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Abstract

Fiber reinforcement can improve the durability and service performance of cementi-

tious composites, contributing to longer-lasting structures and potentially reducing their

long-term environmental burden. However, many of the synthetic fibers currently used

for this purpose are petroleum-derived, introducing additional environmental impacts

associated with their manufacture and motivating the search for more sustainable al-

ternatives. Polyhydroxybutyrate (PHB) is a bacterially produced and biodegradable

polymer with potential to replace petroleum-derived materials across a wide range of ap-

plications. This thesis establishes an initial experimental basis for evaluating the use of

PHB-based fibers as potential alternatives to conventional petroleum-derived reinforce-

ment fibers in cementitious composites, encompassing bacterial production, polymer

recovery, fiber processing, and characterization of the resulting materials. PHB was

produced by fed-batch fermentation of Cupriavidus necator. Progressive refinement of

the process resulted in reproducible production, with the final reactor runs reaching

approximately 14-17 g L−1 of PHB. A chloroform-based extraction and subsequent pu-

rification procedure was developed, achieving high polymer recovery and a final PHB

purity of approximately 98%. Direct extrusion of the locally produced polymer did not

provide stable fiber formation because of processing and thermal stability limitations.

Continuous PHB fibers were instead produced from a commercial thermoplastic-grade

PHB to complete the fiber-level characterization. The obtained materials were eval-

uated through physicochemical, thermal, mechanical, aging, and alkaline degradation

analyses. The extruded PHB fibers exhibited tensile strengths of approximately 34-

42 MPa and strains at failure close to 0.7-0.8%, indicating that their untreated me-

chanical response is not yet sufficient for the intended reinforcing function. In contrast,

their alkaline stability was favorable under the conditions evaluated, with mass losses

remaining close to zero after up to 168 h of exposure at 20 ◦C and maximum mean

mass losses of approximately 10% under accelerated exposure at 70 ◦C. Overall, the

results support PHB as a technically plausible precursor for cementitious reinforcement

while identifying fiber processing and mechanical performance as the principal remain-

ing challenges. The production and extraction stages were established reliably, and

the limitations identified for fiber development can be addressed through subsequent

stabilization, drawing, and thermal post-processing. These findings provide a basis for

developing PHB fibers toward more sustainable cementitious reinforcement.
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Chapter 1

Introduction

Currently, humanity faces a major challenge regarding environmental preservation.

Among the contributors to anthropogenic pollution and resource depletion, the con-

struction industry plays a particularly relevant role. The buildings and construction

sector accounts for approximately 34% of global CO2 emissions, including emissions

associated with both building operation and the production of construction materials

(United Nations Environment Programme & Global Alliance for Buildings and Con-

struction, 2025). Within this contribution, cement and concrete, together with other

major construction materials, represent a significant fraction of the sector’s embodied

emissions. This is consistent with other reports indicating that cement production alone

is responsible for approximately 8-9% of global CO2 emissions (Monteiro et al., 2017),

which corresponds to roughly one quarter of the total emissions attributed to buildings

and construction.

This challenge can be addressed from multiple perspectives, including improvements in

construction technologies, transportation logistics, waste management, recycling prac-

tices, project planning, and material design (Ozturk & Ozyurt, 2022). In this broader

context, waste generation and end-of-life management are also relevant aspects, since

the construction sector generates between 2 and 3 billion tons of construction waste

annually worldwide (Kumar Singh et al., 2023). Therefore, reducing the environmen-

tal burden of construction requires strategies that address not only emissions during
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production, but also material efficiency, durability, and the fate of materials after their

service life.

For the purposes of this research, the focus is placed on the development of new material

technologies for the reinforcement of cement-based systems, which represents one of the

main routes for reducing the environmental impact of construction while maintaining

or improving structural performance. In this context, and considering the complexity of

the concept, the sustainability of a building material can be represented in a simplified

form through Equation 1.1 (Müller et al., 2014):

Sustainability =
Performance · Lifetime

Environmental Impact
(1.1)

According to this framework, the sustainability of cement-based materials can be im-

proved through three complementary strategies: increasing performance, extending ser-

vice life, and reducing environmental impact. From a materials perspective, significant

efforts have therefore been devoted to reducing the cement content of concrete through

the incorporation of supplementary cementitious materials (SCMs), while also develop-

ing new cement-based technologies with improved mechanical performance, durability,

and resource efficiency. These developments include ultra-high-performance concrete

(UHPC) (Bajaber & Hakeem, 2021; Randl et al., 2014; Du et al., 2021), geopolymers

(Almutairi et al., 2021; Singh et al., 2015; Wong, 2022), 3D-printed concrete (Sid-

dika et al., 2020; Zhang et al., 2019), fiber-reinforced concrete (FRC) (Brandt, 2008),

and engineered cementitious composites (ECC) (Li, 2011; Li, 2003; Leon-Miquel et al.,

2023). In different ways, these materials aim to increase structural performance, extend

service life, reduce maintenance requirements, reduce waste, and ultimately decrease

the environmental burden associated with construction.

In this context, FRC and ECC are relevant examples of cement-based composites in

which discrete fibers are incorporated into the matrix to improve mechanical perfor-

mance and extend service life (Shoji et al., 2022). These fibers enhance crack control,

post-cracking behavior, toughness, and energy dissipation capacity. In addition, by lim-

iting crack widths and reducing permeability, fiber-reinforced cement-based composites
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can restrict the ingress of aggressive agents such as chlorides and sulfates, which are

responsible for reinforcement corrosion and deterioration of the cementitious matrix

cita?.

However, the environmental footprint associated with the production of fiber-reinforced

cementitious materials is usually higher than that of conventional concrete. In the case

of ECC, the enhanced mechanical response is commonly achieved through high cement

contents and petroleum-derived fibers, both of which can increase the environmental

impact of the composite. As shown in the material sustainability indicators summarized

by Shoji et al. (2022), typical ECC mixtures can exhibit embodied energy, CO2 emis-

sions, and solid waste generation values substantially higher than those of conventional

concrete, in some cases exhibiting a 100% increase depending on the indicator and ref-

erence mixture considered. In addition, Hu et al. (2023) reported embodied energy

values of 73-116 GJ t−1 and CO2 emissions of 2000 kg t−1 for conventional PE fibers

used in FRC and ECC production, highlighting the environmental burden associated

with petroleum-derived synthetic fibers.

In FRC, the incorporation of fibers also introduces an additional material component

with its own environmental burden. However, this impact is generally lower than in

ECC because conventional FRC typically uses smaller fiber volumes, whereas ECC re-

quires a higher fiber content to achieve its characteristic strain-hardening and multiple-

cracking behavior. For instance, Ghali et al. (2023) reported that the addition of dif-

ferent fiber types in FRC beams increased the environmental impact by approximately

4-9% and costs from 34% and 150%, depending on the fiber considered. Therefore,

although fibers can improve crack control, toughness, durability, and service life, their

own environmental contribution must also be considered when evaluating the sustain-

ability of fiber-reinforced cementitious materials.

Considering cement content and fiber incorporation as the two main material-related

contributors to the environmental footprint of fiber-reinforced cementitious composites,

the reduction of cement content has received substantially greater attention. The use of

SCMs as partial replacements for Portland cement has been widely studied as an effec-

tive strategy to reduce the environmental impact of the cementitious matrix (Zhu et al.,
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2012; Şahmaran & Li, 2009; Leon-Miquel et al., 2023). In contrast, the replacement

of petroleum-derived fibers has been comparatively less explored, despite the critical

role that fibers play in the post-cracking response, toughness, crack-width control, and

durability of FRC and ECC systems. This imbalance highlights a relevant research gap

in the development of more sustainable fiber-reinforced cementitious composites.

