crystalline PHB, estimated as 146 J/g (Esmail et al., 2021).

Thermogravimetric Analysis (TGA) was performed using a thermogravimetric Analyzer Labsys
EVO (Setaram, France), with weighing precision of +/- 0.01%. Samples were placed in aluminium cru-
cibles and analysed in argon atmosphere with temperature range between 25 and 800 °C, at a rate of 10
°C/min. The maximum thermal degradation temperature (Tgg, °C) corresponds to the temperature value

obtained for the maximum decreasing peak of the sample mass.

11.2.6.4. Molecular mass distribution

Size-exclusion chromatography (SE-HPLC) was performed to determine the number average mo-
lecular weight (M,), weight average molecular weight (My,), and polydispersity index (PDI=M,/M,) of
the PHA. Monodisperse polystyrene standards (370-2520,000 Da) and the biopolymer were prepared
at a concentration of 0.2% (w/v) in chloroform. Analysis was conducted using a KNAUER Smartline
SE-HPLC system (Berlin, Germany) equipped with a Phenomenex Phenogel Linear Liquid Chromato-
graphic Column (300 x 7.8 mm; Torrance, CA, USA), operated at 30 °C with a 1 mL/min chloroform
flow rate as the mobile phase, using a Waters2414 refractive index detector (RID) (Milford, CT, USA).

I1.3. Results and Discussion

I1.3.1. Feedstock characterization

The material obtained from the depolymerization of pcPET waste, named REX-PET, was a uniform
dark powder (Fig. II. 1B). The material mostly comprised particles in the 10002000 pm size range (46
+ 2.0wt.%), followed by particles larger than 2000 um (28 + 5.7wt.%) and those at 500-1000 um (16 +
1.4wt.%) (Fig. 1. 3). Smaller particles (<500 pm) collectively accounted for less than 12 + 1.1wt.%.
This particle size distribution indicates that the material was predominantly granular, with larger size

fractions dominating the sample.
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Figure II. 3 - Particle size distribution for REX-PET.

As shown in Table II. 2, REX-PET presented a low moisture content (11.66 + 2.62). It had a high
inorganic salts content (46.46 + 4.69wt.%), which is probably related to the use of NaOH as catalyst for
the depolymerization of the pcPET waste, forming a sodium salt of TPA (Abedsoltan, 2023). The main
advantage of using this type of depolymerization conditions is its suitability for complex PET waste
streams, containing multilayer PET or which often contain significant amounts of pigments as the mix-
ture is not viscous and insoluble colour pigments can be separated from the TPA (Barredo et al., 2023;
Sinha et al., 2010). The elemental analysis (Table II. 2) revealed that REX-PET was mainly composed
of carbon (44.21 £ 2.4%), with traces of nitrogen (0.04 + 0.02%), while no sulphur was detected.

Table II 2. Characterization of REX-PET feedstock (n.d. not detected).

Parameter REX-PET

Moisture (wt.%) 11.66 +2.62
Organic content (wt.%) 52.47+4.92
Inorganic salts (wt.%) 46.46 + 4.69
Elemental analysis (%):

C 4421+24

H 2.97+0.39

N 0.04 £0.02

S n.d.
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As shown in Fig. II. 4, the spectral peaks of all analysed REX-PET batches exhibited high similarity
among them, although they differed from those reported for commercial TPA. The carboxylic group (-
OH) stretching peak appears around 3000-2800 cm™, but it is less intense in the REX-PET samples,
suggesting a lower concentration of free carboxylic acid groups compared to pure TPA (Azeem et al.,
2022). The peaks between 1718 and 1270 cm™ correspond to the C=0 and C=C bonds of the benzene
ring in TPA, with intense peaks at 1557 and 1391 ¢cm™! indicative of the acidic carbonyl group (-C=0)
and aromatic ring vibrations (Azeem et al., 2022; Liu et al., 2020; Wang et al., 2019). Notably, this
region shows considerable differences from commercial TPA, as the peaks correspond to the formation
of TPA disodium salt, a product of the depolymerization process (Strukil, 2021). This is evidenced by
the absence of -O-H bending bond in REX-PET, at 940 cm™ attributed to the presence of disodium
terephthalate (Wang et al., 2016), and the disappearance of the carboxylic acid groups (-COOH) at 1625
and 1423 cm™ (Deng et al., 2017). Moreover, peaks displayed at 1088 and 1023 cm™! can be attributed
to the =C-H bending vibrations of the aromatic ring (Wang et al., 2019). The FT-IR spectra of the three
REX-PET samples in Fig. 1.4 show strong similarity among the batches, indicating consistent chemical
structures with no significant variations in peaks or intensities, reflecting a stable and reproducible de-

polymerization process.

Intensity (a.u)

—— )

3000-2800 1718-1270 1088-1023

4000 3600 3200 2800 2400 2000 1600 1200 800 400
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—REX-PET samples —commercial TPA

Figure II. 4 - Fourier-transform infrared (FT-IR) spectra of three batches of REX-PET samples derived from
PET waste depolymerization under similar conditions, and of commercial TPA (Merck Millipore, 98%) .
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The REX-TPA aqueous solution obtained from REX-PET presented a dark colour and was translucid
without any visible suspended particles, as can be observed in Fig. II. 1C. Its pH was 11.05 + 0.86 (Table
II. 3), which correlates with the dry REX depolymerization process that follows the hydrolysis method
under alkaline conditions provided by the presence of NaOH. This pH value is comparable to that ob-
tained for a solution containing depolymerized PET upon relatable alkaline hydrolysis also using NaOH
(Lee etal., 2021). The REX-TPA solution had a total carbon content of 12.06 + 0.24 g/L (as determined
by the TOC-VCSH Analysis) and a TPA concentration of 19.69 + 0.09 g/L (as determined by the HPLC
analysis). This TPA concentration accounts for a carbon content of 11.39 g/LL which shows that the

solution predominantly comprised TPA, with only a minor content of other carbonaceous compounds.

Table II. 3. Characterization of REX-TPA solution used in bioreactor media cultivation as feedstock.

Parameter REX-TPA

pH 11.05+0.86

Conductivity (mS/cm) 23.76 £4.71

Total carbon (g/L) 12.06 + 0.24

[TPA] (g/L) 19.69 +0.09

Inorganic salts (wt.%) 2.21+0.13

Element (mg/L)

Na 461.12+71.71

K 9.30+3.91

Fe 8.84+2.45

Ti 4.16 +£1.48

Sb 3.82+1.23

P 3.74 £0.98

Mg 3.11 +0.86

Ca 2.15+£0.36

Si 2.12+0.84

Cr 0.51+£0.28

Cu 0.29 +0.03

Al 0.27 £0.09

Zn 0.25+0.18

W 0.25+£0.06

Mo 0.13 £0.06
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The inorganic salts content of the REX-TPA solution was 2.21 &+ 0.13wt.% (Table II. 3). As expected,
REX-TPA showed a high content of Na (461.12 £ 71.71 mg/L) (Table II. 3), which can be attributed to
the depolymerization procedure in the presence of NaOH. Other elements found in the REX-TPA solu-
tion were Fe (8.84 + 2.45 mg/L), Ti (4.16 + 1.48 mg/L), Sb (3.82 £ 1.23 mg/L), Si (2.12 + 0.84 mg/L),
and traces of Cr, Al, Zn, W and Mo (<0.5 mg/L) (Table II. 3). This wide range of components reveals
the high heterogeneity of additives that can be found in mixed plastic waste samples (Klockner et al.,

2021).

11.3.2. Bacterial cultivation on REX-TPA as sole carbon source: isolates’

screening and selection

This section is focused on testing the microbial strains, namely Delftia sp. AveS and Rhodococcus
sp. Ave7, that were isolated based on their ability to grow using TPA as the sole carbon source.

Statistical experimental design models, such as RSM, are valuable tools for identifying the relation-
ship between multiple variables simultaneously and their response values, whilst using their relationship
to generate the predicted yields of the run (Liu et al., 2024; Rao et al., 2019). Hence, aiming to identify
the most promising microorganism and understand the best range of concentrations for TPA and am-
monium that would enhance cell growth and PHA storage, a two-variable CCRD was employed. This
approach allowed to understand the influence of REX-TPA, ammonium concentrations and the interac-
tive effects of these parameters for the isolated microbial strains, Delftia sp. AveS and Rhodococcus sp.
AveT.

For each culture, TPA concentrations between 0.34 and 11.6 g/LL and ammonium concentrations
between 0.03 and 0.98 g/L. were tested. These ranges were selected based on literature, since TPA con-
centrations usually range from 1 to 10 g/L in growth media, as higher levels might impair microbial
metabolism (Suwanawat et al., 2019; Zhang et al., 2013). Due to the low solubility of TPA (~0.075 g/L),
disodium terephthalate is a more soluble alternative (~130 g/L) that can be recovered from PET depol-
ymerization under alkaline conditions (Fournet et al., 2022) and is commonly used in microbial media
(Miiller et al., 2023). Similarly, the ammonium concentration range was chosen to ensure an appropriate
nitrogen balance, which is essential for cell growth and the production of specific metabolites (Garcia-
Torreiro et al., 2016).

A total of 11 assays were conducted for each culture under the conditions outlined in Table II. 1. The
responses evaluated included CDW and intracellular storage compound content, providing insights into

microbial performance under different TPA and ammonium conditions.

77



11 Microbial upcycling of depolymerized post-consumer PET waste: Single cultures systems

11.3.2.1. Delftia sp. Ave 5
Response analysis

The isolate Delftia sp. AveS demonstrated the ability to grow under all tested conditions, utilizing
REX-TPA as the sole carbon source. The responses varied depending on the concentrations of REX-
TPA and ammonium provided, which influenced both cell growth and PHA accumulation. The highest
CDW values, 2.05 and 2.12 g/L (Table II. 4) were achieved in runs 1 and 8, respectively, which were
conducted at high concentrations of TPA (10.00 and 11.66 g/L, respectively) and ammonium (0.84 and
0.50 g/L, respectively). The central points (runs 5, 6 and 7) (Table II. 4) resulted in CDW values of 1.44
— 1.53 g/L, for similar ammonium concentration (0.50 g/L) and 6.00 g/L. of TPA, values lower than
those obtained with higher concentrations of TPA, hence a higher availability of the feedstock promoted
cell growth for run 8.

On the other hand, for run 3, a high TPA concentration of 10.00 g/L resulted in lower biomass
production (1.20 g/L), since in this run the culture had available 0.17 g/ of ammonium. Still, the bac-
teria were able to accumulate 7.9wt.% PHA, suggesting that polymer synthesis was promoted by the
higher TPA availability concomitant with ammonium limitation. As expected, the lowest CDW was
observed for runs 9 and 11 (0.49 and 0.59 g/L, respectively), in which the concentrations of TPA (0.34
and 6 g/L, respectively) and ammonium (0.50 and 0.03 g/L, respectively) were limiting.

Table II. 4. Experimental design and result of central composite rotatable design (CCRD) with two independent
variable, X; (REX-TPA concentration, g/L) and X, (Ammonium g/L) and the response Y; (CDW, g/L) and Y»
(PHA, wt.%) for Delftia sp. Aves.

X2

Run Coded X4 Coded Ammonium Y, Y,
Number  level (X;) TPA (g/L) level (X») (g/L) CDW (g/L) PHA (wt.%)

1 +1 10 +1 0.84 2.05 14

Factorial 2 -1 2 +1 0.84 1.06 1.7

design 3 +1 10 -1 0.17 1.20 7.9

4 -1 2 -1 0.17 0.83 1.5

5 0 6 0 0.50 1.44 1.2

Central 6 0 6 0 0.50 1.52 14
Point

7 0 6 0 0.50 1.53 1.3

8 1.414 11.66 0 0.50 2.12 3.1

. 9 -1.414 0.34 0 0.50 0.49 1.2
Axial

Points 10 0 6 1.414 0.98 1.51 1.3

11 0 6 -1.414 0.03 0.59 5.7
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Apparently, the conditions of run 11 (i.e., low ammonium concentration, 0.03 g/L, with high availa-
bility of TPA, 6 g/L), despite the low observed CDW (0.59 g/L), favoured PHA accumulation (5.7wt.%)
(Table II. 4). A PHA content of 3.1wt.% was reached in run 8, in which the high TPA availability,
together with limiting ammonium, seems to have also favoured polymer synthesis. For the remaining
runs, low polymer contents in the biomass were obtained (<2wt.%) (Table II. 4).

The experiments performed demonstrated the ability of the Delftia sp. AveS to consume REX-TPA
as sole carbon source, growing and accumulating PHA. These results are in line with previous studies
for Delftia tsuruhantensis strain T7" isolated from a wastewater treatment plant that grew on TPA as
sole carbon source , in a basal salt medium containing 1 g/L of sodium terephthalate (Shigematsu et al.,
2003), although data was not reported regarding the strain’s ability to produce PHA using TPA as sub-

strate.

RSM modelling

RSM was applied to evaluate the influence of REX-TPA and ammonium concentration as variables
on the culture’s cell growth and PHA accumulation, as well as the combined effect of both of variables.
The quadratic model was evaluated by ANOVA (Table II. 5) to assess the working ranges for each
variable resulting in the highest CDW and PHA accumulation.

The ANOVA analysis (Table II. 5) shows that the proposed model is adequate since the quadratic
model was found to be significant (F-value = 14.64 and p-value = 0.0111), and it was supported by a
non-significant lack-of-fit (p-value= 0.2118) (Baptista et al., 2022), towards the response (CDW).

Table II. 5. ANOVA of the second order model for CDW (g/L) and PHA (wt.%) for Delftia sp. AveS5. (SS)—Sum
of Squares shows the variance of values; (MS)—Mean Square is the arithmetic mean of the squared differences; p-

value < 0.05 indicate model terms are significant.

CDW PHA
Source
SS MS F-value p-value SS MS F-value  p-value
Model 2.65 0.5304 14.64 0.0111 47.14 9.43 22.75 0.0049
X;- REX-TPA 1.68 1.68 46.34 0.0024 9.61 9.61 23.19 0.0085
X5 - Ammonium 0.7087 0.7087 19.56 0.0115 19.87 19.87 47.95 0.0023
X1 X2 0.0961 0.0961 2.65 0.1787 11.06 11.06 26.68 0.0067
Xi? 0.0182 0.0182 0.5027 0.5174 1.25 1.25 3.00 0.1581
X7? 0.1661 0.1661 4.58 0.0990 6.60 6.60 15.93 0.0162
Lack of fit* 0.1409 0.0470 11.60 0.2118* 1.65 0.5515 172.35 0.0559

* Calculated for 10 experimental runs (without one replicate of the central point)
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There is only a 1.11% chance that an F-value this large could occur due to noise, hence a model F-
value of 14.64 implies the model is significant, since the greater F-value explains the variation of the
data around its mean (Sachan et al., 2024). The lack of fit of the model was found not to be significant
whilst calculated for 10 runs, excluding one replica, which initially introduced a significant lack of fit
(p-value <0.05). Indicating the suitability of the model for describing the discrepancy between the actual
and the predicted values, effectively fitting the experimental data (Mazaheri et al., 2017). The determi-
nation coefficient R? (0.9482) showed reasonable agreement with the adjusted R? (0.8834), indicating
that 88.34% of the variability in the response could be explained by the model, which is also high to
advocate for a high significance of the model. Furthermore, the observed precision of 10.2515 indicates
an adequate signal, since a ratio greater than 4 is desirable. Hence, the quadratic model is an accurate
representation of the actual relationships between the CDW and the variables.

Statistical analysis (Table II. 5) was also used to evaluate the impact of REX-TPA and ammonium
on the quadratic model for the intracellular accumulation of PHA. The model was found to be significant
(F-value=22.75 and p-value=0.0049), indicating only a 0.49% chance that a high F-value could occur
from noise. This was supported by a non-significant lack-of-fit (p-value= 0.0559) (Baptista et al., 2022),
for PHA content in the biomass, and similar to the previous response, a replica of the central point was
removed since it was providing the model with an artificial lack of fit (p-value <0.05). Additionally,
ANOVA of the second order model confirmed a strong fit (R*= 0.966), indicating that 96.6% of the
variability in the response could be explained by the model (Lundstedt et al., 1998). The value of the
adjusted R? (0.9236) is also high to advocate for a high significance of the model.

Effect of REX-TPA and ammonium concentrations on cell growth

The cell growth response in the RSM analysis was represented using a three-dimensional surface
graph and contour plot (Fig. II. 5). The results suggest that, for the range tested, TPA and ammonium
concentrations above 10.00 and 0.5 g/L, respectively, promoted cell growth, obtaining CDW values
above 2.12 g/L. Fig. II. 5 shows that the increase in the concentration of TPA and ammonium were
directly proportional to the increase of CDW. This is due to the CDW concentration for Delfiia sp. Ave5
being affected by the linear term of TPA concentration (X;) (p-value=0.0024), as well as linear term of
ammonium also affected the response (p-value = 0.0115) (Table IL. 5).
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Figure II. 5 -Three-dimensional response surface (a) and contour plot (b) show the interactive effects of dif-
ferent concentrations of ammonium and REX-TPA on CDW (g/L) for Delftia sp. AveSs.

These results clearly confirm that increasing the concentration of REX-TPA and ammonium en-
hances higher cell growth. However, high PHA yield is obtained with lower ammonium availability,
despite the decrease in biomass production. Delftia acidovorans JCM 10181 have demonstrated CDW
values close to those obtained in this study when testing 10g/L of several carbon sources, including
fructose (1.6 g/L), lactose (1.7 g/L), sucrose (1.8 g/L), 3-hydroxybutyric acid (2.1 g/L), acetate (2.1 g/L),
maltose (2.1 g/) and glucose (2.4 g/L) for PHB production (Lee et al., 2004).

A study by (Razaif-Mazinah et al., 2016) investigated the strain Delftia tsuruhatensis Bet002, iso-
lated from palm oil mill effluent, cultivated in shake flasks over 48 hours using a nitrogen-limited me-
dium (0.46 g/L). The strain was tested with various carbon sources, including 0.5-0.7% w/v n-carboxylic
acids and 1% w/v sugars and glycerol. The results showed that the CDW values range from 0.1 to 3.6
g/L when different even-chain fatty acids were tested. For odd-chain fatty acids, the CDW ranged from
0.7 to 3.7 g/L. When sugars such as glucose, fructose, lactose, and sucrose were used, the CDW ranged
from 0.7 to 1.8 g/L, while glycerol resulted in a CDW of 1.5 g/L. The CDW values observed for Delftia
sp. Ave5 in this study are comparable to those obtained for other Delftia strains, indicating its potential

for robust growth under varying nutrient conditions.

Effect of TPA and ammonium concentrations on PHA accumulation

The response of the RSM for PHA content in the biomass is displayed in the three-dimensional sur-
face graphs and contour plot (Fig. II. 6). It demonstrates that the model shifts significantly towards the

second response (Y2, PHA wt.%), with an inversely proportional interaction between TPA and
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ammonium, whereby PHA production increases with the increase of TPA (10 g/L) and decrease in am-
monium concentration. In this case, linear (X>: ammonium) and interaction (X;X3) are significant model
terms that affected the PHA accumulation by Delftia sp. Ave3, including a positive linear effect (p-value
=0.0023) of ammonium (Table II. 5).
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Figure II. 6 - Three-dimensional response surface (a) and contour plot (b) show the interactive effects of dif-

ferent concentrations of ammonium and REX-TPA on PHA (wt.%) for Delftia sp. AveS.

D. acidovorans JCM 10181 was reported to accumulate 53wt.% PHA in the biomass when cultivated
with 10g/L of glucose as the carbon source (Lee et al., 2004). Additionally, PHA production was ob-
served in a nitrogen free mineral medium, where 10 g/L of sodium valerate was used as the carbon
source, resulting in the production of 33wt% PHBYV at pH 7 (Loo & Sudesh, 2007). The concentration
of carbon source reported is aligned with the concentrations demonstrated by the model for Delftia sp.
Ave$, although a lower concentration of ammonium promoted PHA accumulation in the present study
and at lower values than those reported.

Moreover, D. tsuruhatensis BET002 reported a wide range of PHA content depending on the sub-
strate used (Razaif-Mazinah et al., 2016). For instance, when grown in fatty acids, the strain reached
46.2 and 28.2wt.% of PHA, when using pentadecanoic and myristic acid, respectively. The strain also
accumulated PHA at lower contents—6.5wt.% for octanoic acid, 2.1wt.% for palmitic acid, and 0.4wt.%
for stearic acid. In contrast, when grown on sugars and glycerol, PHA accumulation was below 5wt.%
(Razaif-Mazinah et al., 2016), values similar to what was observed for Delftia sp. AveS.

