A DEPARTAMENT OF
Chemistry

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY







DEPARTAMENT OF
Chemistry

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY

Pilot-Scale Production of PHA from Apple Pulp Waste: Im-
pact of Purge Timing and Feeding Strategy

Diogo dos Santos Feliciano de Sousa Ventura

BSc in Biology

Adviser: Nidia Dana Mariano Lourengo
Auxiliary Professor, NOVA University Lisbon, Portugal

Co-advisers: Mariana Campos de Matos
Auxiliary Researcher, NOVA University Lisbon, Portugal

Examination Committee:

Chair: Professor Doctor Nuno Carlos Lapa dos Santos

Nunes,
Auxiliary Professor, NOVA University Lisbon

Rapporteurs: Professor Doctor Maria Teresa Cesario Smolders,
Auxiliary Researcher, University of Lisbon

Adviser: Professor Doctor Nidia Dana Mariano Lourenco,
Auxiliary Professor, NOVA University Lisbon

MASTER IN MSC BIOENERGY AND SUSTAINABLE TECHNOLOGIES

NOVA University Lisbon
September, 2025






Pilot-Scale Production of PHA from Apple Pulp Waste: Impact of Purge Timing and Feed-
ing Strategy

Copyright © Diogo dos Santos Feliciano de Sousa Ventura, NOVA School of Science and Tech-
nology, NOVA University Lisbon.

The NOVA School of Science and Technology and the NOVA University Lisbon have the right,
perpetual and without geographical boundaries, to file and publish this dissertation through
printed copies reproduced on paper or on digital form, or by any other means known or that
may be invented, and to disseminate through scientific repositories and admit its copying and
distribution for non-commercial, educational or research purposes, as long as credit is given

to the author and editor.






Declaration of Al usage

In this work, generative artificial intelligence tools were used, namely Perplexity Pro
(https://www.perplexity.ai/ ), for grammar review and text reformulation. These tools were
used under the supervision of the author, and all generated content was checked for accuracy.
The authorship and validation of the content remain entirely the responsibility of the author,
and the use of artificial intelligence is in accordance with institutional standards of aca-

demic integrity.

vii






X

For my grandparents.






ACKNOWLEDGMENTS

This study was funded by the European Commission within the program HORIZON
EUROPE in the framework of the UPSTREAM project (HORIZON-MISS-2022-OCEAN-01-04-
101112877), and by national funds from FCT - Fundagao para a Ciéncia e a Tecnologia, L.P., in
the scope of the project UIDP/04378/2020 and UIDB/04378/2020 of the Research Unit on Ap-
plied Molecular Biosciences - UCIBIO, and the project LA/P/0140/2020 of the Associate Labor-
atory Institute for Health and Bioeconomy - i4HB.

This thesis marks the end of a very good phase. It was full of great, and not so great,
moments that helped shape the way I am. All the small victories and small lessons contributed
in one way or another to the person I turned out to be.

First of all, I want to thank Prof. Dr. Nidia Lourengo and Dr. Mariana Matos for giving
me the chance to participate in this project, I hope I was able to properly justify your bet on
me. A special thanks to Dr. Mariana Matos for all the patience to discuss my every question.

I'd like to thank Dr. Eliana Guarda and Dr. Joao Pereira for all the guidance, advice and
friendship given throughout this year. You are probably the reason why I finished my thesis
without some permanent disability. [ hope I was able to somehow give something back besides
headaches and loss of sleep.

A thank you to Elsa Mora Mestre for all the samples analyzed, I'm sorry for the hundreds
you had to analyze through the year and thank you for always trying to facilitate my work.

Marisa Saloio and Jorge Viana, thank you for all the help you gave in the lab. After all
this time I am confident that we developed a good friendship while working. Marisa, I am
very happy for you for entering in a doctoral program, I am sure that you will be able to make
a very thesis. Jorge, you are halfway done with your doctorate, I hope the rest of your program
goes as easily it was until now, you have a special way of always making things look very easy

and doable.

xi



To Marta Rodrigues and Claudia Duarte, I am especially grateful for always bringing
the good vibes to the lab. You were always able to lift the mood of the room even when acci-
dents happened. Hope the writing of your theses goes as well as mine.

Despite leaving, I recognise and am thankful for what Marisa Cardoso thought me about
the UASB reactor, and we actually had some good laughs during her stay in the pilot lab.

I want to thank my family. Thank you to my parents, José and Vera, for always believing
in my capabilities, even when I did not, and for investing in my education while providing
everything I could need to prosper and thrive. Thanks to my brother David for always being
present and providing support that most of the times you didn’t even notice you were giving.
Thaks to my grandparents, Joaquim and Noémia, for always doing way more than what was
required, you are a big part of the way I am, and I appreciate you more than you realise.

Thank you to my amazing girlfriend Catarina for all of the support given. Since we met
you were always a safe space for me and through the years you always went above and be-
yond to help and make me happy. You really changed me for the better and I am thankful
every day for having you in my corner.

“Last but not least, I want to thank me. I want to thank me for believing in me. I want to
thank me for doing all this hard work. I want to thank me for having no days off. I want to
thank me for never quitting. I want to thank me for always being a giver, and trying to give
more than I receive. I want to thank me for trying to do more right than wrong. I want to thank

me for just being me at all time.”

xii



“Either I will find a way or I will make one.” (Hannibal Barca).

xiii






ABSTRACT

Polyhydroxyalkanoates (PHAs) are bioplastics produced by microorganisms, with proper-
ties similar to those of conventional plastics, but with less environmental impact. Their inno-
vative production uses mixed microbial cultures (MMCs) fed with waste, divided into three
stages: (i) acidogenesis of the substrate, (ii) microbial selection in a sequencing batch reactor
(SBR) under conditions of feast/famine, and (iii) accumulation in a reactor, where high PHA
contents are achieved. This last stage is an obstacle due to high carbon requirements and costs.
The objective of this work was to develop strategies to maximize productivity and polymer
content, reducing or avoiding accumulation. Two approaches were tested: purging the SBR
after feast to obtain biomass richer in PHA or purging after feast with doubling of the organic
load, comparing them to the traditional strategy of purging after famine.

The first strategy proved the most effective, it increased biomass productivity (1.66 + 0.02
vs. 1.3 + 0.1 g-Xs/(L-d) in the traditional strategy), global PHA productivity (1.47 + 0.2 vs. 1.18
+0.01 g-PHA/(L-d)), and global yield (0.30 vs. 0.19 g-CODrra/g-COD:krs). This allowed the SBR
to be purged with biomass richer in PHA without compromising biomass productivity, lead-
ing to a more efficient process.

In contrast, the two-pulse feast strategy required substantially higher carbon input in the
SBR to increase PHA content. Although biomass productivity increased (2.09 + 0.04 g-Xo/(L-d)),
global yield decreased (0.21 g-CODrua/g-CODrvrs), since the additional carbon consumed for
biomass growth did not compensate for the benefits of reducing the need for an accumulation
reactor.

In conclusion, the purging after feast strategy constitutes a more sustainable and cost-effec-
tive alternative to the conventional process, reducing carbon consumption and minimizing the

need for a separate accumulation stage.
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RESUMO

Os polihidroxialcanoatos (PHAs) sdao bioplasticos produzidos por microrganismos, com
propriedades semelhantes as dos plasticos convencionais, mas menor impacto ambiental. A
sua produgao inovadora usa culturas microbianas mistas (MMCs) alimentadas com residuos,
dividindo-se em trés etapas: (i) acidogénese do substrato, (ii) sele¢ao microbiana num sequen-
cing batch reactor (SBR) sob condic¢des de abundancia/escassez e (iii) acumulagao num reator,
onde se atingem altos teores de PHA. Esta tltima etapa constitui um entrave devido a elevada
exigéncia de carbono e custos. O objetivo deste trabalho foi desenvolver estratégias para ma-
ximizar produtividade e teor de polimero, reduzindo ou evitando a acumulagdo. Foram testa-
das duas abordagens: purgar o SBR apds a abundancia para obter biomassa mais rica em PHA
ou purgar apos abundancia com duplicacdo da carga organica, comparando-as a estratégia
tradicional de purgar apds a escassez.

A primeira estratégia provou ser a mais eficaz, aumentando a produtividade da bio-
massa (1.66 + 0.02 vs. 1.3 + 0.1 g-Xa/(L-d) na estratégia tradicional), a produtividade global de
PHA (1.47 £0.2 vs. 1.18 + 0.01 g-PHA/(L-d)) e o rendimento global (0.30 vs. 0.19 g-CODrha/g-
CODrrs). Isto permitiu purgar o SBR com biomassa mais rica em PHA sem comprometer a
produtividade da biomassa, levando a um processo mais eficiente.

Em contrapartida, a estratégia de dois pulsos exigiu uma entrada substancialmente
maior de carbono no SBR para aumentar o teor de PHA. Embora a produtividade da biomassa
tenha aumentado (2.09 + 0.04 g-Xa/(L-d)), o rendimento global diminuiu (0.21 g-CODerua/g-
CODirvrs), uma vez que o carbono adicional consumido para o crescimento da biomassa nao
compensou os beneficios da redu¢ao da necessidade de um reator de acumulacao.

Em conclusdo, a estratégia de purga apds a abundancia constitui uma alternativa mais
sustentavel e econémica ao processo convencional, reduzindo o consumo de carbono e mini-

mizando a necessidade de uma fase de acumulagao separada.
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Palavas chave: polihidroxialcanoatos (PHA), culturas microbianas mistas (MMCs), estraté-
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‘ 1
INTRODUCTION

1.1 Climate change, plastics and its impact on the environment

In the contemporary global context, dependency on coal, oil, and natural gas persists
despite substantial evidence regarding their adverse climatic impacts. This dependence en-
genders geopolitical vulnerability, economic instability, and potential future scarcity, as easily
exploitable reserves decline and prices fluctuate in response to market and regulatory changes.
(Achakulwisut et al., 2023; Mohamued et al., 2021; Neofytou et al., 2018). Annual fossil fuel
consumption exceeds 11 billion metric tons, primarily driven by energy, manufacturing, and
transportation sectors, resulting in considerable carbon dioxide (CO:z) emissions, the principal
greenhouse gas, elevating atmospheric concentrations to historic levels, intensifying global
warming, and exacerbating the frequency and severity of extreme weather events such as
droughts, floods, and hurricanes (Sergeant, 2024; Yang et al., 2023; Ye, 2024; Yusuf & Abdullah,
2020).

Beyond combustion, fossil fuel derivatives underpin the production of fuels and plastics.
These materials are ubiquitous in modern society, however, improper disposal causes signifi-
cant environmental and health harms. Plastics accumulate within terrestrial and marine eco-
systems, enter food webs, and have been detected in human tissues (Achakulwisut et al., 2023;
Lelieveld et al., 2023). Preliminary evidence correlates this pollution with increased risk of in-
flammatory, neurodegenerative, and metabolic diseases, underscoring the urgent necessity for
reformed production, consumption, and waste management practices (Maurya et al., 2021;

Sergeant, 2024; Ye, 2024).

1.2 Plastics

Plastics can originate from both fossil fuels and renewable biological sources, each with
distinct environmental and economic implications (Jiang et al., 2024; Rhodes, 2018) (Figure

1.1). Fossil-based plastics dominate global production, while bioplastics are emerging as a



more sustainable alternative (Rhodes, 2018). Comparing their properties, applications, and im-

pacts is essential to understanding their role in a circular economy.

Biobased

Non

teeeteeneenetraeenanonnannnn oSN . . . . . Biodegradable
biodegradable : =

Conventional
plastics

e.g. PE, PP, PET

Fossil-based

Figure 1.1-Graphic of the classification of plastics based on Bio/Fossil- based and biodegradability (What Is the
Difference between Biobased and Biodegradable Plastics? — INGREEN, n.d.).