Some studies have addressed this gap by exploring the replacement of synthetic fibers

with natural plant-derived alternatives such as flax, hemp (Radhakrishnan et al., 2024),

kenaf, pineapple (Chellapandian et al., 2024), and curauá (Soltan et al., 2017), among

others; cf. Mukhopadhyay & Khatana (2015). These fibers may offer environmental

advantages due to their renewable origin and, in some cases, improved degradation

behavior after disposal. However, their use also presents important challenges. Natu-

ral fibers can exhibit significant variability in geometry, composition, and mechanical

properties depending on origin, cultivation conditions, harvesting, and processing cita?.

In addition, their hydrophilic nature may increase water absorption, affect fiber-matrix

interaction, and reduce dimensional stability. Their long-term performance in highly

alkaline cementitious environments may also be limited by the susceptibility of ligno-

cellulosic components to alkaline degradation cita?. For instance, Xiao et al. (2001)

showed that treatment of maize stems, rye straw, and rice straw with 1 M NaOH at

30 ◦C for 18 h dissolved substantial fractions of lignin and hemicelluloses, indicating that

these components can be chemically affected under alkaline conditions. Furthermore,

large-scale production of plant-based fibers may require land, water, and agricultural

resources, which can limit their sustainability benefits when considered at industrial

scale cita?.

For this reason, the search for alternative reinforcement fibers should not only focus

on avoiding petroleum-based feedstocks, but also on ensuring scalable production, con-

sistent properties, adequate durability, and suitable mechanical performance. In this

context, bacteria-produced polymers, particularly polyhydroxyalkanoates (PHAs), rep-

resent a promising route. PHAs are intracellular polyesters accumulated by microor-

ganisms as carbon and energy storage materials and can be produced through fermenta-

tion using renewable carbon sources. Although the broader replacement of conventional

petroleum-derived polymers by PHAs is still limited by their relatively high production
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cost, this limitation is closely linked to substrate selection, fermentation efficiency, and

downstream processing, making it a challenge that can be addressed through process

optimization (Zhang et al., 2022).

One of the major advantages of PHA production is its compatibility with alternative

carbon sources and residual streams, which can contribute both to cost reduction and

to circular economy strategies. Several organic residues, industrial by-products, and

gaseous carbon streams can potentially be used as substrates for microbial growth

and polymer accumulation. These include, among others, agricultural residues, mo-

lasses, whey, glycerol from biodiesel production, waste oils, food-processing residues,

wastewater-derived substrates, methane, and biogas-derived streams (Wang et al., 2021;

Fu et al., 2023; Patel et al., 2024; Thanahiranya et al., 2025). Therefore, PHA pro-

duction may benefit from the valorization of residual streams generated by different

industrial sectors, opening the possibility of producing reinforcement materials from

waste-derived or renewable carbon resources rather than fossil feedstocks.

Among PHAs, poly(3-hydroxybutyrate) (PHB) is one of the most widely studied bac-

terial polyesters due to its biodegradability, thermoplastic behavior, and potential for

processability into films, filaments, and fibers. Compared with plant-derived fibers,

bacteria-produced PHB-based fibers may offer greater control over material composition

and production conditions, while avoiding direct dependence on agricultural cultivation.

At the same time, compared with petroleum-derived synthetic fibers, PHB-based fibers

may reduce reliance on fossil resources and provide an alternative end-of-life profile.

Nevertheless, following a comprehensive review of the state of art, no published exper-

imental studies have yet demonstrated the use of PHB-based fibers as reinforcement in

cementitious composites for construction applications. This knowledge gap motivates

the investigation of their potential for this purpose.

Since no commercial sources of pure PHB fibers were identified for this study, the work

begins with local PHB production through bacterial fermentation as a starting point

for investigating their potential use as reinforcement in cementitious composites. The

study also addresses polymer extraction, processing, physicochemical characterization,

mechanical evaluation, and alkaline degradation. These evaluations constitute a prelim-

5



inary stage toward future incorporation into cementitious matrices. By identifying the

capabilities and limitations of the materials obtained, this research seeks to establish

a basis for the development of bacteria-produced fibers that could eventually serve as

alternatives to petroleum-derived reinforcement fibers in construction.

1.1 Hypothesis

The hypothesis addressed by this thesis is the following:

• H: Bacterial PHB based fibers can replace petroleum-based fibers in their func-

tional role as reinforcement within cementitious composites.

1.2 Objectives

1.2.1 General objective

Assess the physicochemical stability and mechanical performance of PHB fibers, and

determine their suitability as reinforcement in cementitious composites

1.2.2 Specific objectives

a) Develop a robust fermentation process for the synthesis of PHB.

b) Establish a reliable extraction process to recover PHB from the produced biomass.

c) Develop an extrusion process for the fabrication of PHB-based microfibers.

d) Evaluate the physicochemical properties, degradation behavior, and stability of

the obtained materials in different formats and over time, considering the effect

of aging under testing conditions representative of realistic exposure scenarios.

e) Evaluate the mechanical properties and fiber durability of the obtained materials

over time, considering the effect of aging.
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1.3 Thesis Structure

This thesis is organized into seven distinct chapters, each contributing uniquely to the

overarching research endeavor:

a) Chapter 1: Introduction

b) Chapter 2: Novel Fiber in Cementitious Composites

c) Chapter 3: Methodology

d) Chapter 4: Production of PHB Films and Fibers

e) Chapter 5: Evaluation of PHB Films and Fibers

f) Chapter 6: Discussion and Future Perspectives

g) Chapter 7: Conclusions

1.3.1 Scope

This research focuses on the feasibility, production, processing, and evaluation of PHB-

based fibers produced by bacterial fermentation for their potential application as rein-

forcement in fiber-reinforced cementitious composites. The scope includes the develop-

ment and optimization of the production route, encompassing bacterial PHB synthesis,

polymer extraction and fiber processing.

Both the laboratory-produced polymer and, where required, a commercial PHB ref-

erence are characterized in different formats, including native films and fibers. Their

mechanical, thermal, physicochemical, degradation, and aging behavior is evaluated,

together with comparative characterization of both PHB sources.

The study is limited to the stages required to assess the feasibility of PHB-based fibers

for cementitious reinforcement. Their direct incorporation into cementitious matrices

and the mechanical evaluation of FRC specimens are outside the scope of this thesis

and are proposed as future work.
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Chapter 2

Novel Fibers in Cementitious

Composites

Currently, a wide range of cementitious materials incorporate fibers to enhance their

performance. These fibers are predominantly metallic and synthetic polymeric, which

are already widely used in commercial applications, while a few natural fibers have also

been investigated as alternative reinforcement options (Mukhopadhyay & Khatana,

2015; Soltan et al., 2017; Chellapandian et al., 2024; Radhakrishnan et al., 2024).

Notable fiber-reinforced systems include Ultra-High Performance Concrete (UHPC)

(Bajaber & Hakeem, 2021), Fiber-Reinforced Concrete (FRC) (Brandt, 2008) and En-

gineered Cementitious Composites (ECC) (Li, 2003).

Some of the key functions that fibers perform in concrete include crack control, improved

tensile and flexural response, enhanced ductility, increased fracture toughness, and im-

proved resistance to fatigue, impact, and thermal shock (Mukhopadhyay & Khatana,

2015). These contributions depend on the fiber type, geometry, volume fraction, and

interaction with the cementitious matrix. By limiting crack opening and damage pro-

gression during service, fibers can also contribute to improved durability (Brandt, 2008;

Li, 2003; Paul et al., 2020).

In UHPC, the cementitious matrix is designed to achieve very high compressive
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strength, low porosity, and enhanced durability through dense particle packing, low

water-to-binder ratio, and the use of fine reactive materials (Bajaber & Hakeem, 2021).

Although the term UHPC is commonly used in practice for concrete without fibers,

most structural UHPC applications incorporate fibers because the dense and brittle

matrix requires reinforcement to develop a useful tensile and post-cracking response.

Steel fibers are the most commonly used reinforcement in UHPC due to their effec-

tiveness in bridging cracks and improving mechanical performance (Yoo & Yoon, 2016;

Bajaber & Hakeem, 2021).