The profile observed for Delftia sp. Ave5, where polymer storage is enhanced under ammonium

limiting conditions, shifting the metabolic focus from cellular growth to polymer storage under nitrogen
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stress, is similar to that reported for D. acidovorans JCM 10181. Both strains exhibit a metabolic shift
under nitrogen-limited conditions, favouring the polymer accumulation as the nitrogen availability de-
creases, even though the associated reduction cellular growth. This suggests that Delftia sp. Ave5 may

not be the most promising culture for achieving high PHA yields while using TPA as sole carbon source.

11.3.2.2. Rhodococcus sp. AveT
Response analysis

Rhodococcus sp. Ave7 grew under all tested conditions using REX-TPA as the sole carbon source.
Biomass production and intracellular storage compound accumulation varied significantly depending
on the concentrations of TPA and ammonium. In addition to PHA, the culture was also observed to
produce TAGs as a value-added product, emphasizing its potential for upcycling REX-TPA into diverse
storage compounds. Consequently, after verifying the culture’s capacity to store this compound under
the tested conditions, the response related to TAG accumulation was incorporated into the matrix of the
central composite rotatable design. As previously reported, the genus Rhodococcus is known to synthe-
size and accumulate a variety of intracellular compounds, such as PHA and TAGs (Cappelletti et al.,
2020). During the cultivations, TAG accumulation was consistently observed, further supporting its
inclusion in the proposed model.

The CDW production of Rhodococcus sp. Ave7 indicates that higher REX-TPA concentrations re-
sulted in increased biomass yield. The highest values of CDW obtained were 5.09 and 4.91 g/L (Table
II. 6), namely for run 1 (10 and 0.84 g/L of REX-TPA and ammonium, respectively) and run 8 (11.66
and 0.5 g/L of REX-TPA and ammonium, respectively). For the central point conditions (run 5, 6 and
7), the values of CDW attained were between 2.95 to 3.17 g/L (Table II. 6). Under the remaining con-
ditions, CDW was significantly lower, except for run 10 (6 and 0.98 g/L for REX-TPA and ammonium,
respectively) achieved a biomass production, of 3.05 g/L, comparable to the central point runs. In con-
trast, run 9, where REX-TPA was in an extreme low concentration (0.34 g/L), resulted in minimal CDW

production (0.24 g/L).
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Table II 6. Experimental design and result of central composite rotatable design (CCRD) with two independent
variable, X; (REX-TPA concentration, g/L) and X, (ammonium concentration, g/L) and the response Y| (CDW,
g/L), Y2 (PHA wt.%) and Y3 (TAG, wt.%) for Rhodococcus sp. AveT.

Run  Coded X Coded , nﬁium Y, Y, Ys
Number level TPA (g/L) level (/L) CDW (g/L) PHA (wt.%) TAG (wt.%)
1 +1 10 +1 0.84 491 6.8 3.7
Factorial 2 -1 2 +1 0.84 1.09 0.3 38
design 3 +1 10 -1 0.17 1.26 112 19.2
4 -1 2 -1 0.17 0.96 0.1 4.3
5 0 6 0 0.5 2.95 1.6 4.1
Central
Point 6 0 6 0 0.5 3.17 23 3.9
7 0 6 0 0.5 3.02 1.8 3.9
8 1.414 11.66 0 0.5 5.09 225 8.2
. 9 -1.414 0.34 0 0.5 0.24 0.3 3.4
Axial
Points 10 0 6 1.414 0.98 3.05 1.9 4.8
11 0 6 -1.414 0.03 0.52 2.0 19.9

Concerning the PHA accumulation by Rhodococcus sp. Ave7, it is possible to observe in Table II. 6
the highest polymer accumulation (22.5wt.%) was observed in run 8 (11.66 and 0.5 g/L of TPA and
ammonium, respectively). In run 3, the culture achieved 11.2wt.% of polymer storage with high con-
centrations of TPA (10 g/L) and a lower ammonium concentration, 0.17 g/L. Moreover, for run 1, (10
g/L of REX-TPA with 0.84 g/L of ammonium), the culture attained 6.8wt.% of PHA accumulation. For
the experiments 2, 4 and 9, where TPA concentrations were lower (between 2.00 and 0.34 g/L), resulted
in minimal PHA accumulation (0.33, 0.14 and 0.32wt.%) (Table II. 6). The remaining conditions tested
resulted in PHA accumulations ranging from 1.6 — 2.0wt.%, presenting low polymer content in the bio-
mass.

As shown in Table II. 6, the highest TAG accumulation (19.2 and 19.9wt.%) was observed in runs 3
and 11, where high TPA concentrations (6-10 g/L) and low of ammonium concentration, between 0.03-
0.17 g/L, were tested. Additionally, in run 8, the bacterium attained an intermediate TAG accumulation,
of 8.2wt.% (Table IL. 6). For the remaining conditions, TAG content remained lower, ranging from 3.4

to 4.8wt.%.
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These results suggested that to increase Rhodococcus sp. Ave7 PHA and TAG accumulations, a high
C/N ratio condition must be provided, as high availability in TPA apparently promotes their production.
Regarding PHA, the highest PHA accumulation (22.5wt.%) and a significant TAG storage (8.2wt.%) in
run 8 were observed at a high REX-TPA concentration. Similarly, the highest TAG accumulations (19.2
- 19.9wt.%) in runs 3 and 11 occurred with very low ammonium (0.03-0.17 g/L) and high TPA concen-
tration (6-10 g/L) concentration, further reinforcing the impact of high C/N ratio on promoting the cul-
ture polymer and lipid storage.

On the contrary, when the C/N ratio was lower, either due to more balanced concentrations of TPA
and ammonium, or a higher ammonium concentration, as the case of run 1, PHA and TAG were signif-
icantly lower, 6.8 and 3.8wt.%, respectively. Thus, a lower C/N ratio resulted in higher cell growth,
while a higher C/N ratio availability strongly promotes the accumulation of both these intracellular
compounds. This is in accordance with study performed with Rhodococcus jostii RHA1, reported to
accumulate storage compounds simultaneously, such as PHA and TAG, where is shown that when the
bacteria is exposed to nitrogen-limited conditions, uses the substrate for intracellular reserves (e.g., such

as PHA and TAG) rather than using it for cellular growth (Tajparast & Frigon, 2015).

RSM modelling

The quadratic model applied for the optimization of TPA and ammonium concentration was evalu-
ated using ANOVA for its impact on production of CDW and accumulation of PHA and TAG for Rko-
dococcus (Table II. 7). The model was found to be significant for CDW production, with a p-value of
0.0054 (Table II. 7). The ANOVA analysis of the second order model showed a good fit (R*> = 0.9641),
indicating that 96.41% of the variability in the response could be explained by the model. Additionally,
the adjusted R? (0.9192) was high, indicative for a high significance of the model (Torres et al., 2012).
The p-value of the lack of fit was found to non-significant (0.1340) (Table II. 7), suggesting that the
model adequately describes the experiment data without significant deviation due to pure error. Also,
the model’s adequate precision (signal to noise ratio = 12.6102) indicates an adequate signal (value > 4
is desirable) in the model suitability for the navigation of the design space (Aghaie et al., 2009; Ko6rbahti
& Rauf, 2008).
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Table IT 7. ANOVA of the second order model for CDW (g/L), PHA (wt.%) and TAG (wt.%) for Rhodococcus
sp. Ave7. (SS)—Sum of Squares shows the variance of values; (MS)—Mean Square is the arithmetic mean of the

squared differences; p-value < 0.05 indicate model terms are significant.

Source

CDW PHA TAG

REX-TPA

Model 27.17 543 21.48 0.0054 | 419.12  83.82 9.64 0.0238 | 354.07 70.81 16.82 0.0086

X>-NH4" 6.77 6.77 26.75 0.007 2.38 2.38 0.2731 0.629 | 137.06 137.06 32.55 0.0047

Xi1Xo 3.10 3.10 12.25 0.025 5.38 5.38 0.6188 0.476 55.73 55.73 13.23 0.0220

Lack of fit* | 1.00 0.25 29.65 0.134 34.62 11.54 66.29 0.090 16.84 5.61 4491.50 0.0110

* Calculated for 10 experimental runs (without one replicate of the central point)

ANOVA was used to determine the best range of concentration range for PHA accumulation by
Rhodococcus sp. Ave7. The statistical analysis (Table II. 7) shows that the proposed model was found
to be significant (F-value = 9.64 and p-value = 0.0238). Additionally, the model showed no significant
lack of fit (p-value = 0.0900) for PHA production. The model F-value of 9.64 implies the model is
significant, with only a 2.38% probability that such a large F-value could occur due to random variation
(noise). The lack of fit was not found to be non-significant, with an F-value = 66.29, implying a 9.00%
chance that this result is due to noise. However, for PHA, for certain terms there was evidence of lack
of fit (p < 0.05), meaning that the model prediction error was above the error of the replicas which might
be explained by the pure error (calculated from the central point), which were low values (1.6- 2.3wt.%),
providing a sense of a model with lack of fit.

Moreover, R?=0.9234 was the determination coefficient obtained for the model. Hence, it holds
92.34% of the variability in the dependent variable (response), with 7.66% influenced by other factors.
Whilst adjusted R? (0.8275), considers the sample size and number of terms (Zhang et al., 2012). The
high R? imply the model holds more influential and it presents better response prediction (Aghaie et al.,
2009).

Considering TAG content in the biomass (Y3) for Rhodococcus sp. Ave7, statistical analysis of the

quadratic model indicated that the model was significant, with a p-value=0.0086 (Table II. 7). The model
86

SS MS F-value p-value SS MS F-value p-value SS MS F-value  p-value

15.07  15.07 59.56 0.0015 | 300.35 300.35 34.53 0.004 58.44 58.44 13.88 0.0204

0.303  0.303 1.20 0.335 79.73 79.73 9.17 0.039 | 0.8875 0.8875  0.2108 0.6700

2.22 2.22 8.79 0.041 1.50 1.50 0.1730 0.699 90.75 90.75 21.55 0.0097
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F-value of 16.82 further supports this, with only a 0.86% chance that this result is due to noise. In this
case, linear terms (X, and X>), interaction (X;Xz) and quadratic term (X,?) are significant model terms
on TAG content in biomass. However, the model exhibited a significant lack of fit (p-value=0.0110),
indicating a 1.10% probability that a lack of fit (F-value = 4491.50) this large could occur due to noise.

The lack of fit found, reflects data variation around the fitted model, an essential measure of model
adequacy in representing the experimental results (Mazaheri et al., 2017). This suggests that the model
does not fully capture the data trends within the tested experimental region. This indicates that higher-

order terms might have to be included in the regression model to eliminate the lack of fit (Oh et al.,

1995).

Effect of REX-TPA and ammonium concentrations on cell growth

Fig. II. 7 displays the 3D response plots for CDW, illustrating the optimization of TPA and ammo-
nium concentrations for Rhodococcus sp. Ave7 cultivation. Regarding CDW, the response surface (Fig.
II. 7) indicates that biomass production increased with higher concentrations of TPA and ammonium, a
trend similar to that observed for Delftia sp. AveS. This behaviour, presented by Rhodococcus sp. Ave7,
aligns with previous reported for Rhodococcus opacus PD630, where a high cell density cultivation was
achieved using sugar beet molasses and sucrose as sole carbon sources in a fed-batch mode (Voss &

Steinbiichel, 2001).
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Figure II. 7 - Three-dimensional response surface (a) and contour plot (b) show the interactive effects of dif-

ferent concentrations of ammonium and REX-TPA on CDW (g/L) for Rhodococcus sp. AveT.
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For CDW production, the linear (X; and X5), interaction (X;X,) and quadratic (X,?) model terms are
significant, as shown in Table II. 7. The strongest effects were observed for the linear terms, with F-
values of 59.56 and 26.75 for TPA and ammonium, respectively. Since the quadratic ammonium term
(X2?) affected the response (F-value of 8.79) (Table II. 7), combined with the effect of the interaction
(X1X>) resulted in the curvature found in 3D surface graphs (Fig. II. 7a).

Effect of REX-TPA and ammonium concentrations on PHA and TAG accumulation

Based on Fig. II. 8, the model predicted that Rhodococcus sp. Ave7 resulted in higher accumulation
of products when TPA concentration exceed above 10 g/L. In the proposed quadratic proposed model,
PHA accumulation was affected by the linear and quadratic terms of REX-TPA concentration (p-
value<0.05) (Table II. 7). Regarding ammonium concentration, results suggest that lower concentrations

seem to promote higher PHA accumulations (Fig. II. 8a).
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Figure II. 8 Three-dimensional response surface (a and ¢) and contour plots (b and d) show the interactive effects
of different concentrations of ammonium and REX-TPA on PHA and TAG (wt.%) for Rhodococcus sp. AveT.
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Very few RSM studies for Rhodococcus cultivation experiments have been reported that focused on
the optimization of the medium, which is crucial concerning cell growth and polymer production. A
study for R. pyridinivorans BSRT1-1, reported the combined effects for concentrations of carbon (fruc-
tose) and nitrogen source (KNO3), and trace element solution impacted the PHA production in shake
flask, reporting that upon the conditions tested, cellular growth was achieved for higher concentrations
of fructose and KNOj; and trace element was not excessive. On the other hand, taking into consideration
both cell growth and polymer accumulation, a reduced concentration of nitrogen (< 0.3 g/L), showed
lower cell growth but increase in polymer content. Upon applying RSM optimized medium (fructose,
33.6 g/L, KNOs, 0.3 g/L, and 1.0 mL/L of TE solution) the strain attained 43.1wt% PHB for 3.60 g/L
of biomass (Trakunjae et al., 2021). In comparison with Rhodococcus sp. Ave7, a similar response for
biomass production was obtained, whereas PHA accumulation was significantly enhanced under nitro-
gen-limiting conditions with excess TPA. R. pyridinivorans BSRT1-1, showed optimal PHA production
under moderate nitrogen levels. Both strains promoted PHA accumulation under nitrogen limitation,
although Rhodococcus sp. Ave7 requires a higher C/N ratio when compared to R. pyridinivorans
BSRTI1-1.

Concerning TAG accumulation, Fig.Il. 8c shows that increasing REX-TPA concentration while
maintaining a low ammonium concentration leads to higher TAG production. This is related to the pres-
ence of excess carbon and limitation of ammonium that triggers TAG biosynthesis and accumulation
(Alvarez & Steinbiichel, 2002; Voss & Steinbiichel, 2001).

Between the bacteria tested, the isolated Rhodococcus sp. Ave7 presented the highest cellular growth
and achieved the highest PHA content, while also accumulating TAG as a second value-added storage
compound that hold market interest (Pinto-Ibieta et al., 2021). Thus, Rhodococcus sp. Ave7 emerges as
a candidate towards the upcycling of depolymerized pcPET waste, within the region tested under the
optimum conditions, more precisely for concentrations of REX-TPA above 10 g/L, whilst maintaining
a lower concentration of ammonium (of 0.3 g/L) in order to trigger intracellular storage compounds of
interest. Therefore, the isolate Rhodococcus sp. Ave7 was selected for the subsequent bioreactor process

development.

I1.3.3. Bioreactor process for Rhodococcus sp. Ave7

11.3.3.1. Batch Bioreactor Cultivation

Rhodococcus sp. Ave7 was cultivated under batch mode using an initial TPA concentration of 12

g/L as sole carbon source, under a controlled temperature of 30 °C and an initial pH of 7 (Fig. II. 9a).
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Figure II. 9 - Experimental set-up used in the bioreactor cultivation in batch (a) and fed batch with pulse (b)

and continuous feeding (c) of Rhodococcus sp. Ave7 using REX-TPA as feedstock.

After a 10 h lag phase, Rhodococcus sp. Ave7 entered an exponential phase, reaching a maximum
specific cell growth rate of 0.18 + 0.05 h™! and a CDW of 1.78 + 0.08 g/L at 20 h of cultivation, when
ammonium was exhausted (Fig. II. 10 (A1)). A final CDW of 2.67 = 0.06 g/L was reached at the end of
the assay. This value is slightly higher than the 2.3 g/L. of CDW reported for Pseudomonas umsongensis
G016 KS3 grew in a batch reactor, with similar duration, using as carbon source TPA and EG monomers
obtained by enzymatic PET hydrolysis (Tiso et al., 2021).

PHA accumulation started during the exponential cell growth phase, at 13 h of cultivation, and con-
tinued (Fig. II. 10 (A2)) until the end of the assay, reaching a maximum PHA content in the biomass of
4.22 + 0.03wt.%, corresponding to a PHA concentration of 0.11 + 0.02 g/L (Table II. 8). Slightly higher
values were reported for P. umsongensis G016 KS3 (7wt.%), corresponding to 0.15 g/L of PHA (Tiso
etal., 2021).
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Figure II. 10 - Cultivation profiles for batch (A), fed-batch with pulse feed (the dashed line denotes the time the

REX-TPA pulse was given) (B) and fed-batch with continuous feed (the grey area denotes the time REX-TPA
was fed to the bioreactor, at a rate of 0.1 L/h) (C) of Rhodococcus sp. Ave7 using REX-TPA as feedstock (A,
TPA (g/L); e, NH4" (g/L); m, CDW (g/L); m, PHA (g/L); ¥, TAG (g /L)). Error bars correspond to triplicate

measurements.
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Table II. 8. Kinetic and stoichiometric parameters of the three assays performed by Rhodococcus sp. Ave7 using
REX-TPA (Lmax, maximum specific cell growth; CDW, cell dry weight; 7pua, PHA volumetric productivity; rrag,
TAG volumetric productivity; Ypuas/rpa, polymer yield on TPA basis; Ytacrea, TAG yield on TPA basis; n.s. (not
significant), p > 0.05;*, p <0.05 ** p <0.01; ***, p <0.001).

Cultivation
Parameter
A B C p-value

Mmax (h) 0.18 £0.05 0.18 £0.02 0.17 £0.01 n.s.
CDW (g/L) 2.67£0.06 2.97 £0.05 3.85+0.09 ok
PHA (wt.%) 4.22+0.03 3.05+0.05 15.01 £ 0.68 ok
PHA (g/L) 0.11 £0.02 0.09 £ 0.00 0.58 +0.02 ok
TAG (wt.%) 13.45+0.69 16.26 +0.12 15.40+£0.29 ok
TAG (g/L) 0.36+0.05 0.48 £0.04 0.59+0.04 *ox
rena (g/(L.day) 0.096 = 0.000 0.062 + 0.000 0.245+£0.001 ok
rrac (g/(L.day) 0.305 £ 0.001 0.331+0.001 0.252+0.021 ok
Y xrea (gx/grea) 0.19 £0.02 0.40+£0.03 0.24 £0.04 ok
Yenasrea (gpHa/grrea) 0.011+0.00 0.015+0.001 0.051 +£0.003 ok
Yracrrea (grac/grea) 0.031 £ 0.002 0.081+0.001 0.052 + 0.000 ok

TAGs synthesis was initiated later, at around 21 h of cultivation (Fig. II. 10 (A2)), reaching an
intracellular content of 13.45 + 0.69wt.% and a concentration of 0.15 g/L by 21 h of cultivation (Table
II. 8). This corresponds to an overall volumetric productivity of 0.305 g/(L.day). During the first 21 h
the bacterial strain consumed 7.74 g of TPA, for both cellular growth and PHA accumulation, resulting
in growth yield of 0.19 gx/grpa. After ammonium depletion, the culture used the available TPA for PHA
and TAG accumulation. The PHA yield was 0.011 £ 0.00 gpua/grpa, while a higher yield was reached
for TAGs (0.031 £ 0.002 grac/grea). An overall consumption of 10.7 g/L of TPA was achieved over 28
h. Similar values were obtained for P. umsongensis GO16 KS3 cultivated in TPA and EG obtained by
enzymatic PET hydrolysis, (0.21 gcow/gsubstrate and 0.014 gpra/gsubstrate, TESPectively) (Tiso et al., 2021).
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11.3.3.2. Fed-batch cultivation with pulse feeding

In Assay B (Fig. II. 9b), Rhodococcus sp. Ave7 entered the exponential growth phase after 9 h of
cultivation, presenting a maximum specific growth rate of 0.18 =+ 0.02 h'' (Fig. II. 10 (B1)), which was
not significantly different (p > 0.05) from Assay A (0.18 +0.05 h'!). Ammonium depletion was observed
after 17 h of cultivation, resulting in a CDW of 2.18 + 0.13 g/L. By 24 h, the culture achieved a maxi-
mum CDW of 3.17 £ 0.03 g/L (Fig. II. 10 (B1)), with PHA and TAGs contents of 2.77 + 0.01wt.% and
11.03 + 0.36wt.%, respectively. At this moment, dissolved oxygen concentration started to increase
(data not shown), indicating depletion of the carbon source. Therefore, a 1 L REX-TPA pulse (contain-
ing 20 g/L TPA) was fed to the culture, rising the TPA concentration to 6.76 + 0.87 g/L.