1.2.1 Fossil-fuel based

Fossil-fuel based plastics are synthetic polymers produced primarily from hydrocarbons
derived from the refining and steam cracking of crude oil and natural gas, which generate key
monomers like ethylene, propylene, and styrene that are polymerized via catalytic reactions
to form materials such as polyethylene, polypropylene, and polystyrene (Achakulwisut et al.,
2023; Maurya et al., 2021; Schernikau & Smith, 2022; Ye, 2024). Although these plastics are
economically versatile, their exclusive reliance on finite fossil feedstocks exacerbates resource
depletion and carbon emissions, while their environmental persistence is reflected in their re-
sistance to biodegradation, resulting in the accumulation of macroplastics, microplastics, and
nanoplastics in ecosystems, which disrupts nutrient cycles and endangers both wildlife and
human health by bioaccumulation (Achakulwisut et al., 2023; Lelieveld et al., 2023; Maurya et
al., 2021; Sergeant, 2024).

1.2.2 Bioplastics

Bioplastics are a diverse class of polymeric materials designed as environmentally re-
sponsible alternatives to conventional plastics, distinguished by both their origins, usually re-
newable biological resources, and their functional attributes, such as biodegradability (Costa

et al., 2023; Kshirsagar et al., 2023; Mukherjee et al., 2023). These materials are typically



synthesized from plant-derived sugars, starches, vegetable oils, or agricultural byproducts,
making them fundamentally renewable and helping lower carbon emissions across their
lifecycle (Costa et al., 2023; Mukherjee et al., 2023).

Not all bioplastics are biodegradable, but many are engineered to degrade via microbial
action into water, CO,, and biomass under controlled conditions, reducing their long-term en-
vironmental impact compared to fossil plastics (Costa et al., 2023; R. M. S. Cruz et al., 2022;
Folino et al., 2020). Examples like polylactic acid (PLA), polyhydroxyalkanoates (PHA), and
blended polymers such as polybutylene adipate terephthalate (PBAT) showcase varying com-
binations of biobased origin and biodegradability, underpinning their integration into circular
economy models focused on composting, recycling, and transformation of waste into high-

value products (Costa et al., 2023; Gontard et al., 2022; Mukherjee et al., 2023; Tabi, 2022).

1.2.21 Polyhydroxyalkanoates

PHAs are a family of biopolyesters synthesized by a variety of bacterial species as intracel-
lular carbon and energy storage compounds, particularly under conditions where nutrients
such as nitrogen or phosphorus are limited and carbon sources are in excess (Guzik, 2021;
Koller, 2018; Thorat Gadgil et al., 2017). These bioplastics are gaining global attention due to
their inherent biodegradability, renewability, and biocompatibility, features that make them
attractive substitutes for petroleum-derived polymers in both industrial and medical contexts
(Guzik, 2021; Koller, 2018). Chemically, PHAs consist of repeating hydroxyalkanoate units,
with a general formula of [-O-CHR-CH>-CO-]., where "R" represents a variable sidechain.
This sidechain determines the specific monomer type, ranging most commonly from methyl
groups (as in 3-hydroxybutyrate, HB), ethyl groups (in 3-hydroxyvalerate, HV), to longer ali-
phatic chains (such as in 3-hydroxyhexanoate, HHx) (Koller, 2018; Thorat Gadgil et al., 2017).
The nature and ratio of these monomers, whether incorporated singly or as copolymers, play
a crucial role in dictating the physical and mechanical properties of the resulting polymer. For
instance, pure polyhydroxybutyrate (PHB) is known to be highly crystalline, stiff, and brittle,
suitable for rigid packaging uses. By introducing hydroxyvalerate or hydroxyhexanoate units
(forming PHBV or PHBHHXx copolymers), the polymer becomes notably more flexible and
elastic, with diminished crystallinity and enhanced impact resistance (Koller, 2018; Thorat

Gadgil et al., 2017). The structure of the most common PHAs can be found in Figure 1.2.



A A )

Palyhydroxybutyrate (PHE) Paly|3-hydroxybutyrate-ca-3-hydroxyvalerate) (PHBVY)
[SCL-PHA)

Poly(3-hydroxybutyrate) (P{IHB)) Paoly(3-hydroxyvalerate) (P(3HV))
[MCL-PHA)

Poly{3-hydroxybutyrate-co-3-hydroxyvalerate) PHBY
Figure 1.2-Structure of the most common PHAs.

The biosynthesis of PHAs in microorganisms proceeds through distinct metabolic path-
ways depending on the substrate and organism involved. Typically, simple sugars or fatty
acids are processed via central metabolic routes: carbohydrates feed into the acetyl-CoA path-
way for HB production, while propionate or valerate sources yield HV monomers through
propionyl-CoA intermediates (Guzik, 2021; Mittendorf et al., 1998). Fatty acids, especially in
certain Pseudomonas and Aeromonas species, are funneled into the [3-oxidation cycle which al-
lows the synthesis of medium- and long-chain-length PHAs (e.g., HHx) (Guzik, 2021; Mitten-
dorf et al., 1998). All routes eventually generate hydroxyacyl-CoA thioesters, which are pol-
ymerized by intracellular PHA synthase enzymes into high-molecular-weight polymers that
precipitate as granules within the cell's cytoplasm. These granules, whose physical state and
molecular weight are shaped by microbial genetics and fermentation conditions, are then ex-
tracted for various practical uses (Guzik, 2021; Mittendorf et al., 1998; Thorat Gadgil et al.,
2017).

Monomer composition, especially the ratios of HB, HV, and HHx, impart dramatic varia-
tion in the mechanical and thermal behavior of PHAs. Increasing the proportion of HV in
PHBYV copolymers decreases crystallinity and brittleness, produces softer, more flexible mate-
rials, and increases the ease of processing and application in flexible films and bags (Koller,
2018; Maestro & Sanz, 2017). When HHXx is incorporated, especially at higher ratios, the poly-
mer exhibits even greater elasticity and toughness, making it an ideal candidate for elastic

films, soft biomedical implants, and applications requiring enhanced resistance to dynamic



forces (Barbosa et al., 2021; Liddn Sanchez-Safont et al., 2016). Molecular weight further mod-
ulates these attributes: higher molecular weights confer improved processability and strength
(Koller, 2018; Maestro & Sanz, 2017).

PHAs have found burgeoning applications in both packaging and biomedical sectors; in
packaging, they are used for compostable bags, wrappers, and agricultural films, while in
medicine, their biocompatibility and degradation to harmless hydroxy acids allow uses in ab-
sorbable sutures, scaffolds, patches, and drug delivery systems (Getino et al., 2024; Guzik,
2021; Kalia et al., 2023; Koller, 2018; Roman et al., 2020). The ability to tailor PHA properties
by manipulating monomer inclusion during biosynthesis enables the design of materials that
meet rigorous physical, chemical, and biological specifications, establishing PHAs as promis-
ing candidates for sustainable manufacturing and advanced biomedical technology (Getino et

al., 2024; Kalia et al., 2023).

1.3 PHA production

PHA production represents a pivotal advancement in the pursuit of sustainable bioplastics,
relying on the capacity of microorganisms to synthesize and store these biodegradable poly-
esters as intracellular granules. Industrial approaches to PHA biosynthesis generally employ
either pure microbial cultures, selected and cultivated under sterile, tightly controlled condi-
tions for optimal yield and polymer quality, or mixed microbial cultures (MMCs), which lev-
erage the metabolic versatility of diverse consortia to valorize organic wastes in open, non-
sterile systems (Bagatella et al., 2022; Morgan-Sagastume, 2016). The choice between pure and
mixed culture methodologies decisively shapes process economics, substrate adaptability, and
end-product properties, underscoring the need to assess both systems relative advantages,
challenges, and technological implications for scalable and eco-friendly biopolymer produc-

tion (Bagatella et al., 2022; Morgan-Sagastume, 2016).

1.3.1 Pure cultures

The production of PHAs via pure bacterial cultures is one of the leading methods in indus-
trial biotechnology, employing single strains like Cupriavidus necator, Alcaligenes latus or vari-
ous Pseudomonas spp. for their robust capacity to synthesize and accumulate PHAs intracellu-
larly under specific culture regimens (Getino et al., 2024; Kalia et al., 2025; Wongsirichot, 2025).
These microbes are grown in sterile bioreactors supplied with renewable carbon sources, and

after reaching a target biomass, a nutrient limitation (usually nitrogen or phosphorus) is



imposed while carbon remains in excess, inducing polymer accumulation as granules that can
reach up to 80% of the cell’s dry weight in optimal conditions (Kalia et al., 2025; Wongsirichot,
2025).

Following accumulation, bacterial cells undergo harvesting and downstream processing,
which involves extraction and purification of the intracellular PHAs via chemical or enzymatic
methods tailored for integrity and control over molecular characteristics (Getino et al., 2024).
The high purity and compositional precision enabled by pure culture systems yield materials
with predictable mechanical and thermal properties, crucial when polymers are destined for
food packaging or biomedical applications requiring strict quality specifications (Getino et al.,
2024).

Despite their significant advantages in terms of material quality and process control, pure
culture systems are limited by high operational costs, stemming from sterile conditions, ex-
pensive substrates, and complex bioreactors, as well as fluctuating substrate availability and
sensitivity to operational parameters like temperature, pH, and oxygen (Getino et al., 2024;
Kalia et al., 2025; Wongsirichot, 2025). Nevertheless, modern approaches in strain engineering,
fermentation technology, and sustainable feedstock utilization continue to push the economic
and environmental viability of pure culture PHA production, establishing it as essential for
future biodegradable polymer manufacturing (Getino et al., 2024; Kalia et al., 2025;
Wongsirichot, 2025).

1.3.2 Mixed microbial cultures (MMC)

The production of PHAs using MMCs has emerged as a cost-effective and resource-efficient
alternative to pure culture systems, especially for applications involving waste valorization
and integration into circular economy frameworks. The MMC-driven PHA production process
typically encompasses two key stages: an initial enrichment phase where microbial communi-
ties are subjected to periodic feeding of volatile fatty acids (VFAs), such as acetic, butyric and
valeric acids, under “feast-famine” conditions, favoring the selection of microorganisms ca-
pable of efficiently storing PHAs; followed by a subsequent accumulation phase, where the
selected biomass is exposed to excess VFAs under nutrient-limited conditions, promoting
maximum polymer synthesis within the cells (Alfano et al., 2021; Bagatella et al., 2022). Com-
monly, the enrichment is carried out in sequencing batch reactors (SBRs) where parameters
like aeration rate (which can significantly affect both microbial selection and PHA yields), or-

ganic loading rate (OLR), and hydraulic retention time (HRT) are tightly controlled (Bagatella



et al., 2022; Colombo et al., 2017). The substrate sources for MMC processes are notably varied,
ranging from fermented agrifood waste or cheese whey to fermented wastewater sludge or
lignocellulosic biomass, all providing mixed VFAs as the main carbon and energy source for
PHA synthesis (Bravo-Porras et al., 2024; Castagnoli et al., 2024). The resulting polymers are
often copolymers, like PHBV, whose composition and molecular weight depend heavily on
the feedstock's VFA profile and microbial community structure (Alfano et al., 2024). Down-
stream, the recovery of PHAs from MMC-grown biomass often relies on chemical digestion
(e.g., sodium hydroxide or hypochlorite treatments) or greener solvents such as ethyl acetate,
with process optimization paramount to balancing purity, yield, and cost (Alfano et al., 2021;
Bagatella et al., 2022; Castagnoli et al., 2024; Colombo et al., 2017).