For FRC, discrete fibers are distributed throughout the cementitious matrix and act

after the matrix cracks by transferring stresses across crack surfaces. Unlike conven-

tional reinforced concrete, where steel bars provide the main tensile reinforcement at

specific locations, fibers provide distributed reinforcement within the matrix. There-

fore, the main distinction of FRC is not only the improvement of individual mechanical

properties, but the change in how tensile stresses and cracks are controlled throughout

the composite (Brandt, 2008; Mukhopadhyay & Khatana, 2015).

The ductility mechanism in ECC is achieved through the controlled limitation of crack

expansion. Victor Li, the creator of ECC, applied micromechanics principles to achieve

this behavior (Li, 1993). Li highlights how the interplay between fiber-matrix interac-

tion, crack control, and material design principles allows ECC to exhibit its character-

istic strain-hardening behavior and exceptional ductility.

The replacement of petroleum-based fibers with natural plant-derived alternatives has

been increasingly explored in fiber-reinforced cementitious composites. Several studies

have focused on ECC systems, where the fiber requirements are particularly demand-

ing because strain-hardening behavior depends strongly on fiber strength, deformability,

bond, and crack-bridging capacity. For example, Radhakrishnan et al. (2024) investi-

gated natural fibers such as flax, kenaf, pineapple, and hemp as alternatives for ECC.

Among these fibers, only two achieved strain capacities slightly above 3%, while the

others remained below this threshold, limiting their effectiveness in producing the char-

acteristic strain-hardening response of ECC. Similarly, Soltan et al. (2017) examined

curauá fiber in ECC and reported a significantly lower deformation capacity compared
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with conventional ECC formulations. These studies show that natural fibers are being

actively investigated as sustainable reinforcement alternatives, but also that matching

the mechanical performance of ECC with petroleum-derived synthetic fibers remains

challenging.

Replacing petroleum-based fibers with natural alternatives can offer relevant environ-

mental advantages, including reductions in embodied energy and associated carbon

emissions. Embodied energy represents only one way of assessing the environmental

impact of a material, since a complete sustainability evaluation should also consider

raw-material sourcing, production route, transport, service life, durability, and end-of-

life scenario. Nevertheless, it provides a useful first indicator for comparing the energy

demand associated with different materials. As shown in Figure 2.1, concrete presents

a relatively low embodied energy per unit mass.

Figure 2.1: Embodied energy of concrete, adapted from (Juenger et al., 2011).

However, the reinforcement phase may introduce materials with substantially higher

energy demand, as shown in Figure 2.2. Conventional fibers used in cementitious com-

posites, including steel, PE, PP, and PVA fibers, can present considerably higher em-

bodied energy than concrete. Therefore, replacing petroleum-based synthetic fibers

with renewable or bio-based alternatives may contribute to reducing the environmental
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burden of fiber-reinforced cementitious composites, provided that the alternative fibers

can satisfy the mechanical and durability requirements of the composite.

Figure 2.2: Comparison between the embodied energy of concrete and fibers used in
cementitious composites, adapted from Juenger et al. (2011) and Zhang et al. (2020).

Nevertheless, replacing petroleum-based fibers with renewable alternatives does not au-

tomatically guarantee a lower overall environmental impact. In the case of plant-derived

fibers, their renewable origin must be balanced against land use, water demand, poten-

tial competition with agricultural production, dependence on fertilizers or pesticides,

regional availability, and variability in material quality. Therefore, alternative rein-

forcement fibers should not only avoid fossil-derived feedstocks, but also offer scalable

production, consistent properties, adequate durability, and suitable mechanical perfor-

mance for cementitious composites.

Bacteria-derived polymers have attracted increasing attention as potential sources for

fiber production, particularly in response to the need for alternatives to petroleum-

derived materials. Examples include fibers produced from polymers such as poly-

butylene succinate (PBS), polylactic acid (PLA), polyhydroxyalkanoates (PHAs), and

poly(3-hydroxybutyrate) (PHB), among others. These materials can be processed into
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fibers through techniques such as melt spinning and electrospinning (Naeimirad et al.,

2023; Puppi et al., 2019). Among PHA-based materials, PHB is particularly promis-

ing due to its bacterial origin, biodegradability, thermoplastic behavior, and potential

processability into fiber formats (Puppi et al., 2019).

PHB was first discovered in the early twentieth century by Maurice Lemoigne, then head

of the fermentation department at the Pasteur Institute, and has since been the subject

of extensive research (Lenz & Marchessault, 2005). In particular, the application of

PHB in fiber form, has gained significant attention over the past two decades, showing

potential for medical and agricultural uses (Acevedo et al., 2018). For instance, PHB has

been evaluated as a sustainable alternative to conventional plastics in food packaging

applications (Bucci et al., 2005), and as a biodegradable suture material in animal

studies (Volova et al., 2003).

Despite this progress, the application of PHB-based fibers in civil engineering, partic-

ularly in cementitious composites, remains largely unexplored. This is mainly because

the mechanical properties typically reported for PHB fibers are still lower than those

of conventional reinforcement fibers used at larger scale, such as PE, PVA, PP, or steel

fibers (Sanhueza et al., 2019; Sanhueza et al., 2020; Li et al., 2002; Said & Razak,

2015). Therefore, the main challenge is not only to produce PHB fibers, but also to

tailor their molecular structure, morphology and surface characteristics, so that they

can fulfill the reinforcing functions required in cement-based materials.

Nevertheless, the development of bacterial-origin fibers with improved tensile capacity

is feasible. The properties of the resulting fibers can be adjusted based on several

controllable factors (Sanhueza et al., 2020; Acevedo et al., 2018; Kabe et al., 2012). In

particular, during the production process, it is possible to modify both the physical and

chemical properties of the produced PHB or fiber, enabling the latter to be tailored to

meet specific performance requirements. This characteristic allows for the development

of beneficial properties customized for the intended use of the fiber.

For instance, surface modifications can be used to tune the interaction between PHB-

based fibers and their surrounding medium. Parameters such as water contact angle

(WCA), surface roughness, and chemical functionality influence the hydrophilic or hy-
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drophobic behavior of the material, as well as its potential adhesion with a cementitious

matrix. Previous studies on other polymeric and porous materials have demonstrated

that surface modification can strongly alter the WCA, ranging from highly hydrophilic

to superhydrophobic behavior (Gökaltun et al., 2019; Okutan et al., ). Although these

studies were not conducted on PHB fibers or cementitious composites, they illustrate the

broader principle that surface properties can be deliberately tailored. In the context of

fiber-reinforced cementitious composites, this is particularly relevant because the fiber-

matrix interface controls stress transfer, pull-out behavior, crack bridging, and overall

reinforcement efficiency (Li et al., 2002). Therefore, tailoring the surface of PHB-based

fibers could be a key strategy to adjust their compatibility with cement-based materials

and improve their reinforcing performance.

Moreover, not only surface characteristics but also bulk mechanical properties can

be tailored through polymer formulation. For instance, the incorporation of 3-

hydroxyvalerate units into PHB to form poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBV) copolymers has been reported as an effective strategy to improve flexibility

and reduce brittleness. In their comparative study, Righetti et al. (2019) showed that

PHBV copolymers with increasing HV content (8% and 12%) exhibited higher ductility

and a greater mobile amorphous fraction (MAF) than pure PHB. This was accompa-

nied by a reduction in the rigid amorphous fraction (RAF), also referred to as the

constrained amorphous interphase, as well as a reduction in the crystalline fraction.

As a result, PHBV retained higher elongation at break while maintaining acceptable

stiffness. Such microstructural control could be important when designing PHB-based

fibers for cementitious composites, where the balance between stiffness, ductility, and

controlled crack-bridging behavior is critical for tensile performance.