During the first 24 h, Rhodococcus sp. Ave7 produced 0.09 = 0.00 g/L of PHA (Fig. II. 10 (B2)).
Despite the subsequent feeding of a TPA pulse, no further increase in PHA concentration was observed
until the end of the assay, resulting in a final polymer content in the cells of 3.05 + 0.05wt.%, a signifi-
cant statistical decrease from the previous assay, corresponding to an overall volumetric productivity of
0.062 g/(L.day) (Table II. 8). This PHA accumulation is comparable to that achieved by engineered P.
stutzeri TPA3P (3.66wt.%) whilst using BHET as carbon source that yielded 3.54 g/L of biomass (Liu
etal., 2021).

Regarding TAG accumulation, Rhodococcus sp. Ave7 achieved a biomass content of 11.03 wt.%,
corresponding to a concentration of 0.35 £ 0.04 g/L (Fig. II. 10 (B2)), within the first 24 h of cultivation.
After the TPA pulse provided at 24 h, under ammonium-limited conditions, TAG content continued to
increase, reaching 0.48 + 0.04 g/L (Fig. II. 10 (B2)) by the end of the cultivation. This represented a
final TAG content in the biomass of 16.26 £ 0.12wt.%, corresponding to an overall volumetric produc-
tivity of 0.331 g/(L.day) (Table II. 8).

The TPA pulse conditions tested in Assay B resulted in a statistically significant increase in TAG
content to 16.3 = 0.1wt.% compared to the value obtained in Assay A under batch mode (13.45 +
0.69wt.%) (Table II. 8). Previous studies with different Rhodococcus strains reported PHA and TAG
accumulation capabilities. For instance, R. jostii RHA1, when grown on glucose or gluconate, accumu-
lated PHA contents ranging from 2 to 7.6wt.% and TAGs content representing S6wt.% of the CDW
(Hernandez et al., 2008). Moreover, R. aetherivorans IAR1, grown on acetate or toluene, accumulated
10—12wt.% PHA and 24wt.% TAG of the CDW (Table II. 9) (Hori et al., 2009). Although Rhodococcus
sp. Ave7 did not reach comparable TAG contents in this study, its PHA accumulation, using REX-TPA
as the sole carbon source, was comparable to that of the reported strains.

The initial TPA (10.30+ 0.01 g/L) available in the bioreactor was depleted within 24 h of cultivation,
while further 2.34 g/LL were consumed after the pulse, corresponding to an overall uptake of 12.67 +
0.03 g/L. Moreover, a growth yield of 0.40 gx/grpa Was obtained, while the products’ yields were 0.015
gpra/grea and 0.081 grac/ grea (Table II. 8).
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Table 1I. 9. Assessment of PHA, TAG and bioproducts from PET degradation products and pollutants feedstocks from various microbial strains. (EG, ethylene glycol;

HAAs, hydroxyalkanoyloxy-alkanoates monomers; BHET, commercial bis(2-hydroxyethyl) TPA; BTEXS, benzene, toluene, ethylbenzene, p-xylene; n.a. not available;

tr, traces).

Microbial Strain Substrate Cultivation mode  Time (h) Biomass (g/L) PHA (wt. %) TAG (wt. %) Bioproducts Reference
. PHBV .
Rhodococcus sp. AveT REX-TPA Bioreactor 28-73 2.67-3.85 3.05-15.0 13.45-16.26 TAG This study
TPA 2.14 15 n.a
R. pyridinivorans P23 — Erlenmeyer 24-96 PHBV Guo & Shao,
Disodium )65 238 na 2020
terephthalate ) ) )
1.3-1.9 PHA Bequer Urbano
Rhodococcus sp. AS Hexadecane Erlenmeyer 48 n.a Tr. 3 TAG etal,, 2013
. PHBV Hori et al.,
R. aetherivorans 1AR1 Toluene Erlenmeyer 80 2.5 10 24 TAG 2009
Hexadecane n.a n.a Tr. 304 PLBV Hernndez et
Lo ernandez e
R. jostii RHA 1 Hexadecane + Hexa- Erlenmeyer TAG al.. 2008
n.a n.a Tr. 7.0
decanol
Petroleum 591 na 505
wastewater supple- . ' ' ' . Saisriyoot et
R. opacus PD630 mented with molas- Bioreactor 96 Lipids al., 2016
7.24 n.a 54.4
ses
n-hexadecane n.a n.a 22.3 )
Rhodococcus sp. 602 - Erlenmeyer 48 PHA Silva et al,
P- Y TAG 2010
Benzoate n.a 8.2 64.9
Priesta sp. n.a 1.06 4.14 n.a.
REX-TPA Shake Flask PHA I;(fzrgera ctal,
Streptomyces sp. n.a 1.39 0.32 n.a
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Table II. 9. Assessment of PHA, TAG and bioproducts from PET degradation products and pollutants feedstocks from various microbial strains. (EG, ethylene glycol;
HAAs, hydroxyalkanoyloxy-alkanoates monomers; BHET, commercial bis(2-hydroxyethyl) TPA; BTEXS, benzene, toluene, ethylbenzene, p-xylene; n.a. not available;

tr, traces) (cont.).

1L Microbial upcycling of depolymerized post-consumer PET waste: Single cultures systems

Microbial Strain Substrate Cultivation mode Time (h) Biomass (g/L) PHA (wt. %) TAG (wt. %) Bioproducts Reference
Pseudomonas umsongensis
GO16 KS3 3.5 27 n.a.
Pseudomonas putida . Kenny et al.,
GO19 Sodium terephthalate Shake Flask 48 3.5 23 n.a mcl-PHA 2008
Pseudomonas frederiks-
bergensis GO23 4 14 n.a.
Pseudomonas umsongensis . mcl-PHA Tiso et al.,
GO16 KS3 Hydrolyzed PET Bioreactor 28 2.3 7 n.a. HAAs 2001
Sodium terephthalate ~ Fed-batch Bioreator 48 8.7 30 n.a. mcl-PHA
. 14.3 36 n.a
Pseudoné}ocr)z?z %n;gongenszs Sodium terephthalate 15.1 35 n.a 2Koe Il; yetal,
supplemented with Fed-batch Bioreator 48 mcl-PHA a
waste glycerol 14.1 35 n.a.
11.7 36 n.a.
Benzene 0.34 22 n.a.
Tol 0.72 15 . - ikodinovi
Pseudomonas putida F1 oene Shake flask 48 fa mel-PHA Nikodinovic et
al., 2008
Ethylbenzene 0.67 14 n.a
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Table II. 9. Assessment of PHA, TAG and bioproducts from PET degradation products and pollutants feedstocks from various microbial strains. (EG, ethylene glycol;

HAAs, hydroxyalkanoyloxy-alkanoates monomers; BHET, commercial bis(2-hydroxyethyl) TPA; BTEXS, benzene, toluene, ethylbenzene, p-xylene; n.a. not available;

tr, traces) (cont.).

Microbial Strain Substrate Cultivation mode Time (h) Biomass (g/L) PHA (wt.%) TAG (wt.%) Bioproducts Reference
Toluene 0.37 22 n.a
Pseudonl\z/lo%a_fzzs putida Shake flask 48
Nikodinovic et
Xylene 0.53 26 n.a mcl-PHA al.. 2008
Consortium of Pseudomonas
putida BTEXS mixture Batch Bioreactor 48 1.03 24 n.a
(F1 +mt-2 + CA-3)
Engineered Pseudomonas . L Werner et al.,
putida AW165 BHET Bioreactor 96 n.a n.a n.a B-ketoadipic acid 2001
Engineered Pseudomonas Liu et al.,
stutzeri TPA3P BHET Erlenmeyer 54 3.54 3.66 n.a PHB 2001
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11.3.3.3. Fed-batch cultivation with continuous feeding

Aiming to further enhance PHA and TAG, Assay C was conducted under fed-batch mode with con-
tinuous feeding (Fig. II. 9c) that was initiated after 13 h of cultivation. The culture presented a lag phase
of approximately 10 h (Fig. II. 10 (C1)) observed in Assays A and B. Afterwards, the bacterium entered
an exponential phase with a maximum cell growth rate of 0.17+0.01 h!' (Table II. 8). TPA consumption
remained low during the lag phase of the cultivation (of 0.22 g/L). At the start of the exponential phase,
a continuous REX-TPA feed was initiated at a rate of 0.1 L/h, which lasted 15 h. As shown in Fig. II.
10 (C1), TPA concentration in the bioreactor increased between 13 and 21 h, reaching 13.8 g/L of TPA,
which coincided with the onset of cell growth in the cultivation.

By the end of the experiment (73 h), the culture reached a maximum CDW of 3.58 + 0.09 g/L (Table
II. 8), which was significantly higher (p < 0.001) than the values obtained in assay A and B. TAG
production started around 13 h (Fig. II. 10 (C1)), representing 15.40 + 0.29wt.% of the CDW, with a
final concentration of 0.59 + 0.04 g/L (Fig. 1I. 10 (C2)), corresponding to a volumetric productivity of
0.252 + 0.021 g/(L.day) (Table II. 8). These values are slightly lower than those obtained in Assay A
and B (0.305 £ 0.001g/L and 0.331 £ 0.001 g/(L.day), respectively).

Interestingly, PHA synthesis was initiated around the same time of TAG, but it continued until the
end of the assay, reaching a polymer content of 15.01+0.68wt.% (0.58 g/L), Fig. II. 10 (C2). PHA con-
centration was significantly higher than that observed for Assays A and B, leading to an overall volu-
metric productivity of 0.245 = 0.001 g/(L.day) (Table II. 8). These results are close to those reported
and patented for Rhodococcus pyridinivorans P23, a bacterium isolated from a PET film, which
achieved similar levels of PHA accumulation when cultivated with commercial TPA (15wt.%) or diso-
dium terephthalate (23.8wt.%) (Table II. 9) as substrates (Guo & Shao, 2020). Moreover, R. aetherivo-
rans 1AR1, grown under batch mode using acetate or in fed-batch mode with toluene as sole carbon
sources, displayed a similar production profile to the one obtained in this experiment and synthesizing
simultaneously both products during bacterial exponential phase. However, a lower PHA accumulation
was reached (between 10 and 12wt.%) (Table II. 9) (Hori et al., 2009).

Nonetheless, the results showed that under the conditions of assays A and B, TAG accumulation
(13.45 and 16.30wt.%) was favoured over PHA synthesis (4.22 and 3.05wt.%). On the other hand, in
assay C, under continuous feeding, after ammonium depletion and with higher TPA availability, the
TAG content remained comparable (15.40wt.%) to previous experiments, while PHA accumulation
showed a statical significantly increased (from 3.05wt.% to 15wt.%) (p <0.001). These findings suggest
that higher TPA availability during continuous feeding of the carbon source apparently enhanced the
flux towards PHA synthesis in Rhodococcus sp. Ave7, when ammonium became limiting.

In assay C, under continuous feeding conditions, a total of approximately 16.5 g/L of TPA were

consumed, surpassing the consumption observed in Assay B. A growth yield of 0.24 gx/grpa was
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achieved, along with products’ yields of 0.051 gpua/grea and 0.052 grac/grra for PHA and TAG (Table
II. 8), respectively, demonstrating significant improvement (p < 0.001) when compared to Assays A and
B. Statistical analysis (Appendix A, Table A.1.) confirmed that continuous feeding significantly en-
hanced PHA accumulation compared to pulse feeding, while TAG accumulation remained statistically
similar between Assays B and C. These findings underscore the metabolic flexibility of Rhodococcus
sp. Ave7 under different feeding strategies and reinforce its potential for biotechnological applications.
Additionally, the yields obtained in Assay C are higher than those reported for P. umsongensis GO16
KS3 (0.21 gepw/gsubstrate and 0.014 gpra/substrare), although this study was carried out in batch reactor
(Tiso et al., 2021).

According to several literature reports, some Rhodococcus strains can accumulate intracellular re-
serves of glycogen or PolyP (Tajparast & Frigon, 2015). However, no glycogen nor PolyP were detected
for Rhodococcus sp. Ave7 in any of the assays.

Overall, the bioreactor assays demonstrated that Rhodococcus sp. Ave7 possesses a high capacity for
TPA degradation, consuming 30.46 + 0.25 g in 73 h while yielding two value-added bioproducts. Bio-
mass concentrations up to 3.85 g/L were reached, which is higher than the values reported, for example,
for R. pyridinivorans P23 (2.14 -2.65 g/L) and P. umsongensis G016 KS3 (2.3 g/L), grown on similar
feedstocks, including TPA and TPA derived from PET depolymerization (Table II. 9) (Guo & Shao,
2020; Tiso et al., 2021).

Additionally, Rhodococcus sp. Ave7 was able to accumulate PHA and TAGs as the main intracellu-
lar products, conducted under REX-TPA excess and an ammonium-limiting strategy. The values ob-
tained for PHA accumulation with Rhodococcus sp. Ave7 are in accordance with those reported in lit-
erature for other bacteria tested on PET degradation products. Microorganism from different genera
have been reported to utilize REX-TPA as substrate, however these cultivations were conducted under
shake flask conditions, with strains such as Priesta sp. and Streptomyces sp. yielding polymer content
of 4.14wt.% and 0.32wt.%, respectively (Table II. 9) (Herrera et al., 2023).

The PHA content in Rhodococcus sp. Ave7 biomass in assay C was significantly higher than the
values reported for other Rhodococcus species. For instance, for R. jostii RHA1 grown on a mixture
hexadecane and hexadecanol, only traces of PHA were detected (Hernandez et al., 2008). Similarly,
Rhodococcus sp. 602, which was grown on benzoate, accumulated 8.2wt.% of PHA (Silva et al., 2010).
On the other hand, TAG production by Rhodococcus sp. Ave7 reached values similar to those reported
by R. jostii when using mixtures of hexadecane and hexadecanol (7.0 %) (Hernandez et al., 2008). How-
ever, it was lower than the 54.4% produced by R. opacus PD630 grown on petroleum wastewater sup-

plemented with molasses (Table II. 9) (Saisriyoot et al., 2016).
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11.3.3.4. Extraction and characterization of intracellular storage compounds

The biomass produced by Rhodococcus sp. Ave7, in Assay C, was recovered and the bioproducts
were characterized. Soxhlet extraction with chloroform was used to extract both PHBV and TAGs were
produced as intracellular storage reserve during cultivation. This solvent-based extraction method is
commonly used for its high yields in extracting PHA and lipids, as well as its ability to achieve high
polymer purity (Pérez-Rivero et al., 2019; Saini et al., 2021). After extraction, the polymer was precip-
itated by adding ethanol, a low molecular weight alcohol usually used for PHA recovery at laboratory
scale (Koller et al., 2013; Mannina et al., 2020).

The PHBYV recovered from the ethanol was dried at room temperature, revealing a low purity (29.5 +
2.2%). As shown in Fig. II. 11, the recovered sample presented an oily appearance due to the significant
amounts of TAGs precipitating together with PHBV (Fig. II. 11b), indicating that ethanol was not ef-
fective for separating these compounds. This occurred because the ethanol, used to separate the polymer
from non-PHA compounds coextracted by chloroform, was placed at -20 °C, causing the crystallization
and precipitation of TAGs (Nielsen & Shukla, 2004).

Figure II. 11- Images of the extraction from Rhodococcus sp. Ave7 biomass precipitated in cold ethanol (a)

and the dried sample recovered (b).

PHBYV and TAGs are difficult to separate due to their similar polarity, with PHBV being semi-polar
(Vermeer et al., 2022) and TAGs non-polar and water-insoluble (Alvarez et al., 2017; Zarrinmehr et al.,
2022). Using highly polar or non-polar solvents, namely alcohols or alkanes, to precipitate PHBV often
results in TAGs precipitating as well, due to PHBV's low solubility in these solvents (Vermeer et al.,
2022). Additionally, the polymer’s high 3HV content and the precipitation temperature are key factors
in solvent selection (Werker et al., 2015).

1-Butanol was selected for the second polymer precipitation at a higher temperature, based on studies

showing its effectiveness in recovering PHA from biomass (Werker et al., 2015) and recently for its use
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as antisolvent to purify PHBV with 50% 3HYV content to 98.0 + 0.1% purity (de Souza Reis et al., 2020).
After this second precipitation, the recovered sample had a much whiter, opaque appearance (Fig. II.
12), in contrast to the ethanol-purified sample (Fig. II. 11). This appearance is consistent with other

studies where PHBV purified with 1-butanol also showed a whiter colour (de Souza Reis et al., 2020).

Figure II. 12 — Image of the dried PHBV sample recovered from the PHBV+TAGs extract after precipitation
in 1-butanol.

Overall, the 1-butanol precipitation allowed to increase the polymer’s purity to 55.7 + 3.8% of purity.
Although the quantity of TAGs was reduced, Cis.1, Cis:0 and Ciso acids produced by Rhodococcus sp.
Ave7 were still found in the sample recovered. The procedure was able to dissolve a significant part of
the TAGs under the conditions used, as 1-butanol is known to facilitate the transesterification of TAGs
into biodiesel (Wahlen et al., 2011). However, it did not completely separate the two bioproducts, as
evidence by the lack of homogeneity in the sample shown in Fig. II. 12. After heating, the butanol was
allowed to cool to room temperature to remove the butanol fraction containing dissolved TAGs from
the precipitated polymer. However, the decrease in temperature may have caused some TAGs to pre-
cipitate along with the polymer since fatty acids such as Cjs:1, Cis:0, and Cis.o, found in TAGs produced

by Rhodococcus sp. Ave7, were still present in the recovered sample.

11.3.3.5. Characterization of TAGs

Composition

Cis-9-octadecenoic acid (Cis.1) (43.3-50.8wt.%) and hexadecanoic acid (Cie.0) (32.1-38.9wt.%) were
the predominant fatty acids in the TAG produced in all assays, with lower contents of octadecanoic acid
(Cis0) (8.5 -8.7wt.%) (Fig. 1I. 13). Moreover, in assays A and B, 3.1-3.2wt.% of cis,cis,cis-9,12,15-

octadecatrionic acid (Cis:3), a polyunsaturated fatty acid was also detected, together with other minor
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fatty acids fractions, such as tetradecanoic acid (Cia:o) (2.3-3.0wt.%) and docosanoic acid (Cx.0) (1.2 -

2.9wt.%).
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Figure II. 13 - Fatty acids composition of the TAGs produced by Rhodococcus sp. Ave7 attained in biomass ob-

tained at the end of the cultivation assays.

Similar fatty acids compositions were detected for R. pyridinivorans CCZU-B16 and R. aetherivo-
rans 1AR1, although their relative contents were significantly different. R. pyridinivorans CCZU-B16
TAG presented a fatty acids profile rich in Cigo (22.4%), Cis:1 (21.1%), Cis:0 (16.2%) Cis (23.1%)
(Chong et al., 2018). Furthermore, R. aetherivorans IAR1 was also reported as TAGs producer from
toluene, showing a profile in fatty acids mainly comprising Cie.0 (~ 50%), followed by Cis.1 (25%), with
fatty acids such as Cis.0, Ci7.0, Cis:1 and Cisp also being detected (Hori et al., 2009). Rhodococcus sp.
Ave7 cultivated in REX-TPA represents a source of TAGs rich in fatty acids, comparable to the species
R. rhodochrous, which produced TAG composed mostly of Cigo (35%) and Cis.i (42 %) (Shields-
Menard et al., 2015). zx

The predominance of Cis.1 and Cie fatty acids, commonly found in soybean oil and palm oil, renders
Rhodococcus sp. Ave7 TAGs as potential candidates, for example, for biodiesel as oxidative stabilizer,

cetane number and balancing cold flow properties (Shields-Menard et al., 2015). These findings suggest
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the possibility of using the produced fatty acids as a complementary and renewable source alongside

these oils, whilst valorising a PET waste through a more sustainable approach (Ahmad et al., 2019).