MMCs systems have significant advantages that underpin their growing adoption. First
and foremost, they eliminate the need for costly sterilization, operations can be run in open,
non-sterile environments, greatly reducing capital and operational expenditure (Afreen et al.,
2021). Additionally, MMCs offer versatility in substrate utilization, with the ability to valorize
low-value, heterogeneous waste streams (e.g., food waste, municipal sludge) into high-value
biopolymers, thereby integrating waste management with sustainable materials production
(Afreen et al.,, 2021; Bagatella et al., 2022). The flexibility in community adaptation and meta-
bolic pathways enables MMC processes to cope with the complexity of real waste streams, as
opposed to the strict substrate needs of pure culture systems(Bedade et al., 2021). MMC-based
PHA production is thus increasingly viewed as a cornerstone technology for circular bioecon-
omy frameworks, enabling the reduction of environmental “white pollution” and advance-

ment toward global sustainability goals (Afreen et al., 2021; Bedade et al., 2021).

1.3.3 Three-stage process

The three-stage process for PHA production with MMCs segments the workflow into
feedstock fermentation, microbial enrichment, and accumulation phases. First, organic wastes
are anaerobically fermented to generate VFAs, which serve as primary carbon sources for later
microbial growth (Bagatella et al., 2022). In the second stage, feast and famine cycles in se-
quencing batch reactors select for microbes capable of quickly taking up VFAs and storing
them as PHA granules (Bravo-Porras et al., 2024; Duque et al., 2014). The final stage involves
feeding this enriched biomass with VFA-rich substrates under nutrient-limited conditions to

maximize intracellular PHA accumulation (Valentino et al., 2015). This approach enhances



process control, yield, and product tailoring, making it well-suited to the use of diverse, low-

cost waste streams.

1.3.3.1 Acidogenic Reactor

The acidogenic reactor is the critical first step in the three-stage process for PHA production
with MMCs, functioning primarily to convert complex organic waste substrates into a spec-
trum of VFAs that serve as key precursors for downstream PHA synthesis (Albuquerque et
al., 2010). In this stage, Upflow Anaerobic Sludge Blanket (UASB) bioreactors operated contin-
uously are commonly adopted, though batch operation is also possible (Bagatella et al., 2022).
Under anaerobic conditions, acidogenic and fermentative bacteria hydrolyze carbohydrates,
proteins, and lipids from feedstocks like food waste, cheese whey, or municipal sludge, gen-
erating soluble compounds which are further fermented into VFAs such as acetate, propionate,
butyrate, and valerate (Bravo-Porras et al., 2024).

The composition and yield of VFAs in the acidogenic reactor depend on feedstock charac-
teristics, operational temperature (mesophilic or thermophilic), HRT, pH (often controlled be-
tween 4.5 and 5.5), and OLR, with careful optimization needed to tailor the VFA profile for
efficient PHA production and desired copolymer composition, influencing flexibility, melting
temperature, and processability (Colombo et al., 2017; Valentino et al., 2015). Importantly, this
reactor stabilizes and detoxifies waste streams, reducing solids content and producing a stand-
ardized, VFA-rich effluent suitable for subsequent microbial selection and accumulation
stages (Albuquerque et al., 2010). Efficient acidogenesis also mitigates the presence of inhibi-
tory compounds such as ammonia or sulfides, promoting overall process robustness and scala-
bility (Bagatella et al., 2022).

By valorizing otherwise problematic organic wastes into customizable VFA blends, the ac-
idogenic reactor underpins sustainable bioplastic production while enabling environmental
stewardship and flexible process design (Bravo-Porras et al., 2024; Colombo et al., 2017; Val-

entino et al., 2015).

1.3.3.2 Selection Reactor

The selection reactor, serves as the pivotal second stage in the three-stage process for PHA
production with MMCs, dictating both process efficiency and product quality (Bravo-Porras
et al.,, 2024). Its primary function is to cultivate a microbial community specialized in rapid
uptake of VFAs and intracellular PHA storage, even under highly dynamic and non-sterile

conditions (Castagnoli et al., 2024). This is achieved by exposing the biomass to alternating



periods of substrate excess (feast) and scarcity (famine) inside SBRs fed with the VFA-rich
effluent from the acidogenic stage (Morgan-Sagastume, 2016).

During the feast phase, excess carbon is supplied, prompting the biomass to consume sub-
strate and accumulate PHA, while in the famine phase, the cells must metabolize stored PHA
as a carbon source in conjunction with available nitrogen and phosphorus (Bagatella et al.,
2022). Over repeated cycles, non-storing microorganisms die off, enriching for PHA-storing
bacteria that dominate the SBR community (Morgan-Sagastume, 2016). Key operational pa-
rameters include aeration rate, HRT, cycle duration, and OLR are carefully optimized to sus-
tain selection efficacy and stable reactor performance (Castagnoli et al., 2024).

As a result of this regime, the microbial population becomes highly specialized for robust
and rapid biopolymer synthesis from diverse VFA feeds, providing system resilience suitable
for real waste streams (Bravo-Porras et al., 2024). The adaptable nature of this community en-
sures consistent PHA production despite fluctuating feedstock qualities, offering a significant
advantage over pure cultures prone to contamination and process disruptions. The selection
reactor thus underpins the industrial feasibility of MMC-based PHA manufacturing by sup-
porting high yields, flexibility, and circular economy goals (Bagatella et al., 2022).

1.3.3.3 Accumulation Reactor

The accumulation reactor is the final and production-intensive stage of the three-phase pro-
cess for PHA synthesis using MMCs, where conditions are engineered to maximize intracel-
lular PHA buildup in selected biomass (Bagatella et al., 2022). After transfer from the selection
reactor, the specialized microbial consortium is exposed to VFA-rich feed under strict nutrient
limitation, usually nitrogen or phosphorus deprivation, which curtails biomass growth and
drives metabolic flux toward PHA granule formation at maximum rates (Bravo-Porras et al.,
2024).

Key process variables, such as OLR, carbon source profile, temperature, and operational
mode (batch, fed-batch, or continuous), are carefully managed to enhance productivity (Co-
lombo et al., 2017). Typically, fed-batch accumulation is controlled online via oxygen monitor-
ing: a spike in oxygen signals carbon depletion, triggering additional feed until oxygen varia-
tions stabilize and accumulation concludes (Duque et al., 2014). Under optimal conditions,
PHA contents of 40-80% cell dry weight are routinely achieved, rivaling pure-culture systems
and enabling the tailoring of PHA copolymer compositions, such as PHBV, for enhanced me-

chanical and thermal properties (Jin et al., 2023).



A major advantage of this reactor is its ability to efficiently transform heterogeneous, low-
value waste into high-density, market-ready biopolymers without sterile conditions (Bagatella
et al., 2022). Nevertheless, process control challenges, including substrate fluctuations, VFA
inhibition, and microbial dynamic shifts can affect polymer quality and recovery yields, ne-
cessitating advanced monitoring. Downstream extraction and purification follows, yielding
polymers suitable for industrial and medical applications. Overall, the accumulation reactor
is the keystone of waste-derived PHA production, enabling scalable, economical, and sustain-
able bioplastic manufacturing (Bravo-Porras et al., 2024; Colombo et al., 2017; Duque et al.,
2014).

1.3.3.4 Process limitations and hardships

Despite substantial advances in PHA production with MMCs, several key limitations con-
tinue to challenge large-scale implementation and consistent process performance. One core
difficulty is the variability of both substrate feedstock and microbial community composition,
the concentration and makeup of waste-derived VFAs commonly fluctuate due to seasonal
and operational factors, resulting in inconsistent polymer yield and monomer composition,
and thus unpredictable PHA material properties (Bagatella et al., 2022).

On the biological side, microbial consortia shift in structure and metabolic capability in re-
sponse to operational or environmental changes, and maintaining the dominance of efficient
PHA-storing strains requires carefully managed feast-famine selection (Bedade et al., 2021).
The non-sterile nature of MMC processes, while advantageous for cost, increases contamina-
tion risks and may require frequent reactor restarts or additional selection to preserve produc-
tivity (Bravo-Porras et al., 2024; Morgan-Sagastume, 2016). Operationally, stable performance
across acidogenic, selection, and accumulation reactors demands sophisticated real-time mon-
itoring and control over temperature, pH, oxygen, and nutrient levels to avoid suboptimal
accumulation or byproduct formation, while harsh and energy-intensive downstream extrac-
tion is often needed to obtain polymers of sufficient purity and traceability (Alfano et al.,
2021b; Carvalho et al., 2022).

While MMC-based PHA production excels in flexibility, cost reduction, and waste valori-
zation, its limitations, ranging from feedstock heterogeneity and dynamic consortia to chal-
lenging process and recovery steps, require ongoing innovation in reactor engineering, moni-
toring, and community management to realize its full commercial and environmental promise

(Colombo et al., 2017).
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1.4 Motivation and objectives

Current process configurations for PHA production using MMCs often rely on a dedicated
accumulation reactor, which is essential to ensure consistent polymer yield, maintain process
stability, and maximize the PHA content within cells. While effective, integrating the accumu-
lation reactor stage adds considerable complexity and cost to the overall process by requiring
additional equipment, energy input, and operational oversight. Furthermore, the division be-
tween biomass enrichment and PHA accumulation phases, while frequently practiced, ex-
tends the processing time and increases waste generation. Therefore, in this work the aim is to
simplify and streamline the PHA production process by targeting a reduction or complete re-
moval of the accumulation reactor. Achieving this would result in a more efficient, compact
system with reduced capital and operational expenses, enhancing the economic attractiveness
and scalability of PHA production with MMC.

One promising approach is to operate a SBR under dynamic feast-famine (F/F) conditions
as selective pressure, adjusting the biomass purge to occur after the feast phase instead of the
end of the famine phase. This adjustment is driven by the hypothesis that the timing of bio-
mass withdrawal strongly influences the selection and retention of PHA-rich microbial popu-
lations like the traditional purge after the famine phase, thus potentially increasing the average
polymer content of the harvested biomass even in the absence of a separate accumulation . R.
A. P. Cruz et al. (2022) attempted this strategy but they observed a decrease in global PHA
productivity due to losses in biomass productivity, this is probably a result of the reduction in
N&P solution fed as they adjusted the volume considering the 1/8 purged from the SBR. In
this present study, this strategy will be attempted feeding the N&P solution without said ad-
justment to try to increase the biomass productivity, and, as a consequence, the overall PHA
productivity. It is expected that the accumulation phase will be faster and need less carbon
pulses as a result of purging biomass from the SBR with more PHA.

To further exploit the potential of a SBR configuration, the operational strategy is extended
by changing the feeding strategy to increase the OLR through the addition of two carbon
pulses during the feast period in each cycle. This strategy was adopted so the OLR could in-
crease without risking inhibition by substrate. As Matos et al. (2021a) observed, above the 5.4
g-COD/(L-d) there was a decrease in PHA yield in relation to VFAs fed and an increase in F/F
ratio. However, this study attempted to feed the fermentation products (FPs) in one carbon
pulse instead of dividing them into two smaller pulses, thus avoiding inhibition by substrate.