Additionally, the choice of carbon source during bacterial synthesis can significantly

influence the properties of the resulting PHB. Sanhueza et al. (2020) demonstrated

that using glucose, mannitol, or xylose as the sole carbon source in Paraburkholderia

xenovorans cultures led to differences in molecular weight, crystallinity, and mechanical

behavior of the produced PHB and its electrospun fibers. For instance, PHB derived

from mannitol showed the highest molecular weight and purity, while fibers electrospun

from xylose-based PHB exhibited greater flexibility and hydrophilicity, with properties
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comparable to those of human skin. These findings highlight that, beyond genetic and

process conditions, substrate selection can be strategically used to tailor PHB fiber

properties for specific applications. Since molecular weight generally shows a positive

relationship with the mechanical performance of PHA materials, an increase in MW

may contribute to improving the tensile properties of the resulting fibers (Boesel et al.,

2014).

Beyond carbon sources and culture conditions, the choice of bacterial species can also

affect the molecular and mechanical properties of the produced PHB. While Cupriavidus

necator and recombinant E. coli are widely used due to their high PHB productivity and

genetic tractability, other species such as Azotobacter vinelandii, Pseudomonas putida,

and some Bacillus species have also gained attention for their ability to produce PHAs

with different monomer compositions or molecular characteristics (Peña et al., 2014).

The review by Lu et al. (2009) further highlights that differences in PHA synthase

classes, metabolic fluxes, and regulatory pathways among bacterial species can influence

not only productivity, but also polymer chain length, crystallinity, and mechanical

behavior. Thus, strain selection represents a key tool for tuning PHB microstructure

and functionality, particularly for applications requiring specific stiffness, ductility, or

biodegradation profiles.

In addition to strain selection and culture optimization, genetic engineering provides

a powerful strategy to enhance PHB production and tailor polymer properties. Zhang

et al. (2020) reviewed how advanced synthetic biology tools, including CRISPR/Cas

systems, transcriptional regulators, and modular pathway optimization, can be used to

manipulate metabolic fluxes toward PHA biosynthesis. These approaches have enabled

improvements in polymer yield, control over monomer composition, and modification

of polymer-related properties. Such genetic control complements the natural variability

among wild-type strains, allowing the fine-tuning of molecular weight, mechanical be-

havior, and biodegradation profile, thereby expanding the design space for PHB-based

fibers and composite materials.

The extraction method also plays a decisive role in preserving the molecular integrity

and quality of the PHB destined for fiber production. Traditional solvent-based meth-
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ods, particularly those using chlorinated solvents such as chloroform and methylene

chloride, have been shown to yield PHB with high purity and molecular weights ex-

ceeding 1.2 MDa when optimized with pretreatments such as acetone washing and

controlled reflux times (Ramsay et al., 1994). However, these methods also pose a

risk of thermal degradation through random and chain-end scission, especially at el-

evated temperatures or prolonged exposure. More recently, greener alternatives such

as dimethyl carbonate (DMC) have gained attention due to their lower toxicity and

capacity to extract PHB under milder conditions. Mongili et al. (2021) demonstrated

that DMC extraction, when coupled with optimized temperature and time parame-

ters, can achieve competitive purity while minimizing polymer degradation, making it

a promising approach for applications requiring high molecular weight PHB. Thus, the

extraction strategy must be carefully selected to retain the mechanical and rheologi-

cal properties needed for downstream processing, particularly in fiber formation and

composite reinforcement.

Furthermore, the mechanical properties of PHB-based fibers can be significantly en-

hanced through post-processing strategies such as cold drawing, hot drawing, and an-

nealing (Iwata et al., 2004; Yamane et al., 2001; Kabe et al., 2012; Liu et al., 2015).

These treatments promote molecular orientation, increase the alignment of crystalline

domains, and reduce structural defects. During cold drawing, polymer chains that

are initially arranged in random or semi-amorphous conformations become partially

oriented along the fiber axis. Subsequent annealing can stabilize these oriented mor-

phologies by promoting crystallinity and reducing residual stresses. This sequence of

morphological transformations is essential for developing high-performance fibers from

PHB or its derivatives, with mechanical properties approaching those of some conven-

tional polymers.

Another advantage of PHB-based fiber production is that it is not strongly constrained

by regional agricultural availability. Since PHB is synthesized by bacteria, production

can be implemented in different locations provided that the required microbial strains,

feedstocks, and fermentation infrastructure are available. This offers a potential advan-

tage over plant-derived fibers, whose large-scale production may depend more strongly

on climate, land availability, crop productivity, and regional supply chains.
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Therefore, PHB-based fibers could contribute to the development of more sustainable

cementitious composites by offering a bacteria-derived alternative to petroleum-based

reinforcement fibers. Although their direct application in FRC or ECC still requires

further validation, their tunable production, processability, and potential integration

with circular feedstock strategies make them a promising research direction for reducing

dependence on fossil-derived fibers in cement-based materials.
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Chapter 3

Methodology

The following chapter presents all the procedures required for the production and char-

acterization of PHB films and fibers.

The methodological approach is organized into three sequential stages that allow for

the development of a PHB fiber: i) bacterial fermentation, ii) PHB extraction, and

iii) fiber production. The first stage encloses the synthesis of PHB through the use

of a bacterial strain in a bioreactor. The second stage corresponds to the separation

of the PHB from the bacteria. The third stage is related to the melting process that

transforms the native PHB into fiber.

Each stage includes specific characterization protocols to assess the material’s key

physicochemical, thermal, and mechanical properties.

3.1 Materials

This section describes the materials used in this study, including their origin or supplier,

when applicable. These correspond to the inputs required for PHB production and

characterization.
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3.1.1 Fermentation chemicals

All chemical reagents used for fermentation were purchased from Sigma-Aldrich. The

main reagent brands included Merck, Sigma-Aldrich, and Supelco.

3.1.2 Bacterial strain

The bacterial strain used in this research was Cupriavidus necator H16 (Ralstonia eu-

tropha wild type, RE H16), obtained from DSMZ German Collection of Microorganisms

and Cell Cultures (DSM 428). Ralstonia eutropha is a Gram-negative, oxidase-positive,

and strictly respiratory bacterium (Yabuuchi et al., 1995). This means its primary

metabolic pathway is based on respiration, and it does not exhibit the Crabtree ef-

fect. However, the bacterium is capable of undergoing metabolic shifts under specific

conditions. One example is the production of PHB, which occurs under nutritional

stress specifically when the nitrogen or oxygen source is depleted while carbon is still

in excess. This metabolic shift leads to the synthesis of intracellular carbon and energy

storage polymers (Palmeiro-Sánchez et al., 2022), with PHB its prime example.

3.2 PHB Production

The stages used for PHB production were: i) preparation of culture media, ii) develop-

ment of the inoculum, iii) fermentation under controlled conditions, and iv) downstream

recovery. These stages are detailed in the next sections.

3.2.1 Growth media

3.2.1.1 Nutrient agar

A standard procedure (Cappuccino & Welsh, 2019) using nutrient agar and sterile

Petri dishes was followed to initiate bacterial growth. The medium was prepared by

dissolving 5 g of nutrient agar in 250 mL of water, with heating applied to ensure

complete dissolution of the powder. Once fully dissolved, the medium was sterilized

at 121 ◦C for 15 minutes. After sterilization, the agar was allowed to cool. Since the

medium solidifies upon cooling, it was reheated before use until it returned to a liquid

state and was subsequently allowed to cool to a temperature suitable for safe handling.
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Under aseptic conditions in a JSR JSCB-900SB biosafety cabinet, sterile Petri dishes

were filled with 25 to 30 mL of the liquid agar, enough to cover the bottom surface

uniformly. The medium was then left to solidify before inoculation.

For inoculum development, 100–200 µL or 300 µL of inoculum were transferred onto

the agar plate, depending on whether the bacterial source was cryopreserved stock or

a previous LB culture, respectively. In all cases, the inoculum was evenly spread over

the agar surface using a sterile L-shaped spreader.

After inoculation, the plates were sealed with parafilm and incubated at 30◦C for 2

days. Following incubation, the plates were stored under refrigeration until further use.

The viability of use of the culture was limited up to three weeks to one month.