FTIR

The FT-IR spectra for TAGs produced in assay C (Fig. II. 14a) show a band around 2853 and 2922
cm’! are related to the asymmetric and symmetric stretching vibrations of the C-H bonds in the alkane

hydrocarbon chains of fatty acids in TAGs (Chaturvedi et al., 2023).
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Figure II. 14 - FT-IR spectra for (a) TAGs produced by Rhodococcus sp. Ave7 during fed-batch with contin-
uous feed conditions and (b) soybean oil (adapted from Vahur et al., 2025).
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The intense peak at 1744 cm! is related to C=O stretching vibration in ester groups of TAGs (Suri
et al., 2019). Moreover, a weaker peak at 1654 cm™! associated with C=C stretching vibrations were
detected, indicating the presence of unsaturated bonds in Cis.; structure, one of the main fatty acids that
compose TAGs produced by Rhodococcus sp. Ave7 (Nosal et al., 2020). Additionally, the bands ob-
served between 1098-1158 ¢cm™ correspond to the stretching vibration of C-O bond in TAGs ester
groups. The band at 1464 cm™! is related with the deforming vibration of C-H bonds in aliphatic groups
of TAGs (Suri et al., 2019). A band at 722 cm™! appear due to the vibration of the -CH, groups present
in Cig.1 structure (Chaturvedi et al., 2023).

When compared to the FT-IR spectra of a soybean oil (Fig. II 14b), a relevant reference due to its
similar composition to the TAGs produced by Rhodococcus sp. Ave7, particularly the presence of Cis.1,
Cis:0 and Cie fatty acids, both spectra share similar features, such as the intense 1743 cm™ peak for
C=0 stretching and the 2922 and 2853 cm™ peaks for C-H vibrations, indicating a comparable TAG
structure. However, variations in peak intensity or position, such as those observed for the 1159 cm™
band in soybean oil, reflect differences in the composition of unsaturated fatty acids and potential vari-
ations in the degree of saturation or chain length of fatty acids (Poiana et al., 2015). These differences
likely result from the distinct cultivation conditions of Rhodococcus sp. Ave7 and TAGs recovery meth-

ods used.

I1.3.3.6. Characterization of PHA

Composition

The PHA produced by Rhodococcus sp. Ave7, in all assays, was a co-polymer of 3-hydroxybutyrate
(3HB) and 3-hydroxyvalerate (3HV) monomers, namely PHBV. As shown in Table II. 10, 3HV is the
main monomer in all assays, accounting for 60.5 = 0.2wt.% of the biopolymer produced in Assay A
under batch conditions, while under fed-batch mode, it increased, representing 88.1 = 0.3wt.% and 92.0

+ 0.1wt.% in Assays B and C, respectively (Table II. 10).

Table II. 10. Monomeric composition of PHA produced by Rhodococcus sp. AveT in biomass attained at the end
of the cultivation assays using REX-TPA as feedstock (n.d. not detected; 3HB, 3-hydroxybutyrate; 3HV, 3-hy-
droxyvalerate).

PHA composition (wt.%)

Assay
3 HB 3HV
A 39.5+£0.2 60.5+0.2
B 11.9+£0.3 88.1+0.3
C 8.1+0.1 92.0+0.1
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Similar composition, namely high 3HV contents, was reported for PHBV synthesized by different
Rhodococcus sp. For instance, R. ruber NCIM 40126 grown on different substrates, such as acetate,
fructose, glucose, presented 3HV as the main monomer, at contents ranging from 69-84mol%, whilst R.
rhodochrous ATCC19070 reached 3HV contents between 73-97 mol% while using the same substrate
(Haywoodt et al., 1991). Additionally, R. aetherivorans IAR23 produced a PHA with 79 mol% of 3HV
and 21 mol% of 3HB on acetate, increasing the 3HV fraction to 80mol% when grown on toluene (Hori
et al., 2009). R. pyridinivorans P23 is reported to synthesize PHA with 3HV monomer content higher
than 60 mol% using TPA as feedstock (Guo & Shao, 2020).

This study demonstrated that REX-TPA can be used as feedstock for the synthesis of high 3HV
content PHBV by Rhodococcus sp. Ave7. This increased proportion in 3HV in the polyester presents
the opportunity for tunning properties such as thermal features, which are crucial for the manipulation
during processing of PHBV copolymers blends applications (Langford et al., 2019). It has been reported,
for copolymers with 3HV contents similar to the one obtained in this study, melting temperatures (89-
110 °C) in the range of those reported for PHBV 50-80mol% with a variation regarding the crystallinity
degree (54-62 %), which affects directly on the biodegradability of the material (Feng et al., 2004;
Langford et al., 2019). Furthermore, the production of PHBYV is highly priced when compared to fossil-
fuel-derived plastics (Policastro et al., 2021), therefore, exploiting Rhodococcus sp. Ave7 upcycling of
TPA from depolymerized non-recyclable PET waste establishes the opportunity to render a more envi-

ronmental and circular economic process for plastics.

FTIR

The FT-IR spectra (Fig. Il 15a) for PHBV produced by Rhodococcus sp. Ave7 shows an intense peak
at 1723 cm™, corresponding to the stretching band of the carbonyl group (-C=0) (Ponjavic et al., 2023),
characteristic of PHA spectra. Peaks between 2855 to 2964 cm™! are associated with the C-H stretching
vibrations of the methyl and the methylene groups in the polymer structure and side chain (Ponjavic et
al., 2023), while the broad region between 969-1074 cm™ corresponds to the C-C bonds (Ajmal et al.,
2018). The peak at 1258 cm’!, linked to the asymmetric stretching of saturated ester bond (C-O-C)
(Ponjavic et al., 2023), is associated with the crystallinity of the biopolymer, suggesting that low crys-
tallinity is expected for the PHBV produced by Rhodococcus sp. Ave7 (Esmail et al., 2021). In com-
parison to the PHBV with 11% 3HV content (Fig. II 15b), the spectra for PHBV produced by RAodo-
coccus sp. Ave7 (Fig. 11 15a) exhibits notable differences, particularly in the intensity of this peak further
suggesting the reduced crystallinity of the polymer attained by Rhodococcus. Additionally, the varia-
tions in the band at 1452 cm™!, associated with CH, bending vibrations, highlight the influence of com-

positional differences in the polymer backbone.
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Figure II. 15 - FT-IR spectra of (a) PHBV produced by Rhodococcus sp. Ave7 during assay C, under fed-
batch with continuous feed conditions, and (b) PHBV with 11% 3HYV content (adapted from Chaber et al., 2022).

Molecular mass distribution

The PHBV produced had a M, of 277 kDa and a PDI of 1.5 (Table II.11), falling within the typical
range of My, (250-820 kDa) and PDI (1.4 to 2.7) values reported for PHBV with high 3HV content (58
to 98mol%) (Feng et al., 2004). Moreover, the My, and PDI obtained was also comparable to the PHBV,
260 kDa and PDI of 1.9, produced by mixed microbial cultures with 82mol% 3HV (Langford et al.,
2019). Nevertheless, the My, attained for Rhodococcus sp. Ave7 PHBV was low compared to the pro-
duced by R. pyridinivorans P23 (M, of 600 kDa) using TPA, but still within the same order of magnitude
(Guo & Shao, 2020).
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The PDI of the PHBYV attained in assay C suggests a good polymer uniformity, which may facilitate
its processing and biodegradation rate (Elhami et al., 2022; Hong et al., 2013).

Table II. 11. Physical- chemical and thermal properties of PHBV produced in Assay C from Rhodococcus sp.
Ave7 (My, molecular weight; PDI, polydispersity index; Tm, melting temperature; AHm, melting temperature; Teg,

degradation temperature; X, crystallinity index).

Characterization Value
My (kDa) 277
PDI 1.5

Tm (°C) 95.1
AHm (J/g) 26.3

Xe (%) 18.0

T (°C) -21.1

Taeg (°C) 270.0

Thermal properties

The biopolymer presented a T of 95.1 °C (Appendix A, Figure A.1) that is within the range of
several PHBV with 3HV contents varying between 58 and 98 mol% (89.9 -109.4 °C) (Feng et al., 2004),
and similar to the Ty, (101 °C) reported for PHBV produced with TPA as feedstock (Guo & Shao, 2020).
The high 3HV content in the copolymer lowers the T, significantly, thus broadening its processability
window, which facilitates the polymer processing in comparison to the homopolymer composed by
3HB, characterized by a Ti, very close to the degradation temperature (Urtuvia et al., 2023).

The PHBYV also exhibited a T, of -21.1 °C (Table II. 11), which is significantly lower than the typical
values reported for PHBV with 3HV contents of 82mol% (-13.2 °C) (Langford et al., 2019). The low
T, observed for PHBV may result from TAGs still present in the polymer matrix after 1-butanol precip-
itation, potentially acting as plasticizers that increase the free volume between PHBV chains and en-
hance their mobility at lower temperatures, as reported for PHBV and plasticizers blends (Nosal et al.,
2020; Umemura & Felisberti, 2021).

The polymer presented a crystallinity of 18.0% (Table II. 11), indicating it was more amorphous than
other 3HV-rich PHBV (40-50 mol % of 3HV) that present crystallinities within 50% (Feng et al., 2004).
For copolymers where 3HV content was higher, a higher crystallinity was expected since it would

mainly take the crystal structure of the P(3HV) homopolymer lattice (Wang et al., 2001). This decrease
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in crystallinity may be related to the presence of remnants of TAGs that were not completely removed
from the sample (Kaniuk et al., 2022), as previously detected in the biopolymer FT-IR spectrum. Nev-
ertheless, the biopolymer’s low crystallinity may provide more flexibility compared to other PHBV
blends with lower 3HV content, making it suitable for applications that require softer, more flexible
materials (Langford et al., 2019).

The biopolymer was thermally stable until 270 °C (Fig. II. 16), in concomitant with T4, (279 °C) for
other 3HV-rich PHBV, where it suffered a weight loss of 46% (Chan et al., 2019). Above this temper-
ature, a second weight loss of 15.5%, was attained at 395.5 °C followed by a third observed at 503.6 °C
for 33.8 % of weight loss. These later stages of degradation are attributed to the degradation of fatty
acids, confirming the decomposition of TAGs monounsaturated and saturated fatty acids, mainly com-

posed by Cis.1, Cigoand Cigo (Sanahuja et al., 2011).
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Figure II. 16 - Thermogravimetric curve of PHBV produced from Rhodococcus sp. Ave7 using REX-TPA as
feedstock.

The presence of fatty acids significantly affected the thermal properties of the sample. The fatty acids
within the polymer matrix exhibited higher Tqee than the individual oleic, stearic and palmitic methyl
esters (210-229 °C for 5% weight loss) or their ethylene glycol esters (228-248 °C) tested as potential
PHBYV plasticizers (Nosal et al., 2020). This shows that the presence of TAGs-derived fatty acids in the

polymer provide a higher window of thermal stability compared to previously PHBV composites with
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similar fatty acids. This demonstrates that PHBV materials with high 3HV content can be tailored by
adding natural fatty acids as plasticizers, enhancing the biopolymer’s performance, particularly in the

thermal stability for end-use applications (Nosal et al., 2020).

I1.4. Conclusions

This chapter reports the use of chemical depolymerized pcPET waste (REX-PET) as feedstock for
microbial upcycling experiments. REX-PET was processed into a TPA-containing solution (REX-TPA)
that was used as sole substrate for bacterial cultivation experiments.

Bacteria isolated from contaminated sites, namely Delftia sp. AveS and Rhodococcus sp. Ave7, were
tested for their ability to grow using REX-TPA. RSM was used to assess how the concentrations of
REX-TPA and ammonium influenced cell growth and polymer storage by each strain. Delftia sp. AveS
showed maximum CDW (2.12 g/L) for high REX-TPA (11.66 g/L) and ammonium (0.50g/L) concen-
trations. On the other hand, Rhodococcus sp. Ave7 revealed to be the strain able to produce higher CDW
values (5.09 g/L) for similar REX-TPA and ammonium conditions as Delfia strain. Concerning PHA,
Delftia sp. Ave5 and Rhodococcus sp. Ave7 were able to produce polymer under the experimental con-
ditions assessed in the RSM, for 10-11.66 g/L and 0.17-0.5 g/L ranges of REX-TPA and ammonium,
attaining 7.88 and 22.55wt.%, for Delftia sp. AveS and Rhodococcus sp. Ave7 respectively. Further-
more, during the experiments, it was possible to detected and quantify the accumulation of a second
storage compound by Rhodococcus sp. Ave7, TAGs for 6-10 g/L of REX-TPA under limiting concen-
tration of ammonium (0.03-0.17 g/L).

This work validated Rhodococcus sp. Ave7 as a promising microorganism for the bioremediation of
PET waste, given its high capacity for TPA bioconversion. The culture efficiently upcycled depolymer-
ized pcPET waste into biomass, PHA and TAGs. The biosynthesized TAGs, on the other hand, were
enriched in Cig.; and Cie:0, which might be of interest to pair with the existing production from vegetable
oils sources. The produced co-polyester PHBV, with a 3HV content up to 90wt.%, exhibited potential
for being used in PHBV copolymer blends. The recovered polymer demonstrated an impact on the sam-
ple thermal properties, related to the high content in 3HV and the presence of fatty acids, which con-
tributed to a broader thermal stability range. This suggested a potential opportunity to develop PHBV
with thermal properties improved by the presence of Cis.1, Cis:0 and Cig:o fatty acids as potential plasti-
cizers. Overall, the bioreactor process study demonstrated the potential of Rhodococcus sp. AveT for
effective biodegradation of chemically depolymerized mixed PET waste into value-added bio-based
products, thus contributing to reduce the impact of PET waste and valorising it into value-added prod-

ucts, within the circular economy concept.
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I11.

POST-CONSUMER PET WASTE UPCYCLING INTO BIO-
PLASTICS: UNLOCKING THE POWER OF A NATURAL

MICROBIOME

The results presented in this chapter, are part of the publication under preparation:

Rebocho, A. T., Almeida, B., Torres, C.A.V., Boer, T., Budin, C., Fournet, M.B., Reis, M.A., &
Freitas, F. Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural mi-
crobiome.

The depolymerized pcPET waste used in this study was kindly provided by the Materials Research
Institute of the Technological University of the Shannon Midlands Midwest (TUS) (Ireland), in the
scope of the PanEuropean project BiolCEP (https://www.bioicep.eu/).

The 16S rDNA community analysis was performed at Microlife Solutions (Amesterdam, Nether-
lands) by Dr. Tjalf de Boer and Clémence Budin, in the scope of the PanEuropean project Biol[CEP

(https://www.bioicep.eu/).
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Summary

This study evaluated the upcycling of chemically depolymerizing pcPET waste (named REX-PET)
into PHA, a natural biodegradable plastic. A microbiome collected from a river marshland was subjected
to a cyclic (4 days) feast-and-famine (F/f) strategy for 113 days, with hydraulic (HRT) and solids reten-
tion times (SRT) of 40 days, in a controlled bioreactor fed with a terephthalic acid (TPA) rich solution
prepared from REX-PET as sole feedstock. The prolonged HRT and SRT, coupled with a strategic cy-
clic 4-day F/f approach, allowed the system’s stability over only one retention time, resulting in a con-
sortium with a high PHA accumulation capacity using REX-TPA substrate, maintaining stability until
the end of the assay (an additional two retention times). During that time, three production assays were
conducted, in which the culture consumed up to 6.93 +0.03 g/L TPA in 29 h and reached PHA contents
in the biomass of 71.32 £ 0.34wt.%. The microbial community obtained in the end of the selection was
predominantly composed of Gammaproteobacteria, with Halomonadaceae and Zoogloeaceae families
identified as key contributors, both known for their PHA-producing capabilities. These findings demon-
strate for the first time the feasibility of converting a non-biodegradable petrochemical-based plastic
(i.e., PET) into a natural biodegradable plastic (i.e., PHA) by a mixed microbial culture using depoly-
merized PET waste as sole feedstock. The results also highlight the critical role of long SRTs and cyclic
F/f regimes in rapidly enhancing PHA production and establishing a robust microbial consortium for

sustainable plastic upcycling.

Keywords

Polyethylene terephthalate; Biodegradation; Plastic upcycling; Microbiome; Polyhydroxyalkanoates
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II1.1. Introduction

Microbial communities are complex and diverse networks of microorganisms interacting with each
other and their environment across diverse ecosystems (Zuiiiga et al., 2017). Their adaptability is driven
by their high enzyme diversity, robust protein expression, resilience to metabolic perturbations (e.g.,
nutrient availability, temperature, pH, tolerance to toxic compounds), as well as cooperative interac-
tions, like division of labour, enabling them to thrive and remain robust in a wide range of environments
(Lyu et al., 2024; Scarborough et al., 2022; Wu & Wang, 2024).

Due to these capabilities, microbial communities have been increasingly applied for bioremediation,
sustainable waste valorisation and biomanufacturing (Lahel et al., 2016; Scarborough et al., 2022). They
can degrade a wide range of complex substrates (Lyu et al., 2024) including lignocellulosic (Wongfaed
et al., 2023) and recalcitrant compounds such as petroleum wastewater (Ghosh & Chakraborty, 2020),
phenol (Zhang et al., 2018), chlorinated solvents (Amanat et al., 2022), mixed plastic waste and poly-
styrene (Marzulli et al., 2023). Thus, mixed microbial cultures (MMCs) have been increasingly used to
convert these feedstocks into high-value bioproducts, such as renewable energy (Campanari et al.,
2017), biochemicals (Zhou et al., 2017) and bioplastics (Silva et al., 2022), offering a sustainable alter-
native to fossil fuel-based production processes (Lyu et al., 2024).

MMC-based technologies are commonly derived from natural microbial consortia in which a selec-
tive pressure is applied under controlled conditions to guide the microbial community and activity to-
ward a specific function, namely the production of key catabolic products (Lin et al., 2011; Lyu et al.,
2024). For instance, selective enrichment of PHA-storing microorganisms through efficient conversion
of complex substrates into bioplastics. An example of this is the use of an acclimatized sludge for phenol
degradation, by varying parameters such as pH, dissolved oxygen levels and C/N ratio, the culture
achieved a maximum PHA% production rate of 1.15% min' under 500 mg/L of phenol (Zhang et al.,
2018).

During PHA production from feedstocks, MMC process typically involves three stages: (i) conver-
sion of wastes into organic acids through acidogenic fermentation; (ii) a selection reactor, in which a
microbial community is enriched with PHA-storing organisms by feeding with the organic acids pro-
duced in the acidogenic reactor, which are the precursors for PHA synthesis; (iii) an accumulation reac-
tor, where the enriched culture is fed with the organic acids up to the culture’s maximum capacity (Reis
etal., 2011).

The selection stage is a central part of process, where the culture is subjected to an aerobic dynamic
feeding (ADF) strategy, also known as the feast-and-famine (F/f) strategy (Chen et al., 2017). This ap-
proach alternates between periods of carbon availability (feast phase), which promote polymer storage,
followed by periods of carbon starvation (famine phase) during which stored PHA is consumed as
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carbon and energy source for cellular viability maintenance. Although the long famine period limits
RNA and enzymes levels, required for cell growth, the PHA synthase remains active, enabling a rapid
metabolic response at the start of a new feast phase, for PHA storage metabolism and its subsequent use
for growth during starvation (Moretto et al., 2020; Reis et al., 2011). Microorganisms’ incapable of
producing PHA during the feast, do not survive the famine phase and are eliminated from the reactor
(Nguyenhuynh et al., 2021; Pakalapati et al., 2018). The F/f strategy imposes a strong selective pressure,
favouring PHA-storing microorganism and enhancing their physiological adaptation to PHA synthesis
in the feast phase (Villano et al., 2014). Research on MMC technology has focuses on activated sludge
utilizing agro-industrial feedstocks, including municipal solid waste (Moretto et al., 2020), fruit waste
(Silva et al., 2022), and brewery spent grain (Guarda et al., 2024) aiming to enhance cost-effectiveness
(Zhou et al., 2023). More recently natural sediments, from soil sediments, coastal wetlands and river
estuarine have showed their potential as MMC for PHA production although using defined substrates
(Chen et al., 2017; Cui et al., 2016; Ntaikou et al., 2018).

Estuaries are coastal wetlands where the transition of sediments between marine and fluvial environ-
ments occurs, often acting as sinks for sediments (Moreira et al., 2009). The marshes affected by tidal
processes are dynamic habitats, characterized by cyclical fluctuations (dissolved oxygen, temperature,
and salinity) due to diurnal tides (Weinstein et al., 2020). In the Tagus Estuary, intertidal areas have
been contaminated from several human activities (maritime, aquaculture, agriculture, etc.), turning these
ecosystems vulnerable to accumulate plastic debris and pollution, that has been associated with urban
wetlands (Khuyen et al., 2021; Martins et al., 2023; Townsend et al., 2019). In these ecosystems, mi-
croorganisms play a crucial role for bioremediation of pollutants such as plastic debris and petroleum
hydrocarbons, in which recently isolated bacteria from mangrove sediments have demonstrated ability
to degrade PET (Afianti et al., 2024; Rawte et al., 2002).