Importantly, this is performed without a concomitant increase in nitrogen and phosphorus
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supplementation, relying on the natural metabolic regulation of nutrient-limited cells to pro-
mote PHA synthesis over biomass growth. If successful, this dual-pulse strategy, combined
with post-feast biomass withdrawal, could enhance PHA accumulation within the main reac-
tor, reducing or even eliminating the necessity for an external accumulation reactor, and yield
a process that is both more stable and resource-efficient. This study will therefore evaluate
whether reactor stability can be maintained under these intensified conditions and whether
significant improvements in PHA content can be achieved, making a compelling case for pro-
cess simplification in industrial PHA production. Besides the points mentioned above, this
study will also evaluate the physical and mechanical properties of the polymers produced in
each condition to better understand and measure how the change in methodology can impact
the final PHA, considering that it is very important to improve the production without com-

promising the final quality of the polymer.
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MATERIALS AND METHODS

2.1 PHA Production

A tree-stage methodology was adopted to produce PHA (Figure 2.1). In the first stage, ap-
ple pulp waste was fed to a UASB reactor that converted the sugars into VFAs subsequently
used to feed a SBR inoculated with sludge from a wastewater treatment plant. In the SBR, the
FPs were converted into PHA and a PHA-accumulating MMC culture was selected. In the last
stage, the MMC purges collected from the SBR were used in a fed-batch bioreactor operated
to maximize PHA accumulation by feeding pulses of FPs from the UASB reactor. The current
work focused on the operation of the SBR and accumulation bioreactors.

The apple pulp waste, supplied by Sumol+Compal S.A., was the feed used for the UASB

reactor.
T —
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—
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Figure 2.1-Simplified scheme of the three-stage process for PHA production.
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2.1.1 Sequencing-batch reactor (SBR)

The SBR was used to select PHA producing bacteria from activated sludge with a feast and
famine strategy as selective pressure. In this study, three different operating conditions were
investigated: (1) Biomass purge in the famine, the traditional mode of operation, with one car-
bon pulse; (2) Purge at the end of the feast, keeping the same carbon amount and (3) Purge at
the end of the feast with two carbon pulses. The strategy of purging biomass with higher PHA
content at the end of the feast (Operation 2) proposed in this study intended to assess if the
higher PHA content within the biomass purged could reduce the time and/or cost associated
with the accumulation process. To further reduce, or even eliminate, the need for the PHA
accumulation step, another strategy was studied (Operation 3), during which the purge was
kept at the end of the feast, but two carbon pulses were fed to the reactor in order to increase

the PHA content of the biomass inside the SBR.

2.1.1.1 Feedstock

The UASB operation was performed with a recirculation flow rate within the range of 0.88
to 1.00 L/min, internal pressure between 0.0-0.2 Pa, pH controlled at 4.80-4.90, 30 °C and an
HRT of 1 day. The OLR was set to 5 g-COD/(L-d) during the first days of operation, which was
gradually increased over time up to 25 g-COD/(L-d). The reactor was operated over 10 months
and was used to produce a VFA rich stream needed for the SBR and accumulation reactor, it
was not monitored in the context of the current work.

The FPs used as feedstock averaged a composition of 0.03 + 0.00% g-COD of lactate, 7.66 +
0.02% g-COD of acetate, 4.52 + 0.02% g-COD of propionate, 0.32 + 0.00% g-COD of ethanol,
0.32 + 0,00% g-COD of isobutyrate, 72.90 + 0.01% g-COD of butyrate, 12.38 + 0.02% g-COD of
valerate and 2.06 + 0.03% g-COD of caproate (Figure 2.2). HB and HV precursor ratio were
83.10:16.90 (%g-COD:%g-COD).
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Figure 2.2-VFAs and ethanol ratio in the FPs (%g-COD).

21.1.2 Operation

The SBR was inoculated with activated sludge from a wastewater treatment plant (Mutela,
Almada, Portugal). This bioreactor of 150 L was operated with an HRT of 1 day and a sludge
retention time (SRT) of 4 days in 12 h cycles, pH of 7.5-8.5, temperature between 17-20 °C, air
flow rate and stirring set to keep the oxygen saturation inside the reactor above 20%. Dissolved
oxygen (DO) and pH were continuously measured. When inoculated, the initial OLR was 3 g-
COD/(L-d) and after the culture stabilizes, it was increased to 5.5 g-COD/(L-d) as Matos et al.
(2021) described the optimum OLR at 5.4 g-COD/(L-d).

The cycle begins with the feast phase where a mineral solution, described in Serafim et al.
(2008) with minor modifications (dipotassium phosphate and monopotassium phosphate
were not used), and the fermented feedstock were added to the reactor, for 15 minutes. After
2 hours of the beginning of the cycle, an ammonium chloride (NH4Cl) ITW Reagents, Italy)
and potassium di-hydrogen phosphate (KH2POs) (ITW Reagents, Italy) solution was added to
the reactor at a C:N:P molar ratio of 100:7:1 (C-mmol:Nmmol:P-mmol). In a cycle, the aerated
feast and famine were about 45 min and 10 h, respectively, 15 min were for biomass purging
either after feast or famine depending on the operation, the last 1 h of the cycle was for biomass
settling and supernatant withdrawal to restore the volume for the beginning of the next cycle.

Briefly, the reactor’s operation with purge in the famine (Operation 1) was performed at an
OLR of 5.5 g-COD/(L-d) and the purge was set to the end of the famine phase, right before the
settling and withdrawal. This is the traditional method for operating this reactor. Between
Operation 1 and 2 the reactor was reinoculated. Then, the timing of the purge was changed to
90 minutes after the beginning of the feast phase (Operation 2) to assure the feast was over
and the N&P solution was not fed before purging. Lastly, Operation 3, the reactor was fed

with two carbon pulses, each one corresponding to what was given at 5.5 g-COD/(L-d), spaced
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30 minutes between them, totaling 11 g-COD/(L-d) and the biomass was purged after the feast
phase like in Operation 2. To increase the PHA content of the biomass and avoid excessive
biomass volumetric productivity over the cycles, the volume of N&P solution fed was kept the
same as the previous operations, which theoretically cuts the C:N ratio (C-mmol:N-mmol) in

half. A summary of the differences between Operations 1,2 and 3 can be found in Table 2.1.

Table 2.1-Summary of the main differences between Operations 1, 2 and 3.

Parameter Operation 1 Operation 2 Operation 3
Inoculum Activated Activated Biomass from
sludge sludge Operation 2
Days of operation (d) 81 82 40
OLR (g-COD/(L-d)) 5.5 5.5 11
Number of carbon pulses 1 1 2
C:N:P (C-mmol:N-mmol:P-mmol) 100:7:1 100:7:1 100:3.5:1
Purge Timing End of famine End of feast End of feast

All operating parameters (except OLR in Operation 3) and volume of solutions added were
maintained all throughout. After three stable SRTs (12 days) with no changes in the F/F ratio,
three SBR cycle monitorings were performed for each operation, samples were collected along
the cycle for FPs, PHA, NHy*, total suspended solids (TSS) and volatile suspended solids (VSS)
quantification. During the feast, 5 samples per carbon pulse were taken, 5 samples were taken
during the carbon consumption and 3 during the consumption of the N&P solution, for Oper-

ations 2 and 3 one sample was taken before and one after the purge.

2.1.2 PHA accumulation

In order to maximize PHA production, fed-batch accumulation assays were carried out in
a 60 L reactor, inoculated with biomass from the selection SBR during Operations 1, 2 and 3,
and fed with pulses of FPs controlled by DO. The accumulation was carried out until the pre-
vious pulse stopped having an abrupt increase in DO at the end of the fermented consumption
and there was no oxygen decrease to FPs, it was ended by adding sulfuric acid (Honeywell
Fluka™, USA) until pH 2 and the biomass was stored at 4 °C till extraction. These assays were
performed at 18-23 °C with aeration and stirring set to keep oxygen saturation above 20%. pH
and DO were monitored using online sensors, and a hydrochloric acid (HCI) (ITW Reagents,

Italy) 5M solution was used to control the pH setpoint at 8.5.
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Samples were taken throughout the assays for FPs, PHA and TSS/VSS analysis, at the be-
ginning, middle and end of each pulse.
The operating parameters were maintained for all operations to ensure that no changes

could be attributed to different methods used during the accumulations.

2.2 Analytical Procedures

The samples taken from the selection SBR and from the PHA accumulation bioreactor were
centrifuged (13500 rpm/12300 g for 2 min), the supernatant was filtrated using a 0.2 pm mem-
brane filters, the pellet was frozen at -20 °C and posteriorly lyophilized. For TSS/VSS the sam-

ples were directly without centrifuge.

2.2.1 FPs quantification

FPs were measured in filtered samples (0.2 um) through HPLC in a Merck-Hitachi chroma-
tographer with an Aminex HPX-87H pre-column and column coupled to an infrared (IR) and
a diode array detector (DAD). The following conditions were used: column temperature
30 °C, 0.01 N H2SOx eluent, flow rate 0.5 mL/min and injection volume 99 puL. The FP concen-
trations were calculated using standard calibration curves from 4 — 1000 mg/L of lactate
(Sigma-Aldrich, Germany), acetate (Fisher scientific, USA), propionate (Sigma-Aldrich, Ger-
many), isobutyrate (Sigma-Aldrich, Germany), ethanol (Carlo Erba, Italy), butyrate (PanReac
AppliChem, Germany), valerate (Thermo Scientific, USA), and caproate (Thermo Scientific,
USA).

2.2.2 Nitrogen quantification

Soluble ammonia (NHas*) concentration was assessed in filtered samples (0.2 um) using a
colorimetric method implemented in a segmented continuous flow analyzer (Skalar SNA++,

Skalar Analytical, Netherlands).

2.2.3 TSS&VSS analysis

Total suspended solids (TSS) and volatile suspended solids (VSS) were determined accord-
ing to standard methods (Clesceri et al., 1999).
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2.2.4 Qualitative PHA Detection

Nile Blue staining was used as a qualitative technique to evaluate the presence of PHA in
the microbial culture. To 1.5 mL of biomass sample from the end of the feast phase of the SBR,
5 uL of a 0.2% aqueous solution of Nile Blue (Sigma-Aldrich, Germany) was added and incu-
bated at 100 °C for 10 minutes. The sample was then observed in a microscope (Carl Zeiss
Microscopy GmbH, Germany) under fluorescent light (Carl Zeiss Microscopy GmbH, Ger-

many).

2.2.5 PHA quantification and composition

Intracellular PHA content and monomeric composition were determined using gas chro-
matography (GC). In a tube, lyophilised biomass samples (1.5-5 mg) were treated with 1 mL
of an acidic methanol (Fisher Chemical, USA) solution (acidified with sulfuric acid 20% (v/v)
(Honeywell Fluka™, USA)) mixed with 1 mL of a chloroform (Honeywell Riedel-de Haén™,
USA) with 0.5 g/L of heptadecane (Sigma-Aldrich, USA). This mixture was heated in sealed
glass tubes at 100 °C for 3.5 hours to ensure complete methanolysis. After the tubes cooled
down, 1 mL of water was added and mixed in the vortex for 30 seconds, and the tubes were
then left for 1 hour to ensure maximum phase separation. The water phase was removed, and
1 mL of water was added again to repeat the washing process. Afterwards, the organic phase
was extracted into a GC vial with molecular sieves for water removal and then filtered with
0.2 um PTEFE filters (LABFIL, China) to a new vial to be encapsulated. The standards used for
this analysis were 3-hydroxybutyric acid (3-hydroxybutyrate, HB) (97%, Thermo Scientific,
USA), 3-hydroxyvaleric acid (3-hydroxyvalerate, HV) (98%, Med-ChemExpress, USA) and
methyl-3-hydroxyhexanoic acid (3-hydroxyhexanoate, HHx) (97%, Sigma-Aldrich, USA) with
concentrations between 0.05 and 1.0 g/L. After sample preparation, 1.0 pL was injected into a
gas chromatographer, equipped with a flame ionization detector (FID) (TRACE 1300, Thermo
Scientific, USA) and a column of 60 m, 0.53 mm ID, 1 uM df, Crossbond, Stabilwax (Restek,
USA). The analysis was conducted using helium as the carrier gas at a constant pressure of
14.5 psi. The injection temperature was set to 280 °C, the detector temperature to 230 °C, and
the temperature ramp started at 40 °C. The temperature increased at a rate of 20 °C/min until
reaching 100 °C, then increased at a rate of 3 °C/min until reaching 175 °C and finally increased
at a rate of 20 °C/min until reaching 220 °C to ensure proper cleaning of the column after each

injection.
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2.2.6 PHA Extraction and Purification

The PHA-enriched acidified biomass obtained from the accumulation assays was centri-
fuged, supernatant discarded and freeze-dried (Scanvac CoolSafe 110-4, Labogene) to ensure
complete water removal. The dried biomass was then weighed and suspended in chloroform
(Honeywell Riedel-de Haén™, USA) at a ratio of 5 mL of solvent per gram of dry biomass.
The mixture was incubated at 60 °C under constant agitation (250 rpm) for 5 hours. Following
this process, the suspension was maintained at 30 °C until the next step. Undissolved materials
were removed using a paper filter via vacuum filtration, and the resulting filtrate was left in a
fume hood until the solvent had completely evaporated. The obtained crude polymer was then
weighed.