3.2.1.2 Mineral medium

Prior to the preparation of the fermentation medium, the bacterial strain needs to

be precultured in a mineral medium formulated to support initial cell growth under

controlled conditions. The inoculum was sourced either from preserved Petri dishes or

directly from P2 cryovials, depending on availability and storage duration.

This medium, adapted from previously established formulations for Cupriavidus neca-

tor (Wang & Lee, 1997; Kim et al., 1994), includes nitrogen and phosphorus sources,

a predefined trace element solution (see Appendix A, Table A.1), and magnesium sul-

fate. The detailed composition of this mineral medium is presented in Appendix A,

Table A.2.

For inoculum preparation, a standard procedure was followed (Manutsyan et al., 2024;

Poladyan et al., 2019; Park et al., 2011). A total of 100 mL of the sterile medium were

transferred into a 500 mL Erlenmeyer flask and supplemented with 4 mL of a fructose

solution (500 g/L). The culture was incubated at 30◦C under agitation at 250 rpm in

a JSR JSSI-100C shaking incubator.
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3.2.1.3 Culture medium for bioreactor production

The culture medium used in this study was formulated to support high-cell-density fer-

mentation and PHB production through iterative adjustments in composition and the

feeding strategy. The initial formulation of the mineral medium consisted of phosphate

salts, a nitrogen source, fructose as the main carbon source, and a predetermined solu-

tion of trace elements, as detailed in Appendix A, Table A.3. The design of the medium

was based on mineral media formulations reported in the literature for fed-batch PHB

production using strains such as Alcaligenes eutrophus and Alcaligenes latus, which have

demonstrated high productivity and polymer accumulation under controlled nitrogen-

limiting conditions (Wang & Lee, 1997; Kim et al., 1994).

The reactor medium and the fed-batch strategy were tailored considering three main

factors: i) the operational capabilities of the bioreactor used, ii) the production targets

established during the development of the work, and iii) the growth behavior observed

for RE H16 in the implemented system. These criteria were used to balance operational

simplicity with adequate process control at laboratory scale. Accordingly, the medium

was designed to promote biomass growth during the initial stage of fermentation, fol-

lowed by PHB accumulation under nitrogen limited conditions, in agreement with the

two stage approach commonly reported for PHB producing bacteria, in which biomass

formation and polymer biosynthesis are partially decoupled (Wang & Lee, 1997; Kim

et al., 1994).

The initial design of the culture medium was based on stoichiometric yield assumptions

adopted as preliminary engineering parameters for aerobic PHB-producing bacteria

cultivated under nutrient-limited conditions. In particular, a biomass yield of 0.4 g

biomass per g fructose consumed was adopted for medium design, which is consistent

with values reported for Cupriavidus necator grown on fructose in batch and fed-batch

systems, typically ranging from approximately 0.3 to 0.5 g/g (Boy et al., 2021; Pérez-

Camacho et al., 2024). In addition, a nitrogen related coefficient of 1.5 g biomass per g

ammonium sulfate supplied was used as a practical design estimate to define the initial

nitrogen requirement. This value is also consistent with yields derived from reported

biomass production values of 5.21-6.60 g biomass per g NH3, corresponding to approxi-
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mately 1.34-1.70 g biomass per g (NH4)2SO4 (Boy et al., 2021). These coefficients were

used to estimate the initial amounts of carbon and nitrogen sources required to achieve

the target biomass concentration prior to the PHB accumulation phase.

During the experimental campaign, these initial design assumptions were contrasted

with observations obtained from successive reactor runs, leading to progressive refine-

ment of the medium composition. The final formulation adopted in this work corre-

sponds to the medium composition reported in Appendix A, Table A.4. This formu-

lation reflects the adjustments implemented to ensure adequate biomass growth and

controlled PHB accumulation under the operational conditions of the reactor.

Unless otherwise stated, media and samples were prepared using a Radwag AS 220 R2

Plus analytical balance with a precision of ±0.2 mg.

3.2.2 Bacterial kinetics

The study of bacterial kinetics was performed by slightly modifying the previously de-

scribed procedure for the development of the initial inoculum. Specifically, 500 mL Er-

lenmeyer flasks were prepared in triplicate, each containing 110 mL of mineral medium

supplemented with 20 g/L of fructose. The flasks were then inoculated with bacterial

cultures previously grown on Petri plates.

Based on this formulation and the available reagents, the bacterial kinetics were eval-

uated through batch experiments focused on substrate to biomass yield determination.

The following methodologies were implemented to quantify bacterial growth, as well as

fructose and PHB concentrations during cultivation:

3.2.2.1 Growth monitoring

A Jenway 6320D spectrophotometer was used to monitor cell growth in the reactor, the

equipment is shown in Figure 3.1.
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Figure 3.1: Spectrophotometer used for growth monitoring (Jenway, 2026).

Cell growth during cultivation was monitored by measuring the optical density at

600 nm (OD600). This parameter was used as a rapid indicator of biomass evolution

throughout the experiments, both in shake-flask cultures and during reactor operation.

3.2.2.2 Quantification of fructose

A Shimadzu Prominence liquid chromatograph (Cromtek, see Figure 3.2) equipped with

an LC-20AD pump, a CTO-20A column oven, and a RID-20A refractive index detector

was used for the quantification of fructose present in the flasks and reactor by High

Performance Liquid Chromatography (HPLC). This technique was selected because it

allows rapid and reliable sugar quantification, particularly when combined with a re-

fractive index detector (RID) (Tiwari et al., 2023). Chromatographic separation was

carried out on a Rezex ROA-Organic Acid H+ column (300 × 7.8 mm, Phenomenex)

maintained at 60 ◦C. The mobile phase consisted of 2.5 mM H2SO4 delivered at a con-

stant flow rate of 0.6 mL min−1. The RID detector was operated with a cell temperature

of 40 ◦C. The injection volume for all samples was 5 µL.

The sample preparation protocol consisted of the following steps. First, at least 2 mL

of culture were withdrawn using the bioreactor sampling port. The sample was then

centrifuged for 3 minutes at 13000 rpm using a Labnet C2500-R Prism microcentrifuge

(see Figure 3.3(a)), and the supernatant was collected. A dilution was prepared us-

ing Type I water (MilliQ) (Tiwari et al., 2023), with dilution factors of 1:10, 1:20, or

1:50 depending on the expected fructose concentration. The diluted sample was sub-

sequently filtered into HPLC vials using a syringe filter (0.22µm, MCE, 13 mm) prior

to chromatographic analysis. Finally, the vials were loaded into the HPLC system for

measurement.
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Quantification was performed using an external calibration curve constructed from fruc-

tose standards prepared from analytical grade fructose (Sigma-Aldrich) in the concen-

tration range of 0.1 to 2.0 g L−1.

Figure 3.2: Shimadzu Prominence HPLC system used for the analysis of fructose con-
centration (Cromtek, 2026).

(a) C2500-R Prism. (b) Rotofix 32A.

Figure 3.3: Centrifuges used in the biomass concentration and washing process
(TCLGroup, 2026; Andreas Hettich GmbH & Co. KG, 2026).
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3.2.2.3 Quantification of PHB

Using HPLC

For PHB quantification, the same HPLC system described previously for fructose anal-

ysis was employed, using the SPD-20A UV-Vis detector for crotonic acid determination.

This method is based on the acid-catalyzed conversion of PHB into crotonic acid, which

can be quantified by UV absorbance (Karr et al., 1983; Duvigneau et al., 2021).

Culture samples were first withdrawn from the reactor or flask (at least 5 mL) and

centrifuged using a Hettich Rotofix 32A centrifuge (see Figure 3.3(b)). The biomass

was washed repeatedly with Type II water until the supernatant became clear, at least 3

washes were applied. An empty labeled crimp-seal vial (10 mL or smaller) was dried at

100 ◦C for 24 h to determine its dry weight. The washed biomass was then transferred

into the vial and dried under the same conditions for an additional 24 h. After cooling

to room temperature, the dry biomass weight was recorded.