MMCs have been evaluated for their ability to degrade TPA using active sludge (Aksu et al., 2021;
Ma et al., 2020) and natural microbiomes, such as mangrove sediments that showed potential to biode-
grade synthetic plastic like PET and PS (Auta et al., 2022). Although PHAs can be produced from PET
degradation monomers such as TPA, through microbial cultivations, by single cultures (wild strain or
engineered bacteria) (Liu et al., 2021; Maurya et al., 2023; Tiso et al., 2021), the production of PHA
from TPA with MMC is still to be reported.

The objective of this study was to select a culture enriched in PHA-producing microorganisms of a
natural microbiome from the Tagus River estuarine marshland (Corroios, Portugal) by applying a feast-
and-famine (F/f) regime. The sole feedstock was a TPA-containing solution (REX-TPA) obtained from
depolymerized pcPET waste (REX-PET), aiming to achieve the microbial valorisation of TPA. into
PHAs. To the best of the authors’ knowledge, this strategy has never been performed by a mixed

113



1. Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural microbiome

microbial culture (MMC). The produced bioplastic was characterized for its composition, molecular

mass distribution, and thermal properties.

II1.2. Materials and methods

II1.2.1. Post-consumer PET waste depolymerization and feedstock prepara-
tion

The depolymerization and preparation of pcPET waste as feedstock for bioreactor cultivation was

conducted as described in section 11.2.1.

I11.2.2. Microbial source

The natural microbiome was collected from Tagus River estuarine marshland (Fig. III. 1a), located
at Corroios, Portugal (38°38'27.3"N 9°07'46.0"W), on June 6%, 2023, during the low tide (7:30 am),
with an ambient temperature of around 20 °C. Approximately 1 L of sediments were collected from the
upper layer of a non-vegetated area and placed in a plastic bag (Fig. IIl. 1b). On the same day, the
sediments were sieved to remove larger particles (above 2-3 mm) and homogenised by magnetic stirring
(100-150 rpm) (Fig. III. 1c). A sample collected at 20 °C was taken to measure its pH and conductivity,

as well as for elemental analysis and ICP-AES.

Figure I1I. 1 - Tagus River estuarine marshland at Corroios, Portugal, on June 6, 2023, during the low-tide

(a), where sediments were collected (b) and later sieved to be used as inoculum for the selection bioreactor (c).
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I11.2.3. Cultivation assays

I11.2.3.1. Media

Mineral solution was used in all experiments. It was composed of (per liter): NH4Cl, 0.4 g; MgSO4
“TH,0, 0.6 g; CaCl,-2H,0, 0.07 g; EDTA, 0.1; KoHPO4, 0.92 g; KH,PO4, 0.45 g; micronutrients’ solu-
tion, 1 mL. The micronutrients’ solution comprised (per liter of IN HCI): 1.5 g FeCls-6H,O; 0.15 g
H3;BOs; 0.03 g CuSO4-5H,0; 0.03 g KI; 0.12 g MnCl»'4H,O; 0.06 g Na,MoOs4- 2H,0; 0.12 g
ZnS04-7H,0; 0.15 g CoCly-6H,0. The media was supplemented with REX-TPA to give a TPA con-
centration of approximately 20 g/L. Afterwards, it was autoclaved at 121 °C and 1 bar, for 20 min. The
phosphate solution was autoclaved separately and mixed with the rest of the medium after autoclaving

and cooling at room temperature.

I11.2.3.2. Selection bioreactor

A 2 L bioreactor (BioStat B-Plus, Sartorius, Germany) was operated with 4 days F/f cycles, com-
prising a feast phase initiated by feeding a pulse of fresh MSM (200 mL) supplemented with REX-TPA
to reach a TPA concentration of 2 g/L in the bioreactor, followed by a famine phase (determined by the
depletion of TPA). At the end of each cycle, 200 mL of cultivation broth were withdrawn, and the
subsequent cycle was initiated by addition of fresh MSM (200 mL) containing REX-TPA. These oper-
ating conditions corresponded to a hydraulic and solids retention times (HRT and SRT, respectively) of
40 days. The bioreactor (Fig. I1l. 2) was inoculated with the marshland sediments (~600 mL), prepared
as described above, and operated at controlled temperature (20 °C £ 0.1) and pH (8.00 + 0.50). pH
control was done through the automatic addition of 0.5 M HCl and 2 M NaOH. The air flow rate was
kept at 1 SLPM and the stirring rate was kept at 300-400 rpm.

Reactor performance was monitored over time by collecting samples (20 mL) at the beginning and
end of each cycle for the quantification of the total and the volatile suspended solid (TSS and VSS,
respectively), TPA, ammonium and PHA. The nutrients’ concentration and PHA content profiles were
further monitored throughout the 4 days of cycles 4, 9. 15 and 26. Samples were also taken for 16s
rRNA analysis.
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(a)

Feeding
solution

Figure III. 2 - Schematic representation of bioreactor (a) and experimental set-up used for 2 L (b) selection

bioreactor for marshland microbiome using REXTPA as feedstock.

I11.2.3.3. Production bioreactor

Fed-batch assays were carried out in a New Brunswick™ BioFlo®/CelliGen® 115 system (Eppen-
dorf AG, Germany) with a working volume of 0.8 L, operated at controlled temperature (20 + 0.1 °C),
pH (8.00 £+ 0.50), aeration (1 SLPM) and stirring rate (300 rpm). In each assay, the bioreactor was
inoculated with 200 mL of cultivation broth collected from the selection bioreactor at the end of the
famine phase of cycles 17, 22 and 28. The dissolved oxygen (DO) concentration was not controlled, but
it was continuously monitored because the abrupt increase on DO concentration signalled the exhaustion
of TPA. At that point, a pulse (80 mL) of REX-TPA solution (20 g/L) was fed to provide a TPA con-
centration in the reactor of 2 g/L.. A total of four pulses were provided to the culture during each assay.
Samples (12 mL) were collected throughout the assays, and used to quantify TSS, VSS, TPA, ammo-
nium and PHA. At the end of the assays, the broth was collected for PHA extraction.
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I11.2.4. Analytical methods

TSS and VSS were measured according to the standard methods (APHA, 1998). For nutrients’ and
PHA quantification, the broth samples were centrifuged (7012xg, 5 min, at 4 °C) for separation of the
pellet, which was freeze dried and used for PHA quantification, from the supernatant that was used for
quantification of TPA and ammonium. The TPA concentration was determined by HPLC as described
in section 11.2.1.3. The ammonium concentration was quantified by Skalar as previously explained in
section [1.2.5.2.

The freeze-dried pellets (3 mg) were used for PHA quantification by GC, after acidic methanolysis
at 100 °C, for 4 h, with benzoic acid (Sigma-Aldrich, >99.5 %) as internal standard, as described by
Rebocho et al., 2020. The obtained methyl esters were analysed in a GC-FID apparatus (Trace 1300,
Thermo Fisher Scientific, US) and a Restek column (Crossbond, Stabilwax), at constant pressure (96
kPa) using helium as carrier gas. The heating ramp comprised: 20 °C/min until 100 °C, 3 °C/min until
155 °C, and 20 °C/min until 220 °C. P(HB-co-HV) (88:12%mol, 3HB:3HV) (Sigma-Aldrich) was used
to construct a calibration curve with standards concentration ranging from 0.1 to 1.0 g/L. Replicate
measurements were done for all analyses.

The culture broth samples were stained with Nile Blue following the procedure described by Carval-
heira et al., 2022 and visualized under the microscope (Carl Zeiss Axio Imager D2) at a magnification

of 100x, under contrast and fluorescent light.

I11.2.5. Calculations

The F/f ratio was calculated by dividing the duration of the feast phase (h) by the duration of the
famine phase (h). The overall specific TPA removal rate (qrpa, (grea/(gvss.h)) was calculated by dividing
the amount of TPA consumed by initial VSS concentration and the production time. For PHA production
experiments, TPA removal efficiency (%) was obtained by TPA consumed divided by the TPA supplied
in all pulses.

The PHA overall volumetric productivity (rrua4, geua/(L.day) was calculated by according to the

equation:

Thua = o (I1.2.5.1.)

Where APHA (g/L) represents the polymer produced by the time elapsed, At (h).
The polymer yield on a substrate basis (Ypua/tea, grua/grea) was calculated on a substrate basis,
where APHA is the polymer produced (g/L) and ATPA (g/L) is the concentration of TPA consumed

during the production:

APHA
Youa/rea = 15, (I11.2.5.2.)
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I11.2.6. 16S rDNA community analysis

DNA was extracted and purified from lyophilized samples collected at the end of the cycle during
the selection process, using the Quick-DNA Soil Microbe kit (Zymo Research, Irvine, CA, USA). Se-
quencing of the full-length 16S rDNA was conducted using the MinlON next- generation sequencing
platform (Oxford Nanopore Technology, UK) featuring a Flongle adapter and a R9.4.1 Flongle flow
cell (Saraba et al., 2023). The barcoded DNA libraries were prepared with Oxford Nanopore’s 16S
barcoding kit 1-24 (Oxford Nanopore Technology, UK) following the manufacturer’s instructions, us-
ing 25ng of genomic DNA per sample and 30 PCR amplification samples. The final library consisted of
equal proportions of each barcoded sample and was sequenced for 30 hours. Base calling was performed
using the Guppy basecaller (v6.4.2) in high accuracy mode and reads were filtered by length to retain
reads between 1,200 and 1,800 base pairs. The quality of the filtered reads was then assessed, and se-
quencing primers sequences trimmed using Porechop (v0.2.4). Taxonomic classification was achieved
using KrakenUniq (Breitwieser et al., 2018). The visualization of taxonomic data was achieved using
Pavian (Breitwieser & Salzberg, 2020) in combination with in-house analysis pipelines (MicroLife So-

lutions, the Netherlands).

II1.2.7. PHA extraction and characterization

I11.2.7.1. PHA extraction and composition

The cultivation broth was centrifuged (10,375%g, 15 min, at 4 °C) and freeze dried. The biopolymer
was extracted from the dry pellet (~2 g) in a closed 100 mL shott flask, for extraction with chloroform
(60 mL), with controlled temperature (80°C), for 48 h, under constant stirring (150 rpm). Afterwards,
the polymer was purified by precipitation in ice-cold ethanol (1:10, v/v) and left at room temperature
until completely dry. Afterwards, PHA polymer samples (~1 mg) were used to determined monomeric

composition by GC as described in section I11.2.4.

I11.2.7.2. Thermal properties

DSC was conducted as previously described in section 11.2.6.3, with modification in heating and
cooling rate of 10 °C/min over a temperature range of -60 °C to 180 °C, through two heating cycles.

TGA analysis was performed as previously described in section 11.2.6.3.

118



111 Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural microbiome

I11.2.7.3. Molecular mass distribution

The number average molecular weight (M;), weight average molecular weight (My), and the poly-
dispersity index (Mw/M;) of the biopolymers were determined by SE-HPLC as described in section
11.2.6.4.

I11.2.8. PHB films: preparation and characterization

I11.2.8.1. Preparation of PHB films

Films were prepared by casting 15 mL of a 35 g/L biopolymer’s solution in chloroform (Sigma-
Aldrich, HPLC grade) in a glass plate with a casting knife (Elcometer 3580), adjusted to 150 um of
thickness. After solvent evaporation in the fume hood at room temperature, the film was peeled of the

glass plate and kept at room temperature in a closed glass petri dish until use.

I11.2.8.2. Characterization of PHB films

e  Morphology
The apparent thickness of the membrane was determined by a digital micrometer (Mitutoyo, Ando-
ver, UK) in an average of 6 measurements at different points of the membrane. The morphology of the
PHB films was assessed visually and by scanning electron microscopy (SEM). The samples were frozen
in liquid nitrogen and fractured in small pieces, followed by coating with a layer of gold-palladium
(60/40%) alloy (Q150T ES, Quorum Technologies, Ringmer, UK). The samples were analysed using a
benchtop scanning electron microscope (TM3030 Plus, Hitachi, Tokyo, Japan) with an acceleration

voltage of 15 kV. The obtained SEM images were processed by Imagel.

e Mechanical properties

The films were cut into rectangular-shaped test pieces (~30x15 mm), and tensile tests were per-
formed using a texture analyser (Food Technology Corporation, Wales, England), operated with a ten-
sile rate of 100 mm/min until break, using a load cell of 250 N, at room temperature. The Young’s
Modulus (E, MPa) was determined as the initial slope of the curve, the tensile strength (o, MPa) was
taken at the highest point of the curve just before break, and the elongation at break (g, %) was deter-
mined as the ratio of the length of the test piece at rupture point by its initial length. Five specimens

were tested for each film.
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e Permeability to oxygen and carbon dioxide
Gas permeation tests for pure CO; and O, were performed as described by (Neves et al., 2010) using
a stainless-steel cell with a feed and permeate compartments, separated by the polymer films. The films’

permeability (P, Barrer) for pure CO» and O, gases was calculated according to the following equation:

%lniﬁ =P (I11.2.8.1.)
14

where A, (bar) corresponds to the difference of the pressures in the feed and permeate compartments,

t (s) is the time and / (m) is the film’s thickness. f is a geometric parameter characteristic of the cell (m

1, and was obtained using the equation:

ﬁ=A< LIRS ) (II1.2.8.2.)

ered Vperm
where A is the film’s area (1 cm?®) and Vgeq and Vyyepqy, are the volumes (bar) of the feed and permeate

compartments, respectively. The gas permeability P was obtained from the slope when representing

1, A ) t
=~ In-22 as a function of -.
B A 1

e  Water vapour permeability
Water vapor permeability (WVP) was measured using modifications of the ASTM E 96 Standard
Method (‘cup method”) (CupMethod) at a relative humidity (RH%) of 51%, in a desiccator with a satu-
rated Mg (NOs)2:6H20 solution. Glass petri dishes (5 cm in diameter) were prepared with 5 mL of water
and covered with the samples, which were sealed to the petri dish with silicone sealant The prepared
petri dishes were weighted and placed in the desiccator at controlled temperature (30 °C). The samples
were weighed each day until no mass variation occurred and the WVP flux (g m's'Pa’!) was calculated

by the following equation:

WVP = Ny X 8

T (I11.2.8.3.)

where N, is the water vapour molar flux (g m2s™'), 8 (m) is the film thickness and AP, .y (Pa) is
the effective driving force, calculated as the water vapour pressure difference between both sides of the
film.

I11.2.9. Statistical analysis

The average and standard deviation values for PHA production profiles, as well as the biopolymer's
My, PDI, thermal properties, were analysed using a one-way ANOVA with Bonferroni’s multiple com-
parison test in GraphPad Prism 5 (GraphPad Software Inc., La Jolla, California) with the criteria for

statistical significance set at p < 0.05.
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II1.3. Results and Discussion

I11.3.1. Marshland sediments: characterization and source of the microbiome

The estuarine marshland sediments sample was a dense and viscous, heterogeneous material (Fig.
III. 1b) that contained large amounts of particles of different size. After sieving for removal of larger
particles (above 2-3 mm), the sample was still dense but more homogeneous, rendering it more suitable
for use as inoculum for the selection bioreactor (Fig. III. 1c¢).

The sample’s pH (8.03 £+ 0.04) (Table III. 1) aligns with typical pH values reported for similar estu-
arine environments, that from 7.5 to 9.0, as reported for the Tagus River estuary (Rodrigues et al., 2020)
and is consistent with pH values observed in intertidal marsh sediments collected from the Douro River
(7.9) (Magalhaes et al., 2007) and shallow marshland sediments (7.1-8.0) (Blume & Miiller-Thomsen,
2007; Du Laing et al., 2008). While slightly higher than the pH reported for Paio Pires salt marsh sedi-
ments (7.2) (Peres et al., 2016), the sample’s pH falls within the natural daily summer fluctuations (7.0—
8.5) (Koop-Jakobsen & Gutbrod, 2019), which corresponds to the season when the marshland sediments
used in this study were collected. Additionally, the pH of the sediments is in accordance with those
reported in bioreactors operated with F/f cycles for PHA-storing microbiome enrichment (Carvalheira
et al., 2022; Villano et al., 2010), supporting the choice to set the selection bioreactor at pH 8.00.

The sediments had a conductivity of 1.5 + 0.36 mS/cm, reflecting the low tide and warm conditions
at the time of collection in a brackish environment, typical of locations with substantial river input (Bur-
chard et al., 2019). This value is in accordance with studies indicating that estuarine sediments exhibit
variable conductivity due to tidal cycles, which affect the balance of freshwater and saltwater (Burchard
et al., 2019). In contrast, samples from the nearby River Coina salt marsh, showed higher conductivity
values (7.2 to 18.5 dS/m) (Santos et al., 2017), highlighting the Corroios heterogenous sediment, shaped
by the dynamic tidal interaction’s characteristic of estuarine environments (Burchard et al., 2019).

The sediments collected had a TSS of 540.81 +22.78 g/L of which 56.78 =2.30 g/L. were VSS. This
low VSS/TSS ratio (10.50 + 0.01%) is consistent with the characterization of Tagus estuary sediments
mainly composed of sand, silt and clay with added organic matter (Silva et al., 2013). The sample’s
composition was confirmed by elemental analysis, which showed that its content in carbon was only
1.43+0.10% (Table III. 1), characteristic of mineral-rich sediments as those reported by low accumula-
tion of organic matter (3.39 + 1.83 mg cm ™ per year) for sediments collected from tidal estuaries (Wu

et al., 2023).
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Table III. I Characterization of the sediments collected from Corroios marshland (tr, traces).

Parameter Value
Conductivity (mS/cm) 1.5+0.36
pH 8.03 £ 0.04
TSS (g/L) 540.81 +£22.78
VSS (g/L) 56.78 £2.30
VSS/TSS (%) 10.50+0.01
Elemental analysis (%)

Carbon 1.43 £0.10

Sulphur 0.82 £0.20

Hydrogen 0.46 +0.03

Nitrogen 0.17 £0.02
Element (mg/L)

Na 147.51

Mg 45.10

Ca 17.16

B 1.61

Si 1.38

K 0.23

Li 0.15

P, Cu, Mo, Mn tr

The sediments primarily contained Na (147.51 mg/L) and Mg (45.10 mg/L) (Table III. 1), consistent
with the predominant water-soluble cations found in marshland soils and estuarine sediments influenced
by tidal seawater mixing (Wang et al., 2011; Zhao et al., 2017). The abundance Na in estuary seawater
(Adesina & Ogunseiju, 2017), demonstrates the tidal influence on Corroios Marshland environment.
Lower concentrations of Ca (17.16 mg/L), B (1.61 mg/L), Si (0.80 = 0.81 mg/L) and K (0.23 mg/L)
were detected. The relatively low Ca levels obtained may also result from ion exchange processes, where
Mg and Na displace Ca and K on clay minerals, contributing to nutrient retention in estuary sediments
(Adesina & Ogunseiju, 2017). Furthermore, traces of P, Cu, Mo, Mn (<0.05 mg/L) were also detected,
suggesting that Corroios marshland sediments may act as a sink for dissolved minerals and trace ele-
ments (Cui et al., 2016; Peres et al., 2016).

The potential of aquatic sediments as source of microorganisms for bioprocess development has been
previously demonstrated in other studies. For instance, lake sediments were tested for degrading PET-
derived compounds (e.g. TPA) (Schaerer et al., 2023), while river sediments have been utilized to screen
for microbes capable of degrading aromatic pollutants (e.g., benzene, biphenyl, naphthalene) (Narancic
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et al., 2012), further highlighting the versatility of these microbial communities. Particularly, the Cor-
roios marshland sediments’ characteristics render it suitable candidate microbiome for developing a
bioprocess for production of PHA due to their diverse microbial community and adaptability to variable
estuarine conditions (e.g. pollutants accumulation, salinity, nutrient availability) (Li et al., 2019). This
adaptation is reflected in the sediment's physicochemical properties and makes these microbiomes prom-
ising for PHA production, as wetland microorganisms often produce PHA as an energy reserve under
stress (Grey et al., 2023). Although the VSS content in marshland sediments may be low, authors have
reported 0.345 g/L. of VSS from estuarine sediments used as inoculum in a saline wastewater treatment
reactor (Cui et al., 2014). To enhance the proliferation of PHA-storing microorganisms within such

microbiomes, enrichment techniques such as F/f regime were successfully applied (Cui et al., 2016).