For purification, the crude polymer was redissolved in chloroform (Honeywell Riedel-de
Haén™, USA) and precipitated in ice-cold ethanol (1:10% v/v) under vigorous stirring. The
precipitated polymer was collected and allowed to dry at room temperature inside the fume
hood. To ensure the complete removal of ethanol, an additional drying step was performed in
an oven at 35 °C. The purified polymer was subsequently weighed and stored in the dark for

further analysis.

2.2.7 PHA characterization

2.2.71 Thermo-gravimetric Analysis (TGA)

TGA (Labsys EVO Analyser, Seteram) was used to determine the degradation temperature
(Taeg) of the polymers, it was considered the point in the TG curve where the sample had 5%
mass loss. For this, 10 mg of each pure polymer was weighed and analysed between room
temperature and 500 °C, at a rate of 10 °C/min and with a weighing precision of + 0.01%, under

an argon atmosphere.

2.2.7.2 Molecular weight

Number and average molecular weights, Mn and Muw, respectively, and the dispersity (Bm =
Muw/Mn) of the PHA samples were determined by a gel permeation and size exclusion chroma-
tography (GPC/SEC) System (KNAUER Smartline, Germany), using a Phenomenex Phenogel
Linear Liquid Chromatographic Column 300x7.8 mm (Phenomenex, USA) coupled with the
refractive index detector (RID) Waters2414 (Waters, USA). The samples were dissolved in
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chloroform (concentration range: 0.3 — 0.4%, w/v) and monodisperse polystyrene standards
(370 — 2520,000 Da) were used.
The solutions were injected (100 puL) and the analysis was performed at 30 °C, with a flow

rate of 1 mL/min of chloroform as mobile phase.

2.2.7.3 Differential Scanning Calorimetry (DSC)

DSC using a TA DSC-Q2000 instrument was employed to analyze the thermal properties
of the extracted polymers. Approximately 5 + 0.5 mg of each sample, prepared in duplicate,
were weighed and sealed in aluminum crucibles. All measurements were conducted under a
nitrogen atmosphere (50 mL/min).

Initially, a thermal pre-treatment was carried out to eliminate any prior thermal history.
The samples were heated from 20 °C to 180 °C at a rate of 10 °C/min and held isothermally for
1 minute to ensure complete melting of the polymers. To prevent immediate crystallization,
they were then rapidly cooled to room temperature at 50 °C/min and stored in a desiccator for
at least 14 days, allowing slow crystallization to occur.

After the aging period, the samples underwent a second heating from room temperature to
180 °C at 10 °C/min, followed by a 3-minute isothermal hold. They were then cooled to =70 °C
at 10 °C/min, held isothermally for 5 minutes, and subjected to subsequent heating cycles. The
second and third heating ramps were identical to the first, while the second cooling ramp —
after the second heating—was performed at approximately 50 °C/min.

The first heating cycle was used to determine the melting point (Tm) and melting enthalpy
(Am). The first cooling ramp provided data for the melt crystallization temperature (Tc), while
the final heating ramp was used to determine the glass transition temperature (T;s) and cold

crystallization temperature (Tc).

2.2.74 Mechanical properties

The mechanical properties of the PHA samples were evaluated through uniaxial tensile
testing. Test specimens were fabricated by dissolving 2 g of purified polymer in 20 mL of chlo-
roform and, using a casting knife, a film with a thickness of 150 um was made. Samples were
then cut with a width of 1.5 cm and a length of 5 cm, the thickness was verified with a caliper
to ensure consistency and accurate calculations of engineering stress and strain.

Tensile experiments were carried out using a food texture analyzer (TMS-Pro, Mecmesin

and Food Technology Corporation, United Kingdom) equipped with a 250 N load cell and a
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clip-on extensometer for accurate strain measurement. The tests were performed at a constant
crosshead speed of 10 mm/min. Each sample was loaded progressively until rupture.

Stress was determined as the applied force divided by the initial cross-sectional area of the
specimen, while strain was obtained as the ratio of extension to the original gauge length.
Stress—strain curves were plotted for each test. From these curves, Young’s modulus was cal-
culated from the slope of the initial linear elastic region, the ultimate tensile strength (UTS)
was defined as the peak stress before specimen failure, and the elongation at break was rec-
orded at the point of fracture. All experiments were conducted in ambient laboratory condi-
tions, with at least five replicates performed to ensure reproducibility and statistical reliability

of the results.

2.3 Calculations

The feast-to-famine ratio (F/F ratio, h/h) was determined by dividing the duration of the
feast phase by that of the famine phase. PHA content within the biomass (% w/w) was quan-
tified by calculating the proportion of PHA to the VSS measured concurrently during the ex-
periment. The concentration of active biomass (Xa, g-Xa/L) was obtained by subtracting the
amount of PHA (g/L) from the VSS concentration (g/L) at each reaction time point.

Biomass volumetric productivity (XPR, g-Xa/(L-d)) was derived by dividing the active bio-
mass concentration (g-Xa/L) by the SRT (d). Specific rates, including substrate uptake (-qrr, g-
CODrr/(g-CODxa-d)), PHA accumulation (qera, g-CODprua/(g-CODxa-d)), and PHA consump-
tion during famine (-qPHA famine, g-CODrua/(g-CODxa-d)), as well as the maximum specific
growth rate (qxs, h™), were estimated from the slopes of the linear phase of the linear regres-
sions for total FP, PHA, and Xa concentrations over time. PHA productivity in the accumula-
tions (rPHA, g-PHA/(L-d)) was calculated by dividing the difference in PHA (g-PHA/L) until
maximum PHA value by the time it took to reach it (h). The quality of these regressions was
verified with R? values greater than 0.85.

PHA yield (g-CODrua/g-CODrr) was assessed by dividing qPHA by -qFP. The growth yield
in famine (Yxrra, g-CODxa/g-CODrra) was determined by dividing the amount of active bio-
mass generated by the total PHA consumed.

Global PHA productivity (g-PHA/(L-d)) was calculated multiplying the biomass volumet-
ric productivity (g-Xa/(L-d)) in the SBR by the maximum PHA accumulated during the accu-
mulation (g-PHA/L), and then dividing by the active biomass inoculated in the accumulation

(g-Xa/L).
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Global PHA yield (g-CODrua/g-CODrr) was determined dividing the kg-CODrua (kg-COD
correspondent to 1 kg of PHA) by the total kg-CODrr needed to produce 1 kg of PHA. The
total kg-CODrr includes both the COD from the feeding substrate consumed during accumu-
lations and the COD used to produce the necessary biomass to generate 1 kg of PHA.

All g-COD results come from the conversion of g to g-COD using the oxidation stoichio-
metric conversion ratios of 1.06 g-COD/g-lactate, 1.06 g-COD/g-acetate, 1.51 g-COD/g-propio-
nate, 2.08 g-COD/g-ethanol, 1.81 g-COD/g-isobutyrate, 1.81 g-COD/g-butyrate, 2.04 g-COD/g-
valerate, 2.21 g-COD/g-caproate, 1.67 g-COD/g-HB, 1.92 g-COD/g-HV and 1.41 g-COD/g-Xa
(considering the chemical formula of CsH7NO: defined by (Gujer & Henze, 1991)).
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\ 3
RESULTS AND DISCUSSION

3.1 Sequencing Batch Reactor

In Operation 1, the reactor was operated with an OLR of 5.5 g-COD/(L-d) and the purge
was set to end of the famine phase, before settling and withdrawal steps. The SBR started with
an OLR of 3 g-COD/(L-d). After 10 cycles (5 days) the F/F ratio decreased from 0.17 to 0.08 as
can be observed in Figure 3.1 and the OLR was increased to 5.5 g-COD/(L-d). After increasing
the OLR, the F/F ratio stabilized again at cycle 38 (19 days after inoculation), averaging 0.03 +
0.01 until the end of the reactor’s Operation 1 at cycle 165 (day 81) (Figure 3.1), under the
established value of 0.3 as the maximum reference commonly used (Reis et al., 2011). This F/F
ratio falls in line with what is observed in other studies working with similar OLR, SRT, HRT
and feedstock (Matos et al., 2021a, 2021b). The decline of the F/F ratio in the early stages of
each OLR indicates that a selection pressure is being exerted and the number of PHA-accumu-
lating bacteria is increasing (Duque et al., 2014).

In Figure 3.2 A is represented an example of one cycle monitoring for this operation, as can
be observed, at the onset of the feeding period, a decline in the FPs' concentration was ob-
served, indicating that the prevailing organic acids were being consumed (Figure 3.2 A). These
acids were subsequently converted into PHA, as evidenced by an escalation in the intracellular
PHA content, reaching a peak at the culmination of the feast phase, Figure 3.3 shows the cul-
ture observed in the microscope and PHA granules can be observed. Following the consump-
tion of the FPs, a transition to a state of food scarcity is triggered and, with the addition of the
N&P solution at 2.20 h of the cycle, prompts the utilization of PHA by accumulating microor-
ganisms for growth (Figure 3.2 A). After the feeding and consumption of the nitrogen availa-
ble, the active Xa growth stabilizes, with PHA consumption serving solely for cellular mainte-
nance and survival. At the end of the famine phase for Operation 1, the reactor is purged and
the biomass goes to the accumulation reactor to increase the intracellular PHA content (Figure

32 A).
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The results obtained in Operation 1 (Table 1) demonstrate the effectiveness of the tradi-
tional operation method to select PHA-accumulating bacteria. The maximum PHA content
was 21 + 3% (g-PHA/g-TSS) at the end of the feast and a minimum PHA content at the end of
the cycle of 11.8 + 0.1% (g-PHA/g-TSS), achieving a PHA yield of 0.66 + 0.02 g-CODrna/g-
CODrrand 0.9 + 0.3 g-PHA/L (Table 1). The volumetric productivity of Xa was 1.3 + 0.1 g-
Xa/(L-d) (Table 1). Rangel et al. (2023) showed similar results with an F/F ratio was closely the
same at 0.09 and the VSS were higher at 7.0 g-VSS/L, the higher Xa at 6.5 g-Xs/L is due to the
slightly higher OLR that requires the addition of more nitrogen, which are the conditions
needed for higher active biomass. In terms of PHA yield, they observed a maximum PHA
content during the feast of 17.7 + 1.9% (g-PHA/g-TSS) despite the slight difference in OLR
(theirs was 150 Cmmol/(L-d), ours was 137 + 37 Cmmol/(L-d)) and using a feedstock composed
mainly of acetic, lactic and butyric acids, and ethanol resultant from the acidogenic fermenta-
tion of effluent from the confectionery industry. They also employed the traditional method
with the purge at the end of the famine phase, an SRT of 4 days and an HRT of 1 day. Their
overall results for the SBR were similar to ones in this study.