Subsequently, 1 mL of sulfuric acid was added to the vial, which was sealed and placed

in an oven at 100 ◦C for 30 min to promote the conversion of PHB into crotonic acid.

The vial was manually agitated every 10 min to ensure proper mixing. This sample

preparation procedure corresponds to an adaptation of the method originally proposed

by (Karr et al., 1983). After the reaction, the sample was allowed to cool, and 4 mL

of Type I water was slowly added. This step is highly exothermic and was performed

under controlled conditions to allow gradual gas release. Personal protection elements

were used.

The resulting solution was diluted (typically 1:50 or 1:100, depending on the expected

PHB concentration) using 2 mL Eppendorf tubes. Prior to analysis, samples were

filtered through 0.2 µm filters and transferred into HPLC vials. Quantification was

performed using external calibration curves prepared from a commercial PHB standard

(Santa Cruz Biotechnology, sc-255438) in the range of 1-16 mg. Standard solutions

were subjected to the same acid digestion procedure as the biomass samples to ensure

consistent conversion of PHB into crotonic acid and to account for potential losses

during sample preparation.

24



Using Gas Chromatography (GC)

A Shimadzu Nexis GC-2030 chromatograph equipped with a flame ionization detector

(FID) (see Figure 3.4) was also used for measuring PHB by gas chromatography (GC).

The procedure followed an acid-catalyzed propanolysis approach for PHB quantification

in dried biomass adapted from Scott et al. (2021).

An acidified propanol solution (Solution B) was prepared by mixing four parts of n-

propanol with one part of concentrated hydrochloric acid (1:4 v/v). An internal stan-

dard solution (Solution S) was prepared by dissolving 2.0 g of benzoic acid in a 50 mL

volumetric flask and filling to the mark with n-propanol.

For each determination, 10-20 mg of dried biomass were transferred into 15 mL glass

tubes. Subsequently, 2.0 mL of dichloroethane (DCE), 2.0 mL of Solution B, and

200 µL of Solution S were added. DCE was used as a extraction solvent due to the

solubility of PHB in the organic phase, enabling efficient recovery during derivatization.

The mixture was vortexed for 3 s to eliminate visible aggregates and heated at 100 ◦C

for 3 h in sealed tubes. After cooling to room temperature, 4 mL of distilled water

were added to promote phase separation. The tubes were vortexed vigorously for 30 s

and allowed to rest for 60 s. Finally, 500–1000 µL of the lower organic phase were

transferred into GC vials for chromatographic analysis.

Chromatographic separation was performed on a J&W DB-FastFAME GC column

(20 m × 0.18 mm × 0.20 µm, Agilent G3903-63010). Nitrogen was used as the carrier

gas at a constant column flow of 0.48 mL min−1. The injector temperature was set at

260 ◦C and operated in split mode with a split ratio of 30:1. The oven temperature was

set at 50 ◦C. The FID detector temperature was maintained at 280 ◦C, with hydrogen

and air flows of 32 mL min−1 and 200 mL min−1, respectively, and a nitrogen makeup

gas flow of 24 mL min−1. A 5 µL aliquot of the organic phase was injected for each

analysis.

Quantification was performed using an internal standard method with benzoic acid.

The calibration curve was constructed using a commercial PHB standard (Santa Cruz

Biotechnology, sc-255438) in the range of 1-16 mg.
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Figure 3.4: Shimadzu GC system used for the analysis of PHB concentration and purity
(Shimadzu, 2026).

3.2.2.4 Quantification of ammonium

Direct ammonium quantification was not reliable under the experimental conditions

used in this work. For this reason, the biomass yield with respect to ammonium was

estimated through an inverse calculation procedure based on dry biomass, PHB content,

and the amount of ammonium supplied to the culture.

After completion of the kinetic experiment, an empty vial was dried in an oven at

100◦C for at least 24 h and weighed to determine its tare mass. Then, at least 5 mL

of culture were transferred into the same vial and dried for 24 h, after which the mass

of dry biomass was recorded. From this value and the analyzed culture volume, the

dry biomass concentration was calculated. The total dry biomass in the flask was then

estimated by proportional extrapolation to the final culture volume. Alternatively, the

entire final culture volume could be dried directly to determine the total dry biomass.

The PHB content of the dry biomass was determined using the HPLC or GC protocols

described in the methodology. Once the total dry biomass and PHB content were
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known, the PHB-free biomass was calculated as the complement of the PHB fraction

within the total dry biomass, according to Equation 3.1.

Xres = XT (1 − fPHB) (3.1)

where Xres is the residual biomass, or PHB-free biomass, XT is the total dry biomass,

and fPHB is the PHB mass fraction in the biomass.

The biomass yield with respect to ammonium was then estimated according to Equa-

tion 3.2.

YX/N =
Xres

N
(3.2)

where YX/N is the biomass yield with respect to ammonium and N is the amount

of ammonium supplied to the culture. The resulting yield was expressed in units of

gbiomass/gsubstrate.

Estimates of biomass yields and specific growth rate provides a more robust basis for ex-

perimental design and process control. In particular, the estimation of yield coefficients

and growth kinetics allows for a more accurate definition of the required amounts of

fructose and ammonium to meet specific fermentation targets. This approach improves

the reliability of achieving the desired PHB production levels and enhances process

consistency. Furthermore, it contributes to a more efficient use of resources by reducing

the need for frequent sampling or redundant measurements during cultivation.

3.2.3 Fermentation process

An Infors Minifors 2 reactor, shown in Figure 3.5, was used for the fermentation process.

The microorganism, previously cultivated in the mineral medium, was transferred to

the reactor to initiate the main fermentation process.
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Figure 3.5: Minifors 2 Bioreactor, Incitec (INFORS HT, 2026).

The bioreactor used in this study is equipped with integrated systems and connections

for sensors and pumps, enabling automated control of pH, temperature, and foam during

operation. It features dedicated inlet ports for air and pure oxygen, as well as an outlet

line for gas release. Additionally, the system includes feed lines operated by pumps for

nutrient addition; however, they were not used in this particular experimental setup.

Instead, nutrient feeding was performed manually by injecting the solutions with sterile

syringes under a flame to maintain aseptic conditions.

Operational conditions were selected based on previously reported values for optimal

growth of RE H16 (Grunwald et al., 2015; Budde et al., 2011; Shahhosseini, 2004).

The temperature was maintained at 30°C, with the pH regulated around 7. Dissolved

oxygen levels were kept above 30%, supported by a variable agitation speed between 200

and 800 rpm, aeration at 0.5-2 LPM, and pure oxygen between 0-0.5 LPM, depending

on the metabolic activity of the culture.

After each fermentation, the reactor broth was recovered, transferred to 50 mL Falcon

tubes, and subjected to a biomass washing procedure prior to extraction. In each

cycle, the biomass suspension was centrifuged for 15 min at 4000g using a Rotofix 32A

centrifuge (Figure 3.3(b)), after which the supernatant was removed. The recovered

biomass was then resuspended in distilled water and centrifuged again under the same
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conditions. This procedure was repeated for a total of three washing cycles in order to

remove residual medium components.

After completing the washing steps, the concentrated biomass was stored in the same

50 mL Falcon tubes used during centrifugation, but resuspended in ethanol for subse-

quent storage and processing.

3.2.4 Extraction method

The extraction procedure consisted of seven main stages: i) pretreatment, ii) drying,

iii) grinding, iv) extraction, v) filtration, vi) solvent recovery by distillation, and vii)

precipitation. The setup used for the main stages is shown in Figure 3.6. Each stage

was designed to enhance PHB recovery.