II1.3.2. Culture selection: the feast and famine strategy for enrichment in

PHA storing organisms

A selection reactor was operated under F/f regime with 4-day cycle, fed with REX-TPA as sole
carbon source, operated for 113 days. The REX-TPA solution was prepared as previously described in
section I1.2.1.3. Monitoring cycles were conducted for a few cycles to verify the culture’s evolution.
Upon its stabilization, production assays were performed, in which successive pulses of TPA were pro-

vided for PHA production

Cell Growth

To select a consortium able to use REX-TPA and produce PHA, the marshland microbiome was
subjected to a selective pressure that consisted in applying cyclic feast/famine (F/f) conditions. This
selection process was carried out in a 2 L bioreactor over a period of time of 113 days, with each F/f
cycle lasting 4 days (except the first cycle that comprised 5 days). At the beginning of each cycle, a
REX-TPA solution supplemented with ammonium was supplied to the bioreactor obtaining approxi-
mately concentrations of 1.68 = 0.20 and 0.11 + 0.05 g/L, respectively, during the selection process.

As shown in Fig. III. 3, at the beginning of the assay, organic matter (VSS) in the bioreactor repre-
sented a small fraction (17.0 + 0.7 g/L), representing 10.5wt% of the total solids (TSS) (162.2 + 6.8
g/L). However, within the first SRT, there was a significant reduction in inorganic material content, with
the VSS (3.1 £ 0.4 g/L) representing 26.3wt% of the TSS (11.6 £ 0.9 g/L). This increase in the VSS/TSS
ratio indicates a rapid organic fraction enrichment occurred, enabled by the extended SRT with a more

gradual yet effective removal of inorganic particles.
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Figure III. 3 - TSS (A) and VSS (B) concentrations at the beginning (full bars) and at the end (open bars) of

the F/f cycles throughout the operation of the selection bioreactor.

The decrease in VSS from 17.0 g/L to 3.1 g/L, likely resulted from the removal of non-PHA-produc-
ing microorganisms’ and the slow growth of PHA-storing bacteria during continuous REX-TPA feeding
(Zhou et al., 2023a). During the second SRT and until the end of operation, both VSS and TSS stabilized
(Fig. I1I. 3), with VSS varying between 3.1 + 0.4 g/L and 4.3 + 0.4 g/L, representing 36wt.% of the total
solids at the end of selection reactor operation, thus showing the system had reached a stable VSS con-
centration with a SRT of 40 days and successive feeding of REX-TPA as sole feedstock.

Similar trends have been reported for other MMC systems, in which higher biomass content was

attained with an SRT of 8 days rather than 2 days, using fermented agriculture wastes (Zhou et al.,
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2023a). Comparable VSS concentrations (1.5-3.4 g/L) were also observed for an MMC system fed with
acidified hardwood spent sulphite liquor, operated at an SRT of 5 days and an HRT of 1-2 days (Pereira
et al., 2020). Similarly, the MMC system fed with bio-oil from chicken beds fast pyrolysis, tested at
SRT of 5 days and HRT of 1 day, reached a VSS of 3.8 g/L (Fidalgo et al., 2014).

MMC systems typically operate with SRT values (1-10 days) higher than their HRT (24 h) (Jaya-
krishnan et al., 2020; Moretto et al., 2020; Queirés et al., 2015) and were reported to require at least 3
SRTs to achieve stability (Colombo et al., 2017). In the present study, despite the longer and equal HRT
and SRT (40 days) applied in the F/f cycles, the Corroios marshland microbiome reached stable opera-
tion with one SRT/HRT, as demonstrated by the VSS and TSS values observed afterwards (Fig. III. 3).
These findings highlight the microbiome’s adaptability and capacity to efficiently utilize a complex
substrate as REX-TPA. Furthermore, the long retention times may have facilitated the establishment of
a well-adapted microbial community capable of efficiently metabolize REX-TPA, ultimately leading to
process stability. The visual evolution of the selection bioreactor (Fig. III. 4) reflects the progressive
adaptation to REX-TPA substrate. Initially, in cycle 1, the culture appeared dark and dense due to the
high inorganic content of the marshland microbiome. As selection progressed, the decrease in TSS and
stabilization of VSS led to a gradual clarification of the medium (cycles 9 to 17), indicating the removal
of a non-PHA accumulating microorganisms. By cycle 28, the reactor exhibited a lighter and more ho-
mogenous appearance (Fig. III. 4d) similar to cycle 17, keeping a more stable selection in the second

SRT to the end of the selection.

Figure III. 4 - Selection bioreactor for marshland microbiome in cycles 1 (a), 9 (b), 17 (c) and 28 (d) during

selection stage using REX-TPA as feedstock.
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Nutrients’ removal

The culture successfully depleted TPA in all cycles, with an overall average consumption of 1.68 +
0.03 g/L (Fig. III. 5a), demonstrating its adaptation to using TPA as carbon source. Regarding ammo-
nium, there was a build-up of this nutrient during the first selection cycles, namely from 1 to 9, due to
its incomplete consumption within the 4 days’ cycles (Fig. III. 5b). Nevertheless, the culture demon-
strated increasing ammonium consumption over the cycles, reaching complete consumption after cycle
9. This may be attributed to the variation observed for VSS concentration during the first SRT, with
VSS gradually increasing from 3.44 g/L to 3.90 g/L between cycles 9 and 16 (Fig. II1. 3b).

These results demonstrate the effectiveness of applying F/f conditions for TPA uptake as a carbon
source by the MMC derived from marshland microbiome. This novel approach achieved 100% TPA
removal efficiency at a stable rate of 0.23 grpa/h after the first SRT, as evidenced by the monitored
cycles 15 and 26 (Fig. III. 6). This efficiency was maintained until the end of the selection, using an
average TPA concentration of 2 g/L per cycle. Interestingly, the removal efficiency for such substrate
concentrations is higher than that reported for other biological systems, although those studies tested
lower TPA concentrations as carbon and energy sources.

The reported studies are mostly focused on continuous anaerobic/aerobic systems for TPA removal
in wastewater treatments. As far as the authors are aware, this study is the first to apply an F/f strategy

for selecting a microbial consortium enriched in PHA producers using TPA as carbon source.

126



1. Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural microbiome

2.50
(A)

2.00 -+

1.50 4

TPA (g/L)

1.00 -+

0.50 -

0.00
(B)

0.16 -

0.12 A

Ammonium (g/L)

008 { ' I

0.00 t t t y } y 1 t t t —= t t + y 1 t y t t + 3 1 + y t
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Cycles

Figure III. 5 - TPA (A) and ammonium (B) concentrations at the beginning (full bars) and at the end (open

bars) of the F/f cycles throughout the operation of the selection bioreactor.

Other studies describing the assimilation of TPA by MMC systems include, for example, that of
Aksu et al., 2021 which achieved an 85.8% TPA removal (corresponding to a removal rate of 0.379
mgrpa’h) using a bioaugmented continuously stirred tank reactor (CSTR) with pre-selected TPA-de-
grading bacteria from activated sludge of a petrochemical wastewater treatment plant, with 50 mg/L of
commercial TPA. Similarly, Vural et al., 2020 used a CSTR with activated sludge bioaugmented with
hydrocarbon-degrading strains to treat a feed containing 372.6 mg/L TPA, achieving a removal effi-
ciency of 97.9%. Both studies achieved lower removal efficiencies and rates than the present study
(100% removal efficiency and 0.23 grpa’h removal rate achieved), while operating at lower feed con-

centrations compared to the 2 g/L of REX-TPA used in this study. Yang et al., 2014 achieved 98.2%
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TPA removal in a polyester wastewater treatment system combining an anoxic hydrolysis-acidification
reactor (HABR) and an aerobic hybrid membrane reactor (HMBR), treating 150-600 mg/L TPA. Liu et
al., 2019 achieved 76-78% TPA removal in a moving-bed biofilm reactor (MBBR) inoculated with
Delftia sp. strain WL-3, testing 500—1750 mg/L TPA with HRTs of 24—-36 hours. In contrast, the selected
marshland MMC demonstrated superior performance with complete TPA removal at higher feed con-
centrations without applying bioaugmentation approach.

Several microorganisms have been evaluated for TPA degradation under different conditions. RAio-
dococcus erythropolis MTCC 3951 is reported to degrade 20 g/L in 84 h, corresponding to a TPA re-
moval rate of 0.23grpa’/h, which is similar to the selected marshland MMC during stable feast phases
(Maurya et al., 2023). Furthermore, Pseudomonas umsongensis GO16 which is an isolated bacteria from
a PET bottle processing plant (Kenny et al., 2008), has been studied due to its metabolic versatility to
use a wide range of substrate including PET-derived products, has reported higher rate of 1.88 grpa/h,
degrading 90 g of TPA obtained from the pyrolysis of PET, in 48 h under optimized fed-batch conditions
for mcl-PHA production (Kenny et al., 2012a). While single cultures may achieve higher TPA con-
sumption rates, the selected MMC from the marshland microbiome presents the benefit of lower oper-

ational costs due to reduced sterility requirements (Chen et al., 2017).

PHA synthesis

The culture’s capacity for PHA synthesis was evaluated throughout the selection reactor operation,
by monitoring the profiles for the nutrients’ concentrations, namely TPA and ammonium, and PHA
content in the biomass, in cycles 4, 9, 15 and 26. During the first HRT, the monitoring profiles for cycles
4 (Fig. III. 6A) and 9 (Fig. IIl. 6B) showed a significant variation in the duration of the feast phase
(determined by TPA exhaustion). In cycle 4, the feast phase had a duration of 18.5 h, which decreased
to 11.4 h in cycle 9, lowering the F/f ratio from 0.24 to 0.13 (Table III. 2). However, no PHA accumu-
lation was detected in either cycle (Table III. 2), despite the extended famine period, which is a key
factor in applying physiological selective pressure to promote polymer storage when ammonium and
carbon are fed simultaneously (Reis et al., 2011). Additionally, the significant reduction in the duration
of the feast phase that shows the faster TPA consumption by the culture, coincided with the decrease in
VSS concentration, from 7.28 + 0.12 in cycle 4 to 3.73 + 0.24 in cycle 9. This indicates there was a
selection of microorganisms able to thrive on TPA as sole carbon source, while those that could not grow

on TPA were eliminated.
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Figure III. 6 - Selection bioreactor monitoring: profiles obtained for cycles 4 (A), 9 (B), 15 (C) and 26 (D). (e,
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After cycle 9, the culture was able to deplete the ammonium during the famine phase (Fig. III. 6C).
A further decrease in the F/f ratio was observed (0.10 and 0.09, for cycles 15 and 26, respectively), with
the feast phase duration being reduced to only 8.9 h and 7.8 h, for cycles 15 and 26, respectively, indi-
cating that the selective pressure become more effective, resulting in a culture able to consume TPA at
a higher rate. During this period, the biomass reached PHA contents of 5.29 + 0.11% (cycle 15) and
10.27 £ 0.76% (cycle 16) (Table III. 2). The reduction of the feast phase duration, alongside with the
observed increased specific TPA removal rates (0.088 £ 0.001 and 0.071 + 0.002 grpa/(gvss.h)) and
complete consumption of ammonium, favoured the enrichment of the microbiome in PHA-storing mi-

croorganisms (Reddy & Mohan, 2012) (Fig. III. 6).

Table III. 2 Cycles’ monitoring performance of the culture during the selection reactor operation. The values rep-

resented are mean + standard deviation. (F, feast; f, famine; F/f, Feast to famine ratio; n.d. not detected).

Cycle 4 9 15 26
Day of operation 13 33 57 101
Duration (h) 18.5 114 8.9 7.8
VSS (g/L) 7.28£0.12 3.73+£0.24 2.58 £0.04 3.28+0.11
TPA (g/L) 2.00 £0.09 1.48 £ 0.01 2.01+0.00 1.81+0.03
Specific TPA removal rate
0.015 +£0.001 0.035 £ 0.002 0.088 £0.001  0.071 £0.002
Feast phase (grpa/(gvss.h))
Ammonium (g/L) 0.19 +0.00 0.17 £ 0.00 0.07 +0.00 0.09 +0.00
Ammonium consumed
0.14£0.00 0.11£0.00 0.06 +£0.00 0.08 £0.00
(g/L)
PHA (%) * n.d n.d. 529+0.11 10.27 £0.76
Famine phase Duration (h) 79.0 83.5 87.1 88.2
F/f ratio 0.24 0.13 0.10 0.09

* Calculated on a VSS basis

The profiles shown in Fig. III. 6 indicate that the F/f regime imposed a significant selective pressure,
effectively enriching the marshland MMC in PHA-accumulating bacteria, using a complex feedstock
such as REX-TPA. The culture TPA removal rate increased over time, leading to shorter feast phases
and correspondingly longer famine periods. This shift in F/f dynamics, with ratios consistently below
0.2, aligns with the recommended values for effective internal limitation, towards PHA storage and
ensuring selection stability (Queiros et al., 2015), indicating a well-conducted selection process in fa-

vouring PHA-accumulating microorganisms. Although the commonly recommended F/f value for
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enriching MMC in microorganisms able to accumulate PHA are within 0.2 and 0.3 (Albuquerque et al.,
2010; Colombo et al., 2016; Dionisi et al., 2006), several studies have reported lower F/f ratios, ranging
from 0.05 = 0.01 to 0.08 (Guarda et al., 2024; Johnson et al., 2009), while achieving good PHA accu-
mulation in the biomass (24-53%). This suggest that a lower F/f ratio can support effective selection of
PHA accumulating organisms.

As stated above, the long SRT and HRT values applied to the marshland microbiome (40 days) were
also relevant in assuring the evolution of the culture towards improved PHA storing capacity, which
was established after just one SRT/HRT. While the culture exhibited a slightly lower PHA accumulation
content when compared to other MMC selections with shorter SRTs, between 1 and 10 days (Cui et al.,
2016; Jayakrishnan et al., 2020; Valentino et al., 2017), commonly applied in F/f systems for culture
enrichment in PHA accumulating organisms, longer SRTs (within 20-25 days) (Basset et al., 2016;
Wang & Cui, 2024) have also been reported to achieve stable PHA producing cultures within a lower
number of applied SRTs (~1.5).

As demonstrated for the marshland microbiome, the use of long SRT/HRT was successful in estab-
lishing a stable MMC with the capacity to accumulate PHA after only one SRT, thus representing a
relatively rapid culture adaptation to the tested REX-TPA substrate.

I11.3.3. Microbial composition dynamics during the selection process

There was a clear evolution of the microbiome’s composition across the selection bioreactor under
the selective pressure applied through the cyclic F/f strategy (Fig. II1. 7). It was not possible to analyse
the initial marshland microbiome sample since it had a very low organic fraction, which resulted in low
read counts for microbial identification.

The microbial community showed a highly diverse composition during the first SRT. At Class-level
(Fig. II1. 7a), during cycle 5, the reactor was dominated by Proteobacteria specifically, Betaproteobac-
teria (32.5%), Gammaproteobacteria (23.0%) and Alphaproteobacteria (18.6%), which are commonly
found in coastal freshwater wetlands (Zhao et al., 2020) (Mellado & Vera, 2021). In this phase, mem-
bers of Alcaligenaceae (31.2%), Xanthomonadaceae (17.8%) and Rhodobacteraceae (12.4%) families
were the primary contributors to the diversity of the early-stage microbial community. The predominant
genera included Paenalcaligenes, Lysobacter, and Pseudorhodobacter which have been identified in
various soil bacterial communities, including coastal and wetland soils (Sun et al., 2022; Zheng et al.,
2024), crude-oil polluted soils (Omenna et al., 2023) and plastic-contaminated soils (Meng et al., 2024;
Mitzscherling et al., 2022).
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Figure III. 7 -Taxonomic composition of the bacterial community achieved during the reactor selection of the
marshland microbiome using REX-TPA as feedstock. Relative abundance (cut-off 2%) of bacterial communities

at the class (a) and family (b) level on different selection cycles.

This community structure remained stable until cycle 11 (Fig. III. 7), marking the completion of the
first SRT, with the predominant classes, Betaproteobacteria, Gammaproteobacteria and Alphaproteo-
bacteria reported as a source of microorganisms capable of degrading aliphatic and aromatic hydrocar-

bons (Brzeszcz & Kaszycki, 2018; Crisafi et al., 2022; Sierra-Garcia et al., 2014). From this stage until
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cycle 28, there was a notable shift in the microbiome composition (Fig. III. 7). Gammaproteobacteria
became dominant (49.1%), indicative of its competitive advantage under the reactor’s operational con-
ditions, during the second SRT, using TPA as substrate. This dominance suggests that these microorgan-
isms adapted to the F/f regime and were able to withstand the famine phase, by utilizing PHA storage,
according with previous studies on MMC cultures seeded with estuary sediments (Cui et al., 2016).

The presence of Alcaligenaceae (7.5%), Rhodobacteraceae (4.4%) and Xanthomonadaceae (1.7%)
at low abundance until the end of the operation suggests their role as core bacteria, contributing to the
stability and function of the microbiome. Particularly, Rhodobacteraceae and Xanthomonadaceae,
known producers of biofilm and extracellular polymeric substances (EPS), likely playing a key role in
maintaining long-term biomass stability (Paulo et al., 2021). Additionally, the presence of Deinococci
class, particularly the Deinococcus genus, known for degrading synthetic polymers, including PET
(Makryniotis et al., 2023), further indicates the establishment of TPA degraders within the microbiome.

By cycle 28, the most abundant families were Halomonadaceae (46.8%) and Zoogloeaceae (15.7%)
(Fig. III. 7b). These families were associated with Halomonas and Thauera genera identified in micro-
biome. Halomonas presence is reported within microbial communities that efficiently degrade plastics
in contaminated sites (Niu et al., 2021) including PET and PE films (Gao & Sun, 2021). Meanwhile,
Thauera is reported for its role as organic compounds degraders (e.g. polycyclic aromatic hydrocarbons)
(Huang et al., 2021). Both genera are described as PHA producers (Sruamsiri et al., 2020; Wang & Cui,
2024). Nevertheless, to the best of our knowledge there are no reports confirming their ability to upcycle
TPA into PHA.

The establishment of PHA-storing microbes under the selective pressure applied (F/f ratio of 0.1)
with a SRT of 40 days suggests a positive effect on the bacterial community, aligning with previous

studies on similar operating conditions (Frison et al., 2021).

I11.3.4. Polymer production: pulse feeding for enhanced PHA accumulation

by the selected microbiome

Three polymer production assays were performed to evaluate the culture’s performance under per-
manent feast conditions, by supplying three REX-TPA pulses. Those assays were conducted using bio-
mass collected from the selection bioreactor at the end of the famine phase, in days 69 (assay A), 89
(assay B) and 113 (assay C). All assays were initiated with a TPA concentration of 2 g/L and an ammo-
nium concentration of 0.1 g/L. Subsequently, after TPA exhaustion, three REX-TPA pulses were sup-

plied to the culture, to give a TPA concentration in the bioreactor of 2 g/L. TPA. No further ammonium
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was supplied to the culture to impose growth limiting conditions to the culture, which are known to
favour PHA accumulation by the cells (Ntaikou et al., 2019).

Fig. I1I. 8 shows the profile obtained in Assay C, which is representative of the 3 production assays
conducted. In this assay, the initial TPA (1.93 +£0.01 g/L) was nearly exhausted within 8 h, correspond-
ing to an overall consumption rate of 0.22 grpa/(L.h). Subsequently, a REX-TPA pulse was provided to
the culture at 8 h to guarantee carbon availability for PHA production. During this first REX-TPA pulse,
a VSS of 0.84 + 0.56 g/L was produced (Table III. 3) and the available ammonium (0.11 g/L) was
exhausted at 14 h of cultivation. An increased TPA consumption rate of 0.27 grpa/(L.h) was also ob-
served. In the second pulse, provided at 15 h, the TPA consumption rate increased further to 0.31
grea/(L.h), a maximum obtained during the assay, decreasing to 0.19 grpa/(L.h) after the last pulse. The
culture’s performance demonstrates the selected microbiome’s ability to increase TPA consumption rate
from pulse to pulse, which is a typical trend observed during PHA production assays with pulse-wise

feeding (Cui et al., 2016).

Table III. 3. Kinetic and stoichiometric parameters of the PHA production assays (VSS, volatile suspended sol-

ids; rpr4, PHA volumetric productivity; Yeuarea, PHA yield on TPA basis).