Matos et al. (2021b), in a study to evaluate the impact of the SRT on the SBR, used a three-
stage process for PHA production from fruit pulp waste, the experimental setup was slightly
different as their SBR had a volume of 100 L. An HRT of 1 day, an SRT of 4 days and an OLR
of 5.4 g-COD/(L-d) were used. The results achieved resembled our work, achieving an active
biomass of 4.84 + 0.02 g-Xa/L despite having a higher PHA yield of 0.90 + 0.04 g-CODrha/g-
CODrr compared to the one obtained in this study of 0.66 + 0.02 g-CODrra/g-CODre. Their
grHAfeast Was lower at 0.93 + 0.03 g-CODrua/(g-CODxa'h), but the APHA during the feast was
double ours at 18.2 + 0.3% (g-PHA/g-TSS). These differences can be attributed to the volume
of their SBR as a smaller volume might facilitate carbon and oxygen transfer, resulting in a
different MMC selected, as they mention having up to 93% of PHA-accumulating bacteria. The
results obtained for the operation with the purge after the famine phase (Operation 1) align
with studies using similar experimental setups and parameters, and will be used as a bench-
mark for comparison with the other strategies testes in this study.

After Operation 1, the SBR was reinoculated for Operations 2 and 3, where the purge
after feast and the OLR of 11 g-COD/(L-d) with purge after the feast were tested, respectively.
The SBR demonstrated a period of eight days to reach a consistent F/F ratio under 0.06 at an
OLR of 3 g-COD/(L-d), similar to what happened in Operation 1. Subsequently, the OLR was
elevated to 5.5 g-COD/(L-d). Following the monitoring of SBR’s Operation 2 on days 71 and
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72, the OLR was augmented to 11 g-COD/(L-d) (Figure 3.4) for Operation 3 and remained like
this until the end of the experimental period. The monitoring for Operation 3 was performed

on days 121 and 122 since reinoculation.

Table 3.1-Summary of the controlled parameters during the SBR monitoring for Operations 1,2 and 3. Data
was displayed as Average SD (n=2).

Parameter Operation 1 Operation 2 Operation 3
OLR (g-COD/(L-d)) 5+2 51+0.2 10.9+0.4
OLR (Cmmol/(L-d)) 137 £37 129 + 56 274 +11
F/F ratio (h/h) 0.024 + 0.002 0.033 + 0.002 0.079 + 0.001
VSS (g-VSS/L) 6.1+£0.5 7.7+0.8 14.2+0.7
XPR (g-Xo/(L-d)) 1.3+0.1 1.66 +0.02 2.09 +0.04
Xa (g-Xa/L) 51+05 6.64 +0.08 8.4+0.2
(-) qrr (g-CODrr/(g-CODxa-h)) 1.50 +0.03 0.93 +£0.05 0.54 +0.04
Average PHA during feast 15+4 13+5 32+4
(% (g-PHA/g-TSS))

Minimum PHA in feast 11.8 +0.1 56+0.9 27 +1

(% (g-PHA/g-TSS))

Maximum PHA in feast 213 199+05 404+0.2
(% (g-PHA/g-TSS))

PHA in purged biomass 11.25+1.76 19.9+0.5 40.4+0.2
(% (g-PHA/g-TSS))

QPHA feast 1.3+0.2 0.7+0.1 0.52 £ 0.06
(g-CODrua/(g-CODxarh))

() qPHA famine 0.03+0.01 0.09 +0.01 0.45+0.04
(g-CODrua/(g-CODxxh))

PHA Yield (g-CODprna/g-CODrr) 0.66 +0.02 0.80 +0.08 0.96 £ 0.03
qxal famine (h) 0.03+0.01 0.08 +0.01 0.37 £0.09
Yxapta (g-CODxa/g-CODrHa) 0.58 +0.02 0.742 + 0.003 0.828 + 0.001

During Operation 2, significant alterations were expected in the SBR since R. A. P. Cruz et

al. (2022) noted, more importantly, an increase in PHA content and a decrease in biomass from
the traditional operation to the one purging after the feast like in the present study. As can be

observed in Figure 3.4, the F/F ratio remained consistent under 0.06 during Operation 2,

26



indicating that the selection pressure remained unaltered and good. As the OLR was kept at
5.5 g-COD/(L-d) in both Operations 1 and 2, the maximum PHA content remained unaltered
by the change in purge timing (21 + 3% (g-PHA/g-TSS) in Operation 1 and 19.9 + 0.5% (g-
PHA/g-TSS) in Operation 2) (Table 3.1). The cycle’s profile looks similar to Operation 1, with

the main difference being the time of the purge and the increase in Xa (Figure 3.2 B).

%N

Figure 3.3-SBR's MMC observed with Nile blue staining in the microscope.

As expected, the Yxa/pHa famine Was higher (0.58 + 0.02 g-CODx./g-CODrha in Operation 1 and
0.742 + 0.003 g-CODxa/g-CODrna in Operation 2), meaning that more PHA is being consumed
during the famine for biomass growth, reflected in the minimum and maximum values of
PHA content during the feast, which will cause an increase in active biomass (5.1 + 0.5 g-Xa/L
in Operation 1 and 6.64 + 0.08 g-Xa/L in Operation 2). A notable increase was observed in bio-
mass volumetric productivity, with values of 1.3 £ 0.1 g-Xa/(L-d) in Operation 1 and 1.66 + 0.02
g-Xa/(L-d) in Operation 2. Both biomass volumetric productivity and active biomass increases
in relation to the benchmark operation can be explained by maintaining the N&P solution’s
volume. R. A. P. Cruz et al. (2022) attempted a three-stage process involving purging at the
end of the feast. However, in their study, the amount of nitrogen was calculated based on the
carbon remaining after biomass purging, rather than the carbon fed in Cmmol. In practical
terms, they assume that if they purge 1/8 of the reactor before adding the N&P solution, then
the volume of N&P solution fed to the reactor has to decrease 1/8. Meanwhile, in the present
study, this adjustment was not made, and we considered the ratio to be based on the amount
of carbon fed to the reactor during the feeding. This difference in methodology is enough to
contribute to the bigger biomass growth and lower maximum PHA content observed in the
present study. Furthermore, R. A. P. Cruz et al. (2022) noted a tripling in the F/F ratio, almost

a double in the maximum PHA content during the feast and a fourth in biomass volumetric
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productivity when compared to the control reactor operated with the purge at the end of the
famine phase. The effects observed in the aforementioned study resemble a butterfly effect as
the simple reduction in the volume of N&P solution led to a decrease in active biomass, which
subsequently reduced biomass productivity. Moreover, since the same amount of carbon was
supplied to a smaller biomass concentration, the F/M ratio (Food/Microorganism) increased in
favor of PHA accumulation, as the carbon load was too high for the capacity of the biomass
inside the SBR. In a way, it worked as Operation 3 of the present study intended, since there
was an increase in PHA content inside the SBR but with the side effect of losing biomass
productivity.

In summary, the primary benefit of purging biomass after the end of the feast phase in
Operation 2 is the higher PHA content and increased biomass volumetric productivity. At the
time of the purge, a higher PHA content is observed which can possibly result in a reduced
number of pulses during the accumulation phase, leading to a decreased duration and com-

plexity of the overall process and a decrease of the total carbon needed to achieve the same

PHA production.
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Figure 3.4-F/F ratio (h/h) profile of the SBR cycles during Operations 2 and 3.

In Operation 3, a two-pulse feeding strategy was adopted, as a way to increase the OLR of
the reactor without provoking inhibition. According to the Michaelis-Menten equation, the
reaction rate within a reactor varies with substrate concentration. For our operating condi-
tions, Matos et al. (2021a) define the concentration as an OLR of 5.4 g-COD/(L-d). At 11 g-
COD/(L-d), Matos et al. (2021a) states that inhibition by substrate should exist and by trying
to keep the concentration optimum, the possibility for OLR and PHA content increase is cre-

ated. This designed pulse-feeding strategy mimics the feeding method used in accumulations.
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Since the N&P solution added was not proportionally increased to the double, the biomass
growth was not stimulated in the same proportion. As the F/M ratio doubled, the F/F ratio was
expected to also increase in comparison to Operations 1 and 2, preposition that was confirmed
with an F/F ratio of 0.079 + 0.001 (Table 3.1). As mentioned, this was expected considering that
the biomass had to consume double the FPs and the initial PHA content was higher. However,
this ratio stayed low enough not to be a concern of losing selection pressure (< 0.3) (Reis et al.,
2011).

Several changes were observed in the profile, higher Xa and PHA content overall, and the
double increase in FPs representing the two carbon pulses are observable in Figure 3.2 C. Dur-
ing the exponential phase of the FPs consumption and conversion into PHA content, Opera-
tion 3 had a higher yield compared to previous Operations (0.66 + 0.02 g-CODrua/g-CODrr in
Operation 1, 0.80 + 0.08 g-CODrra/g-CODrr in Operation 2 and 0.96 + 0.03 g-CODrra/g-CODrp
in Operation 3) (Table 3.1), indicating a bigger conversion rate to PHA until the stationary
phase was reached. As expected, there was a big increase in the PHA content during the cycle
with the average during the feast doubling to 32 + 4% (g-PHA/g-TSS) in Operation 3 in relation
to Operation 1 (15 +4% (g-PHA/g-TSS)) and Operation 2 (13 + 5% (g-PHA/g-TSS)), as stated in
Table 3.1. In practical terms, the C:N ratio was strategically adjusted to 100:3.5 (C-mmol:N-
mmol) by increasing the available carbon source and limiting the nitrogen supply. This stoi-
chiometric shift was implemented to induce nutrient stress, which restricts new cell growth
and redirects the high carbon flux towards intracellular PHA accumulation. This approach
was designed to maximize the final polymer content in the biomass, yielding a superior poly-
mer-rich fraction compared to prior operational strategies.

There was a new compound with a retention time similar to glucose was detected in the
GC analysis of the lyophilised biomass, possibly corresponding to glycogen. It is suspected
that either a change in culture allowed the proliferation of glycogen accumulating organisms
(GAO) or that the excess carbon caused the culture to start deviating carbon for glycogen ac-
cumulation, Bengtsson et al. (2010) showed that PHA and glycogen accumulation in simulta-
neously is possible from acetic and propionic acids.

Once again, there was an increase in biomass volumetric productivity to 2.09 + 0.04 g-
Xa/(L-d) when compared to Operation 1 (0.95 + 0.09 g-Xa/(L-d)) and Operations 2 (1.66 +0.02 g-
Xa/(L-d)) as mentioned in Table 3.1.This increment occurred despite the nitrogen being sup-
plied at the same amount as the preceding operations. Such an elevation suggests a greater

efficiency of the selected culture in nitrogen and PHA consumption for growth, which is
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supported by the maximum biomass yield during the PHA famine phase of 0.828 + 0.001 g-
CODxa/g-CODrHa, the highest recorded among the three operations.

This feeding strategy in Operation 3 allowed the increase of the OLR to 11 g-COD/(L-d)
without losing selection pressure. Previous studies that tried to increase the OLR in one vol-
ume showed a reduction in selection pressure and an increase in the FPs consumption time
despite all other operating parameters and feedstocks being kept the same (Lorini et al., 2020;
Matos et al., 2021b; Valentino et al., 2014). However, in the current study, the F/F ratio stayed
low and selective pressure wasn’t lost due to feeding the carbon in two separate pulses to
avoid inhibition.