The procedure was carried out using biomass samples previously washed and stored

in ethanol. Before extraction, the biomass was centrifuged to remove the ethanol, and

the recovered wet biomass was subjected to a pretreatment with acetone. The acetone

volume was selected to obtain a mass-to-volume ratio of 1:10 (g:mL) (Ramsay et al.,

1994). Acetone contributes to biomass disruption prior to solvent extraction, thereby

facilitating access to intracellular polymer (Morey-Yagi et al., 2026). In this work,

the pretreatment was applied to wet biomass, since biomass particles in suspension

have smaller diameters and are better dispersed, increasing the available surface area

in contact with acetone and potentially improving the pretreatment efficiency. During

the pretreatment stage, the biomass was kept in contact with acetone for 12 to 24 h

(Ramsay et al., 1994), under agitation at 250 rpm, and at 30◦C in a JSR JSSI-100C

shaking incubator.

After pretreatment, the Falcon tubes were centrifuged again in order to separate the

biomass from the acetone. The pretreated biomass was then dried for approximately

3 h in a glass Petri dish inside an oven at 50◦C. During this step, the biomass was

spread uniformly over the surface of the dish in order to avoid particle agglomeration.

After oven-drying, the biomass was ground to reduce its particle size prior to PHB

extraction. A smaller particle size increases the available surface area of the biomass,
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thereby improving the contact area between the biomass and the solvent. After grind-

ing, the dried biomass was grouped in extraction batches of 5 g. Each extraction batch

can include biomass from multiple reactors; therefore, for every batch, the maximum

PHB content and the biomass contribution of each reactor were recorded in order to

estimate the maximum amount of PHB that could be recovered during the extraction.

The extraction stage was carried out using glass vials of 100 and 120 mL, hermetically

closed with crimp seals. Chloroform was used as the extraction solvent, and a biomass-

to-solvent ratio of 1:20 was adopted (Ramsay et al., 1994; Meneses et al., 2022). A

magnetic stir bar was placed inside each vial, and the sealed vials were immersed in

a beaker containing water previously boiled. The beaker was placed on a magnetic

hotplate (see Figure 3.6(a)), which provided both heating and stirring. The extraction

was performed at 400 rpm, maintaining the water temperature above 70◦C in order to

improve PHB dissolution in chloroform.

Each extraction cycle was sustained for 30 min. After this period, the vials were

removed from the water bath and allowed to rest for approximately 2 min. The chloro-

form solution containing dissolved PHB was then recovered and immediately subjected

to vacuum filtration for purification (see Figure 3.6(b)). A Newstar glass fiber filter

(110 mm diameter, 1.5 µm pore size), cut into four equal parts, was used to retain

residual bacterial cells, large cell debris, and insoluble impurities, while allowing the

PHB-chloroform solution to pass through. This pore size was considered suitable based

on the micrometric dimensions reported for Ralstonia eutropha cells during P3HB ac-

cumulation (Volova et al., 2013). During filtration, the extracted solution was filtered

along with preheated clean chloroform, which was added to increase PHB recovery and

reduce premature polymer precipitation on the filter.

After filtration, the chloroform solution containing dissolved PHB was subjected to

distillation and solvent recovery using a 150 mL glass Soxhlet apparatus supplied by

BoroLab (Chile), shown in Figure 3.6(c). Although the Soxhlet system was not used

for the direct extraction of PHB from biomass in this protocol, it was used as a dis-

tillation setup to concentrate the filtered PHB-chloroform solution and recover part

of the chloroform used during extraction. The Soxhlet apparatus was heated using a
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water bath Stuart RE300DB, while condensation was maintained by circulating refrig-

erant liquid with a JSRC-13C recirculating chiller. During this stage, chloroform was

evaporated from the lower flask and condensed in the upper section of the appara-

tus, allowing cleaner chloroform to be recovered separately while the PHB-containing

solution became progressively more concentrated in the lower flask.

Two final recovery methodologies were implemented after filtration and solvent con-

centration. In the first approach, the filtered and concentrated chloroform solution

containing PHB was placed in a glass Petri dish and introduced into an oven at 50◦C

to evaporate the remaining solvent and recover the polymer as a film. However, the

resulting films contained impurities that prevented their processing in the subsequent

stages of the project. Therefore, a second approach incorporating an additional purifi-

cation step with cold ethanol as an antisolvent was implemented. For this purpose, the

concentrated PHB-chloroform solution was transferred into 50 mL Falcon tubes, using

15 mL of concentrate per tube. Two volumes of cold ethanol, corresponding to 30 mL,

were then added to precipitate the PHB and promote the removal of soluble impurities.

The resulting mixture was left to rest for at least 12 h before recovering the purified

polymer.

(a) Extraction setup. (b) Vacuum filtration. (c) Solvent recovery.

Figure 3.6: Main stages of the PHB extraction and recovery procedure.
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3.3 Extrusion process

After the extraction process, the recovered PHB was processed into fibers using melt

extrusion. For this purpose, a Wellzoom B extruder, shown in Figure 3.7, was employed.

This equipment is typically fed with polymers in the form of pellets or granules and

produces filaments with standard diameters of 1.75 mm or 3 mm, depending on the

nozzle used. To produce fibers with diameters comparable to commercial petroleum-

derived microfibers, the extruder nozzle was modified to obtain an outlet diameter of

approximately 0.5 mm. Images of the modified nozzle are shown in Figure 3.8.

Figure 3.7: Wellzoom B2 REX-C100 extruder (Wellzoom, 2026).

Before processing PHB, the operation of the extruder and the performance of the mod-

ified nozzle were tested using two commercially available materials: a PHA fiber man-

ufactured by ColorFabb in the Netherlands (colorFabb, 2024), hereafter designated as

PHAC, and a PHB/PLA fiber manufactured by Fillamentum in the Czech Republic

(Fillamentum, 2026). These preliminary trials were conducted to assess extrusion sta-

bility and verify the ability of the modified nozzle to produce continuous fibers with a

reduced diameter.

During extrusion, the equipment was placed at an elevated height of approximately
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1.5 m because filament formation depended largely on gravity. As the molten polymer

exited the nozzle, the weight of the descending filament provided the pulling force

required to sustain continuous and relatively homogeneous extrusion. The process was

conducted in a temperature-controlled chamber maintained at 16 ◦C to promote rapid

cooling and solidification of the polymer after it exited the nozzle. This arrangement

facilitated filament formation and helped maintain a more uniform fiber diameter during

production.

(a) Two-part nozzle. (b) Assembled nozzle.

Figure 3.8: Custom-made 0.5 mm extruder nozzle used in fiber production.

Melt spinning is one of the standard processes for producing PHB fibers (Yamane et al.,

2001; Iwata et al., 2004; Furuhashi et al., 2004; Hufenus et al., 2020); however, it is

not the only available approach. Alternative methods include electrospinning (Acevedo

et al., 2018), solution blow spinning (Medeiros et al., 2009), and wet spinning (Kundrat

et al., 2019), among others. Each of these techniques offers different advantages in terms

of fiber diameter control, production scalability, and morphological characteristics. In

this study, melt spinning was selected for use because the resulting fiber diameters are

suitable for subsequent post-treatment processes.

The extrusion process requires a thorough understanding of the material’s critical ther-

mal transition points. These points refer to the glass transition temperature (Tg),

melting temperature (Tm), and thermal degradation onset (Td). These parameters are
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essential for setting appropriate extrusion conditions, as the equipment must be pro-

grammed to operate within a temperature window that ensures sufficient polymer flow

while preventing thermal degradation. For PHB, this is particularly important due to

its narrow processing window.

3.4 PHB characterization

The produced PHB was characterized in its native film form. For the fiber stage, a

commercial PHB supplied by Helian Polymers in pellet form was selected and extruded

to produce fibers for evaluation. The PHAC fiber previously used in the preliminary

extrusion was also characterized using the analytical methods described in this study.

Its evaluation helped identify methodological limitations and supported the correction

and optimization of the experimental and analytical protocols subsequently applied to

the produced PHB and to the commercial PHB fibers. PHAC was also included as a

reference material.

3.4.1 Physicochemical properties of the PHB

3.4.1.1 Density

The density of the PHB and PHAC samples was determined using a liquid displacement

method based on Archimedes’ principle. The procedure is conceptually consistent with

ASTM D792 (ASTM International, 2026a), while experimentally following a volumet-

ric approach analogous to the pycnometer method described in ASTM D854 (ASTM

International, 2026b). Distilled water was used as the reference fluid due to its chemical

compatibility with PHB.