Assay A B C Average

Selllel?tﬁ: (l))l;ot;giti:rt?;ays) 69 89 13

VSS produced (g/L) 0.87 % 0.29 0.55+0.14 0.84+0.56 0.75+0.18
?gyga" TPA consumption 5.65+0.04 5.07+0.03 6.93+0.03 5.88+0.95
TPA removal efficiency (%) 86.34+0.01 74.71 4 0.01 92.87+0.01 84.64 +9.20
PHA (Wt.%) * 63.44 % 0.07 60.65 + 1.49 71.32 4 0.34 65.14 % 5.37
PHA (g/L) 1.26 £ 0.06 1.16 +0.03 1.29+0.01 1.24+0.07
rpia (geua/(L.day) 1.35+0.07 0.60 + 0.06 1.07 £ 0.01 1.01 +0.38
Overall Ypia/rea (gp1a/grea) 0.22+0.05 0.23 +0.03 0.19 % 0.00 0.21 % 0.02

* on a VSS basis.
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Figure III. 8 - Profile of TPA and ammonium concentration and PHA content in the biomass over time for assay
C (a), in which the production bioreactor was inoculated with biomass collected from the selection bioreactor in

day 113 (e, TPA (g/L); X, Ammonium (g/L); €, PHA (g/L)) and experimental set-up for PHA production (b).

PHA synthesis was initiated during the cell growth phase, as shown by Nile Blue staining (Fig. III.
9), attaining 0.97 £ 0.03 gpua/L by the end of the first pulse (around 15 h) (Fig. III. 8), corresponding to
a polymer content in the biomass of 54.8 + 0.26wt.%. During the second pulse, PHA production in-
creased further, reaching 1.23 + 0.06 gpua/L by 21 h, representing 69.4 + 3.06wt.% of polymer content
of the biomass. This increase was supported by the maximum TPA consumption rate observed during
this period of the assay. From this moment until the end, polymer synthesis continued, attaining a max-
imum production of 1.32 & 0.03 gpua/L at around 27 h (Fig. III. 8), with a polymer content of 71.32 +
0.34wt.% (Table III. 3). The decrease in TPA consumption rate during the final pulse suggests a decline
in the culture’s metabolic activity to convert TPA into PHA, likely due to the microorganisms reaching
PHA storage saturation as a result of continuous polymer accumulation (Tamang et al., 2019). These
findings indicate that the selected microbiome fed with REX-TPA solution was able to achieve high
polymer contents, sustaining its high efficiency in upcycling TPA into PHA, which was established after
just one SRT.
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Figure III. 9 - Microscopic observations under fluorescent light, with 100x magnification, of biomass sam-

ples stained with Nile blue. Samples collected from the PHA production assay performed at the end of the cul-
ture selection, at 3 h (A), 12 h (B) and 29 h (C).

There was an average VSS production of 0.75 + 0.18 g/L, concomitant with an average PHA accu-
mulation of 65.14 + 5.37wt.% (Table III. 3). Concerning substrate consumption, the culture exhibited
high TPA removal efficiency (84.64 + 9.20%) during the polymer productions. The lower TPA removal
efficiency observed for assay B (74.71 + 0.01%) is probably related with the lower concentration of
VSS produced in the assay. Additionally, the overall polymer yield was 0.21 £ 0.02gpua/grea, reinforcing
that the selected microbiome ability to convert TPA into PHA efficiently remained stable.

The results obtained in assays A, B and C show the overall performance of the selection bioreactor
remained relatively stable between days 69 and 113. For instance, the TPA removal efficiency remained
high across all assays, with an average of 84.64 + 9.20%, despite slight variations between 86.34 +
0.01% and 74.71 + 0.01% (Table III. 3). Similarly, PHA content showed consistency, averaging 65.14
+ 5.37wt.%, with values ranging from 60.65 £+ 1.49wt.% to 71.32 + 0.34wt.% (Table IIL. 3).

The slight differences among the average kinetic and stoichiometric parameters of the production
assays were not statistically significant (Appendix B, Table B.1). These results show that, overall, the
performance of the MMC selected from the marshland microbiome had consistent and comparable per-
formance, indicating a stable and reliable culture.

Although no similar PHA production bioprocess has been reported for MMC utilizing PET-degrad-
ing products as feedstock, polymer production by the selected microbiome was comparable to those
achieved for MMC systems selected from other natural microbiomes, like river sediments, using acetate
(64.7wt.%) and glucose (60.5wt.%), and were notably higher than those observed with starch
(27.3wt.%) (Cui et al., 2016). This indicates that the selected microbiome exhibited superior PHA stor-
age efficiency with TPA compared to MMCs relying on more defined carbon sources. Furthermore, the
PHA accumulation attained by the culture selected from marshland microbiome using REX-TPA was

similar to or even exceeded values reported in the literature for MMCs using various feedstocks,
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including sugar cane molasses (74.6wt.%) (Albuquerque et al., 2010), cheese whey (43wt.%) (Oliveira
et al., 2018), lignocellulosic-based hydrolysate (27wt.%) (Dai et al., 2015) and confectionary industry
effluents rich in ethanol and lactate (52.6 - 59.1wt.%) (Rangel et al., 2023). Nevertheless, the overall
polymer yield was 0.21 £ 0.02gpna/grra, is still lower compared to that reported for wood hydrolysates
(0.32 gpup/gsugars) (Dai et al., 2015) from lignocellulosic feedstock.

The microbial uptake of TPA is more complex due to its size and charge, requiring specific trans-
porters to enter the cell (Hosaka et al., 2013; Kincannon et al., 2022), as it cannot diffuse freely across
the cell membrane such as acetate (Pinhal et al., 2019). Consequently, substrates that require active
transport, such as TPA are associated with higher oxygen demand for PHA storage , while conditions
favouring passive diffusion (e.g., acetate) require less (Werker et al., 2022). Once internalized, TPA
undergoes a multi-step metabolic pathway, where it is activated by TPA-dioxygenase, then subjected to
ring cleavage before entering central metabolic pathways, a process that demands significant enzymatic
activity (Gautom et al., 2021; Kincannon et al., 2022).

Furthermore, similar polymer yields (0.17 gpua/grra) have been attained by single cultures using
disodium terephthalate obtained from PET-degradation, given its higher solubility (Kenny et al., 2012a).
Previous studies have reported that Na" accumulation in cultivations can limit biomass production by
reducing the specific uptake, ultimately hindering the maximization of polymer yield (Beagan et al.,

2020).

I11.3.5. PHA characterization
I11.3.5.1. Composition

The MMC selected from the marshland microbiome produced a homopolymer of 3-HB (PHB) (Table
II1. 4). This monomeric composition aligns with that of PHA-producing microorganisms from the class
Gammaproteobacteria, which dominated the culture during polymer production. Notably, members of
the Halomonas genus (Crisafi et al., 2022) and microbial families, such as Halomonadaceae (Angra et
al., 2023; Mitra et al., 2020) and Zoogloeaceae (Jiang et al., 2011) are known PHB producers and were
present in the microbial community at the end of the selection process. Similarly, an MMC developed
from river sediments under F/f regime during 350 cycles using acetate as substrate exhibited Gammap-
roteobacteria dominance and PHB production (Zhao et al., 2021).

Hence, the production of PHB suggest that TPA may have served as precursor for the 3-HB mono-
mer. Nonetheless, the conversion of PET depolymerization monomers into PHA by MMC remains
largely unexplored. Previous studies with monocultures that successfully upcycled TPA into PHA, re-
ported TPA is typically metabolized into protocatechuate, which via ortho-cleavage pathway, is con-
verted to B-carboxymuconate and ultimately acetyl-CoA, entering the TCA cycle (Qi et al., 2022). For

example, Ideonella sakaiensis 201-F6 has been showed to convert acetyl-CoA into PHB from PET
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hydrolytic products such as TPA (Fujiwara et al., 2021) due to a PHA synthase similar to the class I
PhaC, which is capable of incorporating 3-hydroxybutyrate monomers (Tan et al., 2022).
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Table III. 4 Molecular mass distribution and thermal properties of the PHB produced by different microbial sources (Myw, molecular weight; PDI, polydispersity index;

T, melting temperature; AHn,, melting enthalpy; Tsy, degradation temperature at 5% weight loss; Tmax, maximum degradation temperature; X, crystallinity index; n.a.,

not available).

Microbial source Assay Feedstock My, (kDa) PDI Tw(°C) AHm(J/g) Xc(%) Ts%(°C)  Tmax (°C) Reference
Marshland microbiome A REX-TPA 239 1.68 173 82.5 56.5 220.4 249.7 This study
B 378 1.9 174 81.5 55.8 233.6 256.0
C 440 1.98 176 102.3 70.0 231.1 252.0
Average 352 1.85 174 88.7 61 228.4 252.6
Petroleum refinery - synthetic wastewater 430 1.5 168 n.a 50.4 258 289 Jayakrishnan et al.,
sludge with sodium acetate 2020
Brewery sludge - 430 1.7 165 n.a 533 268 293
Soil sediments - Waste glycerol 1490 2.0 171.2 59.6 41.1 n.a n.a Ntaikou et al., 2018
Activated sludge from - Crude glycerol waste 200-380 1.2-1.7  158-171 n.a 62-66 n.a. n.a Huetal., 2013
wastewater plant
- Fermented candy 430 1.88 165.4 n.a n.a n.a 293.6 Rangel et al., 2023

wastewater
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I11.3.5.2. Molecular mass distribution

The PHB produced by the selected culture exhibited M, values between 239 and 440 kDa, with their
PDI varying from 1.68 to 1.98 (Table III. 4), with no statistical differences observed (p >0.05) among
the samples obtained in assays A, B and C (Appendix B, Table B.2). These results are consistent with
the M,, values reported for PHB synthesized by other microbial sources (Table III. 4). For instance, the
PHB produced by activated sludge cultivated on crude glycerol waste exhibited My, in the range of 200
and 380 kDa (Hu et al., 2013), while upon cultivation on fermented candy wastewater (430 kDa) (Rangel
et al., 2023), brewery sludge (430 kDa), and petroleum refinery sludge cultivated on synthetic
wastewater with sodium acetate (430 kDa) (Jayakrishnan et al., 2020) yielded similar M,, and PDI values
of those obtained in this study. However, PHB with significantly higher M,, values, such as 1490 kDa,
has been reported for an enriched MMC derived from soil sediments using waste glycerol as feedstock
(Ntaikou et al., 2018). Additionally, single-culture systems, such as Ideonella sakaiensis 201-F6 and
Rhodococcus pyridinivorans P23, using PET and TPA as substrates, achieved higher M,, values between

600 and 800 kDa (Fujiwara et al., 2021; Guo & Shao, 2020).

I11.3.5.3. Thermal properties

The DSC curves (Appendix B, Figure B.1) of the biopolymer samples exhibited a Ty, varying from
173 to 176 °C (Table III. 4). These values are in accordance with the typical range reported for PHB
(173 -180 °C) (Czerniecka-Kubicka et al., 2017), but slightly higher than those reported for PHB syn-
thesized by other MMC, including those derived from petroleum refinery sludge (168 °C) and brewery
sludge (Jayakrishnan et al., 2020), as well as from fermented candy wastewater (165.4 °C) (Rangel et
al., 2023) (Table III. 4).

Additionally, the biopolymers also presented melting enthalpies between 81.5 and 102.3 J/g with
crystallinities ranging from 55.8 to 70.0%. These values surpass those reported for PHB produced from
various feedstocks, which typically range from 41.1% to 66% (Table III. 4). The higher crystallinity
observed for PHB produced by the selected microbiome is comparable to that synthesized from waste-
derived glycerol (Hu et al., 2013), suggesting the production of a stiffer and stronger material (McAdam
et al., 2020).

The TGA curves (Figure III. 10) demonstrated the homopolymer’s thermal stability up to approxi-
mately 220.4 to 233.6 °C, suffering a weight loss of 5% within this range. The maximum degradation
rate (Tmax) for all biopolymer samples was observed between 249.7 and 256 °C, where the biopolymer
suffered a fast degradation in single-step process. Furthermore, there were no significant statistical dif-

ferences among the PHB produced in assays A, B and C (Appendix B, Table B.2).
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Figure III. 10 - Thermogravimetric curves of PHB produced of the three production assays with the selected

marshland microbiome using REX-TPA as feedstock.

This thermal degradation profile is consistent with those reported for other PHB homopolymers (238-
293 °C) (Esmail et al., 2021; Montiel-Jarillo et al., 2022; Rebocho et al., 2020). However, the Tsy, and
Tmax values (228 and 253°C, respectively) are slightly lower than those observed for PHB derived from
petroleum refinery and brewery sludge (258-268°C and 289-293°C) (Jayakrishnan et al., 2020). This
variation highlights the differences in thermal properties among PHB produced by various microbial
systems.

The PHB produced by the selected marshland microbiome exhibited characteristics comparable to
those of commercial PHB. For instance, Sigma-Aldrich PHB powder has a My, of 550 kDa and a Tmax
of 277 °C, while Biomer PHB extruded strand (with unknow additives) has a lower M,, of 280 kDa and
Tmax 0f 268 °C (Morgan-Sagastume et al., 2015). Additionally, Biomer PHB powder shows a higher Mw
of 660 kDa and Thmax of 290 °C (Morgan-Sagastume et al., 2015). In terms of thermal properties, Enmat
Y3000 PHB powder and PHAIife™-PB3000 powder both have a melting temperature of 175 °C, with
the latter also reporting crystallinity index of 55-65% (https://shop.helianpolymers.com/, accessed on
30 January 2025).
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I11.3.6. PHB Films

I11.3.6.1. Morphological characterization

The PHB was used to prepared films by solution casting and solvent evaporation. The films obtained

were white and opaque, when visualized macroscopically (Fig. I1I. 11a).

and 2500x, respectively.

SEM analysis of the films showed a very irregular and fractured surface (Fig. I1I. 11b), which could
be the result from the rapid solvent evaporation rate imposed during the casting method (Rodrigues et
al., 2024). The films’ cross-section revealed a compact but irregular structure (Fig. III. 11c), with no

visible porosity.

I11.3.6.2. Mechanical properties

The biopolymer rendered films with average tensile strength ranging from 18.8 + 1.9 MPa, an elon-
gation at break between 8.01 £ 5.5 and 14.3 + 0.9% and a Young’s Modulus within 422.5 + 142.3 MPa
(Table 1I1. 5).
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Table III. 5. Mechanical properties of PHA films produced by polymer from marshland microbiome using REX-
TPA as feedstock. (PHB, polyhydroxybutyrate; PET; polyethylene terephthalate; PP, polypropylene; HDPE,
High-density Polypropylene; LDPE, Low density Polypropylene; PS, Polystyrene; PLA, polylactic acid; n.a., data

not available).

Material Thickness (um) ¢ (MPa) € (%) E (MPa) Reference

PHB 47+9.1 188+1.9 8.0£55 4225+1423 This study

Adorna et al., 2022; Ay-
demir & Gardner, 2020;
PHB 70-300 14-40 1-15 283-3500 Bossu et al., 2021;
McAdam et al., 2020;
Rebocho et al., 2020;
Zhao et al., 2003

PET na. 45-62  230-7300  610-9350 McAdam et al., 2020;
Sangroniz et al., 2019
PP na. 27-98 200-1000 1180 Bastarrachea et al., 2011
HDPE 50 30-40 500-770 500-1100 McAdam 2020;
Chrissafis 2009
LDPE na. 12-30 200-600 88.4-500 McAdam et al., 2020;
Sangroniz et al., 2019
PS n.a. 50 n.a. 3100 Bastarrachea et al., 2011
PLA n.a. 59 7 1280 Farah et al., 2016

The high tensile strength and Young’s modulus of PHB suggests greater resistance to breaking under
tension, as well as stiffness and resistance to deformation, which is associated with the material’s crys-
tallinity (X. varying from 55.8 to 60.0%) (McAdam et al., 2020). The results align with those reported
in literature for PHB films, confirming that the homopolymer produced was brittle and rigid (Adorna et
al., 2022; Aydemir & Gardner, 2020; Bossu et al., 2021; McAdam et al., 2020; Rebocho et al., 2020;
Zhao et al., 2003).

Comparing to commonly used packaging plastics such as PET, HDPE, and LDPE, the Young’s mod-
ulus of the PHB films (260-525 MPa) was within values reported for LDPE (88.4-500 MPa) (McAdam
et al., 2020; Sangroniz et al., 2019). However, PET (610-9350 MPa) (McAdam et al., 2020; Sangroniz
etal., 2019), PP (1180 MPa) and PS (3100 MPa) (Bastarrachea et al., 2011) exhibit significantly higher
stiffness than PHB. Moreover, PHB films present a lower tensile strength than PET (45-62 MPa), PP
(27-98 MPa), HDPE (30—40 MPa), PS (50 MPa) and PLA (59 MPa), but fall within those reported for
LDPE (12-30 MPa) (Table III. 5). Regarding elongation at break, PHB films exhibited low ductility (8.0
+ 5.5%), compared to LDPE (200-600%), HDPE (500-700%), and PP (200-1000%), which highlights

143



111 Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural microbiome

PHB's inherent brittleness. This aligns with previous findings on the homopolymer’s limited flexibility

(El-Hadi et al., 2002).

I11.3.6.3. Barrier properties

The films prepared with PHB exhibited O, and CO; permeabilities of 8.68 = 1.20 and 8.97 + 1.25
Barrer, respectively (Table III. 6). These values align with previously reported permeability ranges for
PHB (0.01-34.05 Barrer for O, and 0.33-26 Barrer for CO») (Beukelaer et al., 2022; Chaos et al., 2019;
Follain et al., 2014; Rebocho et al., 2020). The observed variations in permeability are primarily related
to biopolymer properties, namely My, and crystallinity. Additionally, film processing conditions, par-
ticularly the solvent casting method, play a significant role in performance. This technique often intro-
duces variability due to challenges in achieving uniform film morphology, as factors such as solvent
evaporation rates and polymer concentration directly impact film structural integrity (Alkandari & Cas-
tro-Dominguez, 2024; Perez-Martinez et al., 2024). Consequently, these inconsistencies can, in turn,
impact the uniformity of the film’s barrier and mechanical properties, as observed.

From a packaging perspective, low O: permeability is highly desirable, especially for applications
that require protection against oxygen-sensitive spoilage, quality degradation, and moisture exposure
(Mujtaba et al., 2022). The PHB films in this study demonstrated significantly lower O, permeability
than PBAT (94.94 — 5550 Barrer) (Calderaro et al., 2020; Wu et al., 2021), which is widely used in
flexible biodegradable packaging but provides poor gas barrier properties (Qin et al., 2021). The O:
permeability values of the PHB films are higher to those of PET, which has an O: permeability range of
0.09 to 3.55 Barrer (Sangroniz et al., 2019; Wu et al., 2021), suggesting that PHB could be a viable
alternative for oxygen-sensitive packaging. Similarly, PHB displayed a CO: permeability of 8.97 £ 1.25
Barrer, that fell within PET’s values, reinforcing its potential as a sustainable alternative for packaging
applications (Sangroniz et al., 2019; Wu et al., 2021). Furthermore, the PHB films in this study (Table
II1. 6) are within the range of permeability for O, (5.42 —2513.70 Barrer) and CO> (6.3 Barrer) to those
of LDPE films, widely used for packaging (Fiallos-Nufez et al., 2024). When compared to PP (97.21-
116.72 Barrer) and PS (156.81 Barrer) (Wu et al., 2021), which have significantly higher O, permeabil-

ity, PHB demonstrates superior gas barrier performance.
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Table III. 6. Permeability values for oxygen, carbon dioxide and water vapour of PHA films and for different
natural and synthetic materials for both gases (PHB, Poly(3-hydroxybutyrate); PBAT, Polybutylene adipate ter-
ephthalate; PLA, Polylactic acid; PET, polyethylene terephthalate; LDPE, low density polyethyelene; PP, Poly-

propylene; PS, Polystyrene; n.a., data not available).

Material O: (Barrer) CO: (Barrer) WVP (g m's1Pal) Reference

PHB 8.68 +1.20 897+1.25 4.86x1010+ 1.41x107"7 This study

Beukelaer et al., 2022;
Chaos et al., 2019;

PHB 0.01 - 34.05 0.33-26 33000762810 o etal., 2014:
Rebocho et al., 2020
PBAT 94.94 - 5550 na. 3.80 — 40.6x10™"! Cal%f,fla:t’ M 32022 ?20;
Drieskens et al., 2009;
PLA 5.14—22.96 n.a. 1.85-10.10x10°" Wt ael.,azézl ’
Sangroniz et al., 2019;
PET 0.09 —3.55 0.50 - 11.20 4.41-5.88x107" e et :1.,a2(321 ,
S iz et al.
LDPE 5.42-2513.70 6.3 8.14 - 17.71x10" 2013?\%31125.,212621
PP 9791- 116.72 na. 1.47-2.94x102 Wu et al., 2021
PS 156.81 n.a. 3.88x10! Wu et al., 2021

This further highlights its suitability for applications requiring protection of oxygen-sensitive prod-
ucts. These findings indicate that PHB films are a promising alternative to synthetic plastics in packag-
ing applications, reinforcing their potential as a sustainable packaging material. This aligns with the
growing demand for biobased and biodegradable polyesters in the packaging industry (Mujtaba et al.,
2022).