This operation demonstrated promising results towards the elimination of the accumula-
tion step. By being able to double the OLR and maintaining the N&P volume, it was possible
to increase the PHA content of the biomass after purging with approximately 40.4 + 0.2% (g-
PHA/g-TSS). With a high yield and efficient extraction process, the biomass purged from the
SBR during Operation 3 could go straight to PHA extraction. However, biomasses with higher
PHA contents are always desirable because the ratios are between solvent and biomass, not
solvent and PHA in the biomass, which impacts the cost/benefit of the extraction because it is
always preferable to use as little solvent as possible to extract as much PHA as possible. Also,
higher PHA content implies smaller portions of undesirable cellular components like proteins
and lipids, requiring fewer purification steps. However, this operation showed a global yield
of 0.16 g-CODrua/g-CODrp, which is low, and the elimination of the accumulation reactor
might come at the expense of efficiency.

In summary, by purging right after the end of the feast phase, the collected biomass had
higher PHA contents and neither selection pressure nor biomass yield were lost. With the two-

pulse strategy, there was the intended increase in PHA content of the purged biomass.

3.2 PHA accumulation

As explained earlier, after the biomass purge in all three operations, the resulting biomass
was immediately inoculated into the fed-batch accumulation reactor for PHA production. As
can be observed in Figures 3.4 A and B, the FPs consumption and PHA accumulation profiles
from Operations 1 and 2 respectively, as the cells reach their physiological storage limit, at
approximately 2.28 h in Operation 1 and 2.29 in Operation 2 of the accumulation, no further
significant PHA accumulation occurs, the maximum PHA stabilized at around 51 + 3% (g-

PHA/g-TSS) in Operation 1 and 53 + 4% (g-PHA/g-TSS) as mentioned in Table 3.2. During the
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accumulation in Operation 3, as expected, the cells reach their storage limit faster, at around
1.22 h (Table 3.2) after accumulation assay start, due to the fact that they started with a higher
PHA content, approximately 35% (Figure 3.4 C), stabilizing around 51 + 1% (g-PHA/g-TSS) as
seen in Table 3.2.

During Operation 1, the PHA yield was 0.94 + 0.05 g-CODrna/g-CODrr and it took 7 carbon
pulses until maximum PHA values were achieved (Table 3.2). In Operation 2, the PHA yield
was slightly lower at 0.89 + 0.04 g-CODrra/g-CODrr and it took 5 carbon pulses to reach the
maximum PHA content. This difference in PHA yield in Operation 2, despite small, is ex-
pected as the biomass starts the accumulation assay with a higher PHA content due to being
purged after the feast phase. There was an increase in the FPs consumption rate ((-) qer) from
0.5+ 0.1 g-CODrr/(g-CODxah) in Operation 1 to 0.6 + 0.2 g-CODrr/(g-CODxa'h) in Operation 2,
which was expected since the biomass came directly from the end of a feast phase in the SBR
reactor, and was far from the maximum capacity achievable.

A B
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Figure 3.5- Overall PHA accumulation and FPs consumption profiles through time for accumulations done

with biomass collected from SBR Operation 1 (A), Operation 2 (B) and Operation 3 (C).
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Table 3.2-Summary of the controlled parameters during the accumulation monitoring. Data was displayed as
Average = SD (n=2).

Parameter Operation 1 Operation 2 Operation 3
(-) qFP (g-CODrr/g-CODxa'h) 05+0.1 0.6+0.2 0.16 £0.01
PHA Yield (g-CODrua/g-CODre) 0.94 £ 0.05 0.89 +0.04 04+0.1
Maximum PHA (% (g-PHA/g-TSS)) 51+3 53+4 511
Number of pulses until maximum ; . )
PHA content is achieved
Time until maximum PHA content is

2.28 2.29 1.22
achieved
Global PHA Productivity (g-PHA/(L-d)) 1.18 £0.01 1.5+0.2 22+0.2
Global PHA yield (g-CODrua/g-CODkr) 0.19 0.30 0.21

The aforementioned differences in the accumulation assays for Operations 1 and 2 in this
study differ from what R. A. P. Cruz et al. (2022) observed. In their work, a decrease in accu-
mulation time from 6.6 + 1.1 h to 4.4 + 1.2 h and a slight increase in maximum PHA accumula-
tion from 51% (g-PHA/g-TSS) to 56% (g-PHA/g-TSS) were noted from the traditional opera-
tion to purging after the feast, which were not the case in the present work, these differences
are mainly due to their decrease in biomass in the SBR operated with the purge after the feast.
In their work, the amount of carbon pulses was also very different between methodologies,
with 11 for the traditional method and 3 for the biomass purged after feast. Contrary to this
present work, R. A. P. Cruz et al. (2022) saw a big difference in global PHA productivity for
the overall production process, while in the present study there was an increase from 1.18 +
0.01 g-PHA/(L-d) in Operation 1 to 1.5 + 0.2 g-PHA/(L-d) in Operation 2, they observed a re-
duction from 0.49 + 0.1 g-PHA/(L-d) to 0.24 + 0.03 g-PHA/(L-d) between the traditional method
and the purge after feast, respectively, due to the decrease in biomass productivity as dis-
cussed in section 3.1. Compared to Matos et al. (2021a), our results fell short as they describe
a maximum PHA content of 80.5 + 0.3% (g-PHA/g-TSS), possibly due to the fact that they have
a highly selected culture of PHA-accumulating bacteria, also, a global PHA productivity of 8.1
+0.1 g-PHA/(L-d) was reached due to the high PHA content obtained.

Considering these results, the biggest advantage, in terms of accumulations, between Op-
erations 1 and 2 is in the number of carbon pulses required to achieve the maximum value of

PHA content (7 in Operation 1 and 5 in Operation 2). To better evaluate the overall
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performance of each operation, it is important to determine the global PHA yield (g-COD-
pHA/g-CODrr) as it represents the g-CODrna produced by every g-CODrr consumed during the
entire process from the SBR to the accumulation, helping us understand how efficiently FPs
are converted into PHA. The global PHA yield showed a big increase from 0.19 g-CODrra/g-
CODrr in Operation 1 to 0.30 g-CODrra/g-CODrr in Operation 2, demonstrating that purging
after the end of the feast phase helps make the three-stage process overall more efficient in
converting the FPs into PHA ready for extraction. Besides the PHA yield, it is also important
to determine the global PHA productivity (g-PHA/(L-d)) as it allows us to determine how
much PHA is produced per day. The global PHA productivity of the three-stage process in-
creased from 1.18 + 0.01 g-PHA/(L-d) in Operation 1 to 1.5 + 0.2 g-PHA/(L-d) in Operation 2
due to the increase in biomass in the SBR, if there is more biomass and the g-PHA/g-TSS is the
same, the PHA productivity will inevitably go up. Despite not reducing the need for the accu-
mulation reactor, the overall need for less FPs helps make the three-stage process more attrac-
tive for the industry.

To further improve the process, a feast phase was attempted with two carbon pulses instead
of the traditional one pulse. Besides the differences observed in the SBR (mentioned in point
3.1 of this thesis), there were some major differences in the accumulations, like the reduction
of the time required to achieve the maximum PHA content to 1.22 hours (Table 3.2), which
was expected considering the accumulation already started with the biomass having close to
35% (g-PHA/g-TSS) (Figure 3.4 C). The other noticeable impact was the number of FPs pulses
needed to achieve maximum PHA content, only 2, a reduction of 5 pulses per accumulation
when compared with the 7 required in Operation 1, also due to the PHA content in the begin-
ning. The selected biomass attained a maximum PHA content of 51 + 1% (g-PHA/g-TSS), fall-
ing in line with was observed for Operation 1 (51 + 1% (g-PHA/g-TSS)) and Operation 2 (53 +
4% (g-PHA/g-TSS)). As seen in the SBR monitoring of Operation 3, there was a new compound
in the GC analysis of the lyophilised biomass discussed in more detail in section 3.1.

There was an increase in the global PHA productivity to 2.2 + 0.2 g-PHA/(L-d) compared
with the 1.18 + 0.01 g-PHA/(L-d) in Operation 1 and 1.5 + 0.2 g-PHA/(L-d) in Operation 2,
caused by the big increase in biomass productivity as discussed in section 3.1. However, the
global PHA yield for this operation was 0.23 g-CODrHa/g-CODrr, which is slightly higher than
Operation 1 at 0.19 g-CODrra/g-CODrp, but much lower than the 0.30 g-CODrra/g-CODrr from
Operation 2. This indicates that the reduction in accumulation time and carbon pulses is being

compensated by the increase in the number of carbon pulses in the SBR. Compared with
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Operation 1 we might consider it a success since the PHA productivity and yield increased,
even if slightly. However, when compared with Operation 2, Operation 3 is highly disadvan-
tageous because of the lower PHA yield, and it is only more productive due to the higher
biomass productivity, if this could be increased in Operation 2, it would be better in every
metric evaluated in this study. A higher yield and productivity mean less costs and less waste,
turning the process more attractive to industries.

In this study, the elimination of the accumulation reactor was not possible. However,
Operation 2 showed the most promising results to increase the overall performance of the
three-stage process. By purging after the end of the feast and maintaining the N&P volume
the same as in Operation 1, we were able to increase biomass productivity inside the SBR and
purge biomass with more PHA content. This higher PHA content helped to reduce the FPs
products needed in the accumulation assays, which in turn increased the PHA yield and

productivity.

3.3 PHA composition and properties

Besides analyzing the results obtained regarding SBR performance and PHA accumulation,
itis equally important to evaluate whether the polymers produced share similar characteristics
or if variations in operating conditions within the SBR influence the nature of the final poly-
mer. This helps us understand not only the efficiency of the process but also the quality and
consistency of the PHA produced, highlighting the relationship between operational parame-
ters and polymer properties. All of the graphics from TGA, DSC and mechanical properties
can be found in the Appendix A section.

A direct comparison between Operation 1 and Operation 2 reveals that their copolymer
properties are very similar, despite the difference in SBR purge timing. Both operations result
in high melting points (158.1 + 0.7 °C in Operation 1 and 157.3 + 0.2 °C in Operation 2), melting
enthalpies (36.34 + 1 J/g in Operation 1 and 33.4 + 0.2 J/g in Operation 2), and crystallinity (24.9
* 0.7% in Operation 1 and 22.9 + 0.2% in Operation 2), with only modest differences in HV
content (13.2 mol% in Operation 1 and 15.9 mol% in Operation 2) (Table 3.3). Mechanical
properties likewise demonstrate similarity with Young’s modulus of 0.4 + 0.1 GPa and 0.43 +
0.08 GPa but differences in UTS of 21.3 + 0.8 MPa in Operation 1 and 15.3 + 0.5 MPa in Opera-
tion 2, and elongations at break of 19 + 1% and 12.3 + 0.3% for Operations 1 and 2, respectively
(Table 3.3), which means that the polymer from Operation 2 is less ductile. These small varia-

tions are within the expected range for PHBV copolymers produced under similar metabolic
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regimes, as established in studies (Abbasi et al., 2022; Chan et al., 2019; Langford et al., 2019;
Lidon Sanchez-Safont et al., 2016). However, despite being the expected range for copolymers,
these differences are mainly attributed to the increased molecular weight, probably because a
different MMC was selected with the change in purge timing (Hahn et al., 2024). The increase
in molecular weight also increased the dispersity from 2.06 + 0.02 in Operation 1 to 2.5 + 0.2 in
Operation 2, this implicates more short and longer chains, short chains compromise the UTS
and the longer chains provide more rigidity to the polymer (Whitfield et al., 2019, 2021). Both

of these changes are observed in the decreased UTS and elongation at break.