The procedure considered the measurement of the mass of an empty volumetric flask

(mf ) and the mass of the flask filled with distilled water up to the calibration mark

(mfw). A small volume of water was then removed to allow the introduction of the

polymer specimen without overflow. After adding a known mass of the specimen (ms),

the flask was refilled with distilled water up to the calibration mark, ensuring that

the total volume remained constant. The final mass of the system (mfws) was then

recorded.
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The density was calculated from the mass of water displaced by the specimen. The

corresponding equation, variable definitions, and water-density correction values are

presented in Appendix B. The temperature of the distilled water was recorded prior to

each measurement, and the density of water was corrected when deviations from the

reference temperature of 23◦C were observed.

At least three independent measurements were performed for each specimen to quantify

the statistical variability.

3.4.1.2 Molecular weight

The molecular-weight distribution of the PHB samples was determined by gel perme-

ation chromatography (GPC), using chloroform as the mobile phase. The chromato-

graphic system consisted of a Dionex P590A liquid chromatography pump, a PLgel 5 µm

Mixed-C column (300 × 7.5 mm), a Wyatt Technology DAWN EOS light-scattering

detector, and an Optilab DSP interferometric refractive-index detector. The analyses

were performed at 25 ◦C using a constant flow rate of 1 mL min−1.

Calibration was performed using polystyrene standards with molecular weights of 29.3,

100, 300, 470, and 612 kg mol−1. The PHB samples were prepared in chloroform at an

approximate concentration of 1.5 mg mL−1.

The weight-average molecular weight (Mw), number-average molecular weight (Mn),

and the polydispersity index (PDI, Mw/Mn) was calculated from the chromatographic

signal. The corresponding definitions, equations, and interpretation of the polystyrene-

equivalent values are presented in Appendix B.3.

Molecular-weight distribution is relevant to melt processing because it affects the

rheological response of PHB. In commercial PHB grades, differences in molar-mass

distribution have been associated with different melt viscosities, processing temper-

atures, throughput limitations, and fiber-formation stability (Höhnemann & Wind-

schiegl, 2023).
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3.4.1.3 Purity

Purity of PHB samples was determined following the same derivatization procedure by

propanolysis used for PHB quantification in biomass. In this case, purity was defined as

the ratio between the amount of PHB quantified by GC and the mass of the analyzed

sample.

3.4.1.4 Thermal Properties (Tg, Tm, Td and Xc)

The thermal behavior of PHB samples was evaluated via differential scanning calorime-

try (DSC) and thermogravimetric analysis (TGA) using a DSC 1 instrument from

Mettler Toledo (see Figure 3.9(a)) and a SDT-Q600 from TA Instruments (see Fig-

ure 3.9(b)), respectively. These techniques enable the identification of thermal tran-

sitions such as melting and glass transition temperatures, as well as the evaluation of

thermal stability and degradation onset.

(a) DSC 1, Mettler Toledo (Mettler Toledo,

2026).

(b) SDT-Q600, TA Instruments (TA Instru-

ments, 2026).

Figure 3.9: Equipment used for the thermal characterization of PHB samples.

For the DSC test, approximately 30-40 mg of PHB were sealed in 100 µL hermetic

aluminum pans prior to testing. The experimental procedure follows the thermal cy-

cle shown in Figure 3.10, where Top and Bottom correspond to 250 ◦C and -70 ◦C,

respectively. The parameter βheating corresponds to a heating rate of 10◦C min−1. The

cooling stages, denoted as βcooling,1 and βcooling,2, were 20◦C min−1 and 60◦C min−1,

respectively. These rates were selected to ensure controlled thermal transitions while

enabling reproducible characterization of the polymer’s thermal behavior. For the sec-
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ond cooling step, the sample needs to be rapidly cooled to induce an amorphous state

prior to isothermal crystallization or secondary heating scans (Kabe et al., 2012).
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Figure 3.10: DSC thermal protocol used for the two-heating-cycle analysis.

The melting temperature was determined as the peak of the endothermic transition,

while the glass transition was identified as a shift in the baseline of the heat flow curve.

The enthalpy of fusion (∆Hm) was calculated from the area under the melting peak, and

the degree of crystallinity (Xc) was computed using a reference value of 146 J/g for 100%

crystalline PHB, as determined by (Barham et al., 1984), and through extrapolation

from twelve experimentally characterized samples.

A Shimadzu AUW120D analytical balance was used for the preparation and weighing

of the samples analyzed by DSC. According to the specifications, the balance has a

minimum display of 0.01 mg and high precision for low mass measurements.

For TGA, the samples were initially heated from room temperature to 400◦C under

a nitrogen atmosphere (45 mL/min), using a heating rate of 10◦C/min, following the

methodology described by (Li et al., 2001). The degradation temperature (Td) was

determined from the TGA/DTG (differential thermogravimetry) curves using the con-

ventional extrapolated tangent approach. A tangent was drawn to the TGA curve
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at the temperature corresponding to the maximum mass-loss rate, identified from the

DTG peak, and its intersection with the extrapolated baseline was used to define Td.

This thermal profile provides essential information for understanding the processabil-

ity and structural organization of the PHB material. Importantly, this analysis was

conducted immediately prior to extrusion, in order to account for potential variations

caused by aging. Since PHB undergoes structural reorganization over time (Srubar

et al., 2012; Di Lorenzo & Androsch, 2019), even at room temperature, using outdated

DSC data would not accurately reflect the polymer’s current thermal behavior.

3.4.2 Mechanical properties of the PHB (σu, E and ε)

A ZwickRoell Z100 Universal Testing Machine (UTM) was used to perform single fiber

tensile tests (SFTT) for the determination of the tensile strength, elastic modulus, and

elongation at break of the PHB fibers. The testing configuration is shown in Figure 3.11.
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(a) UTM ZwickRoell Z100. (b) Load-cell configuration.

Figure 3.11: UTM and load-cell configuration used for the single-fiber tensile tests.

The load cell used had a maximum capacity of 500 N and a precision of ± 1%, allowing

for the evaluation of fibers with considerably small diameters. An additional fixture

was attached to the load cell (see Figure 3.11(b)) in order to improve the gripping

of the small elements tested during the procedure. The tests were performed under

displacement control, using a constant crosshead speed of 0.05 mm/s. Failure was

defined as a drop in the measured force to 80% of the maximum value recorded during

the test.

This setup represented a slight adaptation of the configuration proposed by (Curosu

et al., 2017); however, aluminum plates were used on both sides of the fixture, along

with sandpaper, to minimize slippage during testing.

A cyanoacrylate adhesive (La Gotita, Akapol) was used to fix the fiber to the plate and
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was allowed to cure for at least 48 h prior to testing to ensure adequate bonding and

prevent premature failure at the fiber–plate interface.

In this test, the tensile strength was defined as the maximum stress reached before

failure, while the elongation at break corresponded to the maximum strain attained.

The elastic modulus (Young’s modulus) was calculated as the slope of the initial linear

portion of the stress–strain curve.

3.4.3 Degradation of PHB

One of the key limitations of using PHB in cementitious materials is its susceptibility

to degradation, which, while beneficial in many environmental applications, poses a

challenge in this context. For the intended use as reinforcement in cement-based com-

posites, it is essential to delay its degradation in order to ensure structural performance

throughout the material’s service life. If the PHB fibers degrade prematurely, they may

reduce the embodied energy of the system but will affect the performance of the com-

posites, such as FRC or ECC. Therefore, understanding and controlling its degradation

under different conditions is a central focus of this research.

The following sections describe the methodologies employed to evaluate the main degra-

dation mechanisms to which PHB fibers could be exposed during processing and end

use.

3.4.3.1 Thermal degradation

Thermal degradation of PHB will be evaluated using DSC and TGA, as outlined in

the thermal