The PHB films exhibited WVP value of 4.86x10'°+ 1.41x10""7 g m' s Pa! (Table II1.6). These
values are orders of magnitude lower than literature than those previously reported for PHB in literature
(5.73-3300x10!' g m! 57! Pa’!) (Beukelaer et al., 2022; Chaos et al., 2019; Follain et al., 2014; Rebocho
et al., 2020). Moreover, these PHB films demonstrate better WVP properties compared to other biode-
gradable polymers, such as PBAT (3.80-40.6x10""'gm's"'Pa!) and PLA (1.85-10.10x10"''gm™!s"'Pa™!)
(Calderaro et al., 2020; Drieskens et al., 2009; Wu et al., 2021) but also to petroleum-based plastics in
the packaging sector, such as PET (4.41-5.88x10"2g m' s Pa!), LDPE (8.14-17.71x10" g m! s Pa

), PP (1.47-2.94x10"2 g m' s' Pa') and PS (3.88x10"!' g m' s"! Pa™!). These results confirm that PHB
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films prepared exhibited higher moisture barrier performance, making it an attractive candidate for ap-
plications where reduced water vapor transmission is essential, particularly in biodegradable mulch
films and packaging applications (Anjana et al., 2024; Zhong et al., 2020).

It is noteworthy that film-preparation methodology and morphology—specifically the crystallinity
of PHB (varied between 55.8 to 70.0%) along with the film’s thickness may have played a role in influ-
encing the films' permeability characteristics (Mujtaba et al., 2022). The high crystallinity of PHB cre-
ates an ordered molecular structure with fewer diffusion pathways for oxygen and moisture diffusion.
Consequently, PHB has been utilized as coating material to enhance the barrier performance of materials
such as paper and other biopolymers like poly(vinyl alcohol) (Anjana et al., 2024; Garcia-Garcia et al.,
2022). Coupled with the interesting mechanical properties above demonstrated, these PHB films show
potential for further development and incorporation into applications demanding low moisture permea-

bility (Garcia-Garcia et al., 2022).

I11.4.Conclusions

In this study, a natural microbiome collected from Tagus River estuarine marshland was subjected
to the F/f strategy to select for a MMC enriched in PHA-storing organisms using depolymerized PET
waste as sole feedstock. Applying the F/f strategy and keeping a 40-day SRT, the microbiome evolved
into a PHA-storing MMC, comprising a community dominated by Gammaproteobacteria, a well-known
class of PHA producers. Remarkably, the culture achieved 65.14+5.37wt% of PHA accumulation, rep-
resenting the first study to report such high PHA storage for an MMC using TPA from PET waste as
the sole substrate. This robust PHA production during the fed-batch cultivations demonstrates the fea-
sibility of the culture selection process.

The PHB produced by the selected microbiome exhibited properties similar to those of commercial
and previously reported PHB homopolymers, reinforcing its potential as a sustainable biopolymer with
features suitable for commercialization, which could serve as a promising alternative to petroleum-based
plastics. Furthermore, the PHB films exhibited good mechanical properties, with high tensile strength
and stiffness, due to the PHB high crystallinity. However, their low deformation confirms their brittle-
ness and rigidity, consistent with reported PHB characteristics. Regarding barrier performance, PHB
films exhibited notable O. and CO: permeability, significantly better than PBAT, and synthetic plastics
such as LDPE, PS, and PP, reinforcing PHB's potential as a competitive barrier material, making them
particularly suitable for oxygen-sensitive packaging. Additionally, PHB demonstrated superior moisture

resistance, outperforming PBAT, PLA as well as PET, PP, LDPE and PS. These findings highlight

146



111 Post-consumer PET waste upcycling into bioplastics: unlocking the power of a natural microbiome

PHB’s potential as a sustainable alternative for biodegradable packaging and coatings, particularly in
applications demanding low moisture and gas permeability.

Ultimately, this study introduces a novel approach for PET waste upcycling using natural microbial
consortia, simultaneously producing a biodegradable alternative to synthetic plastics and contributing
to the transformation of PET waste into a valuable resource, thus supporting circular economy, promot-

ing sustainable plastic waste management and bio-based material development with industrial relevance.
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IV.1. General conclusions

This PhD thesis aimed to address the accumulation of PET waste by exploring additional biological
upcycling strategies, through different microbial sources, capable of utilizing PET depolymerization
products. Thus, the research focused on the microbial conversion of depolymerized pcPET waste into
valuable bioproducts, particularly biodegradable plastics, aligning with market demand for sustainable
bioplastics.

The research started with the characterization of a depolymerized pcPET waste (named REX-PET)
and its processing to obtain REX-TPA, a heterogeneous substrate used as the sole carbon source for
microbial conversion. REX-TPA presented a high Na content, due to the alkaline depolymerization pro-
cess used to prepare REX-PET. The feedstock was primarily composed by TPA (19.69 + 0.09 g/L), but
also contain minor elements, such as Fe, Ti, Sb and Si, reflecting the heterogeneity of additives com-
monly found in mixed PET waste streams.

Isolated bacteria, namely Delftia sp. AveS5 and Rhodococcus sp. Ave7, were evaluated for their abil-
ity to utilize REX-TPA to grow and accumulate value-added intracellular storage compounds. Although
the two bacteria were able to grow on REX-TPA, Rhodococcus sp. Ave7 demonstrated to be the micro-
organism with higher efficiency for upcycling REX-TPA into biomass, achieving a CDW of 5.09 g/L.
It also demonstrated superior accumulation of intracellular storage compounds, reaching contents of
22.55+0.02wt.% and 19.9 £ 1.51wt.% of PHA and TAGs, respectively. Specifically, it showed optimal
conversion efficiency under conditions where TPA concentrations exceeded 10 g/L and ammonium
levels were maintained at 0.3 g/L, a strategy designed to stimulate the production of intracellular storage
compounds. These results unveiled Rhodococcus sp. Ave7 potential for high TPA degradation and the
biosynthesis of value-added compounds with commercial relevance. Hence, the isolate was chosen as
the most promising candidate for further bioreactor process development.

Rhodococcus sp. Ave7 was cultivated under different mode strategies. It was observed that, under
batch and fed-batch with pulse feed, TAG synthesis was enhanced over PHA. Whereas, during the fed-
batch process with continuous feeding, REX-TPA in excess was crucial to attain a final PHA and TAG
synthesis of 0.58 and 0.59 g/L, respectively. The findings suggest that the higher availability of carbon
source for the culture enhanced the flux towards PHA accumulation under ammonium-limiting condi-
tions. Rhodococcus sp. Ave7 presented an overall high capacity for TPA consumption while yielding
two value-added bioproducts, showcasing the potential for the isolate for upcycling pcPET waste. Fur-
thermore, the characterization of both bioproducts revealed that Rhodococcus sp. Ave7 produced a
PHBYV copolyester with a high 3HV monomeric content, making it a promising candidate for copolymer
blending. Additionally, the TAGs were mainly enriched in Cs;; and Cie.0, highlighting their potential as

complementary and renewable sources.
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Additionally, this thesis explored, for the first time, the potential of a natural microbiome collected
from a marshland to upcycle REX-TPA as sole feedstock, operating under an F/f strategy, to obtain an
MMC enriched in PHA-storing organisms. During the first SRT, stabilizing the VSS concentration was
crucial to ensure complete ammonium consumption from each cycle. The shorter feast phase resulted
in the stabilization of F/f around 0.1, which is a strong indicator of a successful selection for PHA
accumulation capacity. As a result, after the first SRT, PHA content in the VSS increased from 5.29%
to 10.27% in the last SRT. The applied 4-day cycle and 40-day SRT conditions created strong selective
pressure to obtain a stable and effective culture, mainly composed by Gammaproteobacteria, demon-
strating its ability to upcycle REX-TPA into PHA.

The culture was able to maintain reproducible PHA content, reaching 65.14+5.37wt% at the end of
the selection. Hence, reflecting the successful adaptation of the microbial community towards enhanced
polymer storage capabilities over the selection process under the F/f strategy which led to a robust cul-
ture capable of consistent PHA accumulation. The produced biopolymer, namely PHB, presented in-
trinsic features which were consistent during the production and comparable to those of commercial
PHB, since maintaining stable polymer composition properties is essential for future industrial applica-
tions.

Furthermore, the PHB films prepared demonstrating brittleness and rigidity, alongside promising
barrier properties, with water vapor permeability lower than other biodegradable polymers as well as
oxygen and carbon dioxide permeabilities comparable to synthetic plastics, namely such as LDPE, PS,
and PP. These characteristics position PHB films as potential candidate for further optimization as strong
candidate for sustainable packaging applications, offering a viable alternative to PET-based packaging.

Overall, this thesis demonstrated different biological approaches to address plastic waste accumula-
tion through microbial upcycling of a depolymerized pc PET waste. The thesis successfully converted
the processed depolymerized pcPET waste into different valuable compounds, namely PHA with dif-
ferent monomeric composition and TAGs, using both isolated single cultures and an MMC.

The research presents key results for upcycling approaches, more specifically a new strategy using
an MMC, focusing on converting TPA obtained from PET waste into sustainable alternatives to con-
ventional plastics. These processes not only promote a circular economy by integrating PET waste man-
agement with bioplastic production but also contribute to the development of eco-friendly materials,

supporting efforts to mitigate plastic pollution and align with bio-based sustainability initiatives.
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IV.2. Future Work

The results obtained in this PhD presented different biological upcycling strategies to valorise a de-
polymerized pcPET waste, using an MMC for the first time, as well as a single culture, to produce
valuable compounds. Based on the findings, several suggestions for future work and improvements are
to be considered.

The second chapter investigated different bacterial strains isolated from landfill soil, regarding their
ability to use REX-TPA as a sole carbon source. Despite Rhodococcus sp. Ave7 presenting the highest
biomass production and storage compounds synthesis, Delftia sp. Ave5 was also able to grow although
at lower levels. Thus, it would be important to investigate further into substrate and nitrogen concentra-
tions for optimizing biomass production and PHA yield, including testing various nitrogen sources (e.g.,
ammonium sulphate, ammonium nitrate, or urea) for the strain that presented potential for mixed PET
waste upcycling.

Chapter II provided novel insights into using pcPET waste as feedstock for producing PHBV and
TAGs with Rhodococcus sp. Ave7. However, challenges remain, particularly in improving yield and
productivity, as continuous feeding assay results are still relatively low for economic feasibility at larger
scales. The prolonged lag phase observed in Rhodococcus sp. Ave7 cultivations, a common issue for
TPA-degrading bacteria, which could be addressed by optimizing inoculum preparation with a pre-in-
oculum or an additional carbon source for biomass growth, as well as gradually increasing REX-TPA
concentrations over generations.

Despite the strain’s high capacity to consume TPA, the conversion to desired products remained low,
indicating that a significant portion of the substrate is not being converted to the target bioproducts.
Thus, understanding the metabolic pathways and gene expression involved in PHA and TAG production
would be crucial. Using metabolic engineering approaches to optimize carbon flux towards product
synthesis could improve yields and productivity, making the process more viable for industrial applica-
tions.

Although a CDW comparable to other strains using plastic feedstocks was achieved, it remains in-
sufficient for industrial applications, largely due to TPA’s low solubility in aqueous media (approxi-
mately 0.017 g/L at 25 °C) (Kenny et al., 2012b). Most processes convert TPA to sodium terephthalate,
which has a much higher solubility of approximately 130 g/L (Miiller et al., 2023). Nevertheless, this
requires larger volumes of REX-TPA feed to provide similar concentrations used in other processes.
The use of a more readily metabolizable co-substrate (e.g. waste oils and waste glycerol) alongside
REX-TPA could increase biomass growth and product productivity.

Lastly, the recovery and purification of PHBV from Rhodococcus biomass containing TAGs posed

challenges due to their similar polarity and solubility in the solvents used during the purification step.
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Thus, to improve purity and minimize losses, effective separation methods should be further assessed
by exploring differences in thermal properties and solubility. For example, biomass pre-treatment, using
sonication or supercritical CO; extraction might an alternative to separate TAGs prior to the extraction
of PHBV from cells avoiding hazardous solvents. Adjusting the conditions of solvent extraction for
butanol and temperature would be important to enhance the solubility of one of the bioproducts.

In Chapter III, the upcycling strategy developed for the marshland microbiome with REX-TPA re-
vealed novel findings. However, future optimization could be performed during the culture selection to
enhance global PHA productivity. One key factor was the operation in 4-day cycles using an F/f strategy,
alongside an equal HRT and SRT of 40 days. This approach created a strong selective pressure on the
MMC, directly influencing its overall PHA storage capacity.

To further refine the process, varying HRT and SRT during culture selection would be essential to
better understand their impact on culture competitiveness, particularly in maintaining high PHA storage
capacity while sustaining growth. Additionally, the prolonged famine phase acted as a physiological
selective pressure, prompting the MMC to prioritize polymer storage over microbial growth in the fol-
lowing feast period. Another critical aspect during the selection stage was the stabilization of VSS,
which played a fundamental role in enabling efficient ammonium consumption by the end of each cycle.
However, VSS production remained low during selection stage. To address this, increasing biomass
production by testing different REX-TPA and ammonium concentrations as well as tuning the F/f ratio
and cycle length, could improve global PHA productivity, to maintain an appropriate selection pressure
but also increase the concentration of biomass during the feast phase to sustain a highly enriched PHA-
accumulating culture, ultimately enhancing process efficiency and yield.

Additionally, the use of real-time monitoring methods for biological processes during the culture
selection to help predict REX-TPA consumption and monitoring intracellular PHA content in order to
enhance process control for instance, evaluating operating conditions with REX-TPA feedstock. Further
investigations could focus on optimizing productivity during PHA production assays. One key aspect
would be controlling DO levels while maintaining a continuous feed of REX-TPA could help determine
whether the constant availability of a carbon source prevents polymer consumption between pulses,
which may occur with a pulse-feeding strategy in a way to avoid substrate inhibition.

Regarding the downstream process, in the study a chlorinated solvent was employed to recover the
PHA produced, applying more sustainable approaches for PHA recovery from microbial biomass,
namely non-halogenated solvent extraction or mechanical separation, would be important to improve
economic and sustainable viability of PHA production using REX-TPA as feedstock. In addition, stud-
ying methods such as hot-press technique or extrusion would be interesting to prepare PHB films with
more controlled uniformity.

Future studies should assess the metabolic capacity of the microbial sources tested throughout this

work, both isolated strains and marshland microbiome, to upcycle the depolymerize pc PET waste.
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Exploring their enzymatic machinery for degrading PET and metabolizing its by-products will highlight
our understanding of biotechnological processes for PET upcycling and allowing to tackle different
plastic from various waste sources. Combining these microbial pathways with complementary recycling
techniques (enzymatic, thermal or chemical) can lead to new bioprocesses for the valorisation of com-
plex PET waste for PHA production.

Furthermore, performing a techno-economic analysis to assess the costs and savings of the process
would be of importance, to evaluate the competitiveness of the different design processes for single and
mixed culture systems tested in this thesis and their different demands in terms of energy and materials.
On the other hand, a life cycle assessment would be crucial to assess economic feasibility and environ-
mental impact, providing a comprehensive understanding of the viability of the biological upcycling
strategies presented for single and mixed cultures considering the already established recycling methods
used for mixed PET waste. The analysis would help determine their potential contribution to a circular
economy by quantifying resource efficiency, waste reduction, and the overall sustainability of the pro-
cesses investigated in this thesis.

Addressing the identified limitations and proposed improvements would contribute to developing a
more robust and scalable process, enhancing the technology presented in this thesis. By optimizing the
upcycling of recalcitrant mixed PET waste into renewable, high-value products, this work aligns with

circular economy principles and supports the transition toward more sustainable biomanufacturing strat-

egies.
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APPENDIXES



Appendix A

Table A 1. One-way ANOVA results for kinetic and stoichiometric parameters of the three assays performed by

Rhodococcus sp. Ave7 using REX-TPA.

Bonferroni’s Multiple

Source ANOVA Analysis Comparison Test
SS df Fvalue p-value Significance R? AvsB AvsC BvsC
CDW Significant Significant  Significant
2. 24 <0. 1 Y .
(g/L) 3 8 0 0.0000 e 099 | " (p<0.05)  (p<0.05)  (p<0.05)
Not Not Not
Mmax (h'l) 0.0062 8 0.1 0.9063 No 0.032 | significant significant  significant
(>0.05)  (p>0.05)  (p>0.05)
Highly Not .
Y /X’T"A 0.095 8 46 0.0002 Yes 0.94 | significant significant Slggloﬁg;‘m
(gx/grra) (p<0.001)  (p>0.05)  P<0-09)
Significant Highly Not
TAG (g/L) | 0.091 8 21 0.002 Yes 0.87 (§<0 05) significant  significant
’ (p<0.0001) (p>0.05)
Highly Sienificant Not
TAG wt.% | 14 8 32 0.0006 Yes 0.92 | significant (§<o (‘)"g‘) significant
(p<0.001) ’ (p>0.05)
Not - Highly
FTAG o Significant L
0.011 8 33 0.0006 Yes 0.92 | significant significant
(g/(L.day)) ©>005) P00 .20 0001y
Yracira Significant Significant  Significant
0.0038 8 1100 <0.00001 Y 1
(grac/grra) . (p<0.05)  (p<0.05)  (p<0.05)
Not . .
.. Significant  Significant
PHA (g/L) | 046 8 870 <0.00001 Yes 1 significant (g<0‘05) (g<0.05)
(p>0.05) P p
_ Highly Highly
PHA wt.% | 260 8 840  <0.00001 Yes 1 S(‘I‘fgloﬁgg‘;“ significant  significant
: (p<0.001)  (p<0.001)
_ Highly Highly
@ (E":i‘ay)) 0.57 8 85000  <0.00001 Yes 1 S(‘I‘fgloﬁgg‘;“ significant  significant
: : (p<0.001)  (p<0.001)
v Not Highly Highly
"“’/"“’A 0.0029 8 440 <0.00001 Yes 0.99 | significant significant significant
(grac/grea) (0>0.05)  (p<0.001)  (p<0.001)
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Appendix B

Table B. 1. One-way ANOVA results for the three PHA production assays, A, B and C, performed at 69, 89 and

113 days, respectively of marshland microbiome selection using REX-TPA as feedstock.

One-way ANOVA

P-value 0.9897

P-value summary ns

Are means signif. different? (P <0.05) | No

Number of groups 3

F 0.010

R squared 0.0017

Bartlett’s test for equal variances

Bartlett’s statistic (corrected) 0.095

P value 0.9538

P value summary ns

Do the variances differ signif. No

(P<0.05)

ANOVA Table SS df MS

Treatment (between columns) 17 2 8.4

Residual (within columns) 9600 12 800

Total 9700 14

]T?'z;ferrom's Multiple Comparison Mean Diff. | ¢ E)lin(;%csa?nt? Summary (9115;? CI of
Assay A vs Assay B 0.76 0.042 No ns -49 to 51
Assay A vs Assay C -1.8 0.098 No ns -52t0 48
Assay B vs Assay C -2.5 0.14 No ns -52 to 47




Table B. 2. One-way ANOVA results for the molecular weight, PDI and thermal properties of the PHB produced
from marshland microbiome selection using REX-TPA as feedstock.

One-way ANOVA

P-value 0.8641

P-value summary ns

Are means signif. different? No

(P <0.05)

Number of groups 3

F 0.15

R squared 0.014

Bartlett's test for equal variances

Bartlett's statistic (corrected) 0.97

P value 0.6154

P value summary Ns

Do the variances differ signif. No

(P <0.05)

ANOVA Table SS df | MS

Treatment (between columns) 4200 2 2100

Residual (within columns) 300000 21 | 14000

Total 310000 23

g‘;‘g;;rr‘:;‘;lf Pl Mean Diff, ¢ |Significant? P <0.05? | Summary |95% CI of diff
PHB Avs PHB B -20 0.34 | No ns -180 to 140
PHB AvsPHB C -32 0.54 | No ns -190 to 120
PHB B vs PHB C -12 0.20 | No ns -170 to 140
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Figure B. 1 - Differential scanning calorimetry (DSC) thermogram of PHB produced at 69 (a), 89 (b) and 113
(c) days by marshland microbiome using REX-TPA as feedstock.
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