Table 3.3- Summary of the polymer properties from the 3 Operations. Data was displayed as Average + SD

(n=2).

Parameter Operation 1 Operation 2 Operation 3
HB:HV (mol% HB:mol% HV) 86.8:13.2 84.1:15.9 79:21
Melting point (Tm, °C) 158.1 +0.7 157.3+0.2 123.1+0.2
Melting enthalpy (Am, J/g) 36+1 334+0.2 14.42 + 0.04
Melt crystallization (T., °C) 81.5+04 71.25+0.06 n.d.
Cold crystallization (T, °C) 63.9+04 69+1 83.1+0.3
Glass transition (Tg, °C) 1.11 +0.05 1.0+04 -0.1+0.3
Crystallinity (%) 249+0.7 229+0.2 9.88 +0.03
Temperature of degradation (°C) 291.7 0.1 295+1 289+6
Temperature of 5% degradation (Taeg, 271+2 277.5+0.2 266+5
°C)

% mass left after total degradation 29+05 3.4+0.2 25+0.2
Molecular weight (Mw, kDa) 295+14 349 +4 341 +14
Dispersity (Dwm) 2.06 +0.02 25+0.2 24+03
Young’s module (E, GPa) 04+0.1 0.43 +£0.08 0.35+0.03
Ultimate tensile strength (UTS, MPa) 21.3+0.8 153 +0.5 129+0.5
Elongation at break (g, %) 19+1 12.3+0.3 18+1

n.d. — Not defined, inexistent.

The crystallinity and thermal stability remain high for both, and the overall mechanical
profile is closer to that of typical PHB-rich materials than to the more ductile, amorphous pol-
ymers produced under Operation 3 (Abbasi et al., 2022; Alfano et al., 2024; Chotchindakun et
al.,, 2021).

Such close similarities reinforce the conclusion that, under these operational conditions and

with consistent precursor profiles, purging either after famine or after feast generates
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copolymers with comparable structure and performance, offering flexibility in process sched-
uling without impacting the material’s final properties.

A progressive increase in HV content from Operation 1 (86.8:13.2 mol% HB:mol% HV) to
Operation 3 (79:21 mol% HB:mol% HYV) is observed despite maintaining the HB:HV precur-
sors ratio in all operations, which is accompanied by marked changes in the material’s struc-
tural and performance characteristics (Table 3.3). Specifically, the melting point decreases
substantially from 158.1 + 0.7 °C in Operation 1 to 123.1 £ 0.2 °C in Operation 3, and the melting
enthalpy also drops sharply, indicating a reduction in overall crystallinity as HV monomers
are increasingly incorporated into the copolymer chain, these results are in line with what
other studies observed for the reduction in melt temperature with the increase in HV (Table
3.3) (Abbasi et al., 2022; Alfano et al., 2024; Chan et al., 2019; Wang et al., 2013).

When calculated, crystallinity drops from 24.9 + 0.7% in Operation 1 to just 9.88 + 0.03% in
Operation 3, which is consistent with literature reports demonstrating that increasing HV con-
tent can result in a more disordered polymer structure and reduced crystalline domain for-
mation (Abbasi et al., 2022; Lidon Sdnchez-Safont et al., 2016). For example, pure PHB typically
exhibits crystallinity values between 53% and 68%, whereas PHBV copolymers containing 8
mol% HV can display crystallinity as low as 4.8%, PHBV with 10-30 mol% HV generally show
values in the 10-40% range (Abbasi et al., 2022; Barbosa et al., 2021; Langford et al., 2019).
These variations reinforce the results observed, highlighting that higher HV incorporation di-
minishes the order and size of crystalline domains in these biopolymers (Table 3.3).

These thermal trends are further reflected in the glass transition temperature, which falls
below zero for the sample with the highest HV content, indicating a more amorphous polymer
matrix typical of HV-rich PHBV copolymers (Abbasi et al., 2022; Barbosa et al., 2021) (Table
3.3).

Thermal degradation behavior shows a slight decrease in stability as HV content rises, but
all samples retain relatively high temperatures of onset, ranging from 295 + 1 °C down to 289
+ 6 °C (Table 3.3). This modest reduction in thermal stability parallels published studies on
PHBYV, which report similar tendencies as the copolymer becomes more amorphous and flex-
ible (Abbasi et al., 2022; Conceicao et al., 2023; Lidon Sanchez-Safont et al., 2016).

The mechanical properties support these structural observations as Young’s modulus de-
creases from 0.4 + 0.1 GPa in Operation 1 to 0.35 + 0.03 GPa in Operation 3, and the UTS drops
from 21.3 + 0.8 MPa to 12.9 + 0.5 MPa (Table 3.3). Literature reports for PHBV copolymers
show Young’'s modulus values between 0.2 and 0.7 GPa and UTS between 10 and 25 MPa,
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aligning well with the present data (Alfano et al., 2024; Rivera-Briso & Serrano-Aroca, 2018;
Tomano et al., 2022). As observed in Operation 2, there was an increase in molecular weight
and dispersity to 341 + 14 kDa and 2.4 + 0.3, respectively, when compared to Operation 1. Most
notably, elongation at break increases from 12.3 + 0.3% at the lower HV content to 19 + 1% at
the highest, confirming that HV-rich copolymers are substantially tougher and less brittle, a
trend commonly observed in the literature, with studies reporting elongation at break from
15% up to 130% for copolymers with HV content above 20% (Table 3.3) (Abbasi et al., 2022;
Chotchindakun et al., 2021).

The increases in molecular weight and dispersity, coupled with the increase in HV content
explain the reduction in UTS and increase in elongation at break as increasing HV content
typically reduces stiffness and strength due to more interrupted crystalline packing but im-
parts greater ductility to the material (Abbasi et al., 2022; Chotchindakun et al., 2021).

While the precise values can depend on microstructure, processing, and test conditions,
these results broadly agree with the established property ranges for PHBV copolymers pro-
duced in SBR systems and support the role of operational regime as a powerful modifier of

material performance.
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\ 4
CONCLUSIONS AND FUTURE WORK

In order to assess the impact of the purge timing and the carbon feeding strategy on the
PHA production process using mixed microbial cultures and a real feedstock (apple pulp
waste), three operational strategies were tested in the selection reactor of a typical three-stage
process implemented at pilot scale. Operation 1 followed the traditional cycle approach, start-
ing with the feast phase, followed by famine, and purging after the famine phase. Operation
2 applied the purge immediately after the feast phase, before the addition of N&P, thereby
evaluating the effect of purge timing in relation to the physiological state of the biomass. Fi-
nally, in Operation 3, a two-pulse feeding strategy was combined with the purge after the feast
phase, aiming to increase the PHA content at the time of purging without causing inhibition
by carbon excess.

In the traditional Operation 1, the biomass purged from the reactor had 11.8 + 0.1% (g-
PHA/g-TSS) and a biomass productivity of 1.3 + 0.1 g-Xa/(L-d). After 7 carbon pulses, the max-
imum PHA content was 51 + 3% (g-PHA/g-TSS) with an overall PHA yield of 0.19 g-CODrna/g-
CODrr, and an overall PHA productivity of 1.18 + 0.01 g-PHA/(L-d). This Operation 1 was
used as a benchmark for comparison with Operations 2 and 3.

It was observed in Operation 2 that the biomass exiting the SBR had an intracellular PHA
content of 19.9 + 0.5% (g-PHA/g-TSS), initiating the accumulation phase with more PHA than
the traditional configuration, therefore needing only 5 carbon pulses until a maximum PHA
content of 53 + 4% (g-PHA/g-TSS) was achieved. The global PHA productivity and yield also
increased by purging biomass at the end of the feast phase to 1.5 + 0.2 g-PHA/(L-d) and 0.30 g-
CODrra/g-CODrr, respectively. The PHA productivity increased due to the increase of bio-
mass productivity to 1.66 + 0.02 g-Xa/(L-d) and the PHA yield increased due to the decreased
number of carbon pulses required in the accumulation assays. Moreover, compared with the
polymer from Operation 1, there were no significant alterations observed in the polymer’s
composition and properties, indicating no substantial metabolic changes from shifting the

purge timing within the SBR.
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With the two-pulse feeding strategy in Operation 3, as expected, there was an increase in
the maximum PHA content during the feast to 40.4 + 0.2% (g-PHA/g-TSS), which translated
into a shorter accumulation and only 2 carbon pulses until a maximum of 51 + 1% (g-PHA/g-
TSS) was reached. The global PHA productivity, compared to Operations 1 and 2, increased
due to the increase in biomass productivity to 2.09 + 0.04 g-Xa/(L-d). However, the global PHA
yield decreased to 0.21 g-CODrna/g-CODrr due to the increase in FPs needed for the SBR,
which is a big disadvantage because it significantly increases raw material costs, reduces pro-
cess efficiency and compromises its economic and environmental viability on an industrial
scale. In this case, a metabolic shift was observed in the culture, leading to a change in the
polymer composition. The polymer produced contained a higher HV mol% even though the
feedstock had the same precursor ratio for HB and HV, which in turn altered the physical and
mechanical properties of the polymer.

To conclude, Operation 2 proved to be the best option as it was possible to reduce the vol-
ume of the UASB reactor required since a lower volume of FPs is needed to run the overall
system, this reduces the operating and maintenance costs associated with bigger volumes, fa-
cilitating the process.

For future work, it is suggested that a microbial population analysis should be performed
to better understand if and how the different operating strategies impacted the MMC compo-
sition and its relation with the results obtained. As the increase of the OLR in Operation 3 did
not cause inhibition, it is suggested to also increase the C:N ratio to match the carbon fed, this
could help increase the biomass productivity, which in turn might increase the overall PHA
productivity and yield as the accumulation reactor is inoculated with more biomass. At last,
shortening the famine phase might decrease the PHA consumption for cell maintenance, how-
ever, if too shortened it can cause the loss of the selection pressure induced by the starvation

period.
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APPENDIX

A.1 Graphics from DSC analyses
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Figure A.1-DSC graphic of sample 1 from Operation 1 with the 7 analysis steps.
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Figure A.2-DSC graphic of sample 2 from Operation 1 with the 7 analysis steps.
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Figure A.3-DSC graphic of sample 1 from Operation 2 with the 7 analysis steps.
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Figure A.4-DSC graphic of sample 2 from Operation 2 with the 7 analysis steps.
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Figure A.5-DSC graphic of sample 1 from Operation 3 with the 7 analysis steps.
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Figure A.6-DSC graphic of sample 2 from Operation 3 with the 7 analysis steps.
A.2 Graphics from TGA analyses
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Figure A.7-TGA graphic of sample 1 from Operation 1 with TG (%) and dTG (%/min).
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Figure A.8-TGA graphic of sample 2 from Operation 1 with TG (%) and dTG (%/min).
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Figure A.9-TGA graphic of sample 1 from Operation 2 with TG (%) and dTG (%/min).
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Figure A.11-TGA graphic of sample 1 from Operation 3 with TG (%) and dTG (%/min).
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Figure A.10-TGA graphic of sample 2 from Operation 2 with TG (%) and dTG (%/min).
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Figure A.12-TGA graphic of sample 2 from Operation 3 with TG (%) and dTG (%/min).
A.3 Graphics from mechanical properties analyses
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Figure A.13-Grafic of the mechanical properties of the polymer from Operation 1. Each color is a sam-

ple.
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Figure A.14-Grafic of the mechanical properties of the polymer from Operation 2. Each color is a sam-

ple.
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Figure A.15-Grafic of the mechanical properties of the polymer from Operation 3. Each color is a sam-

ple.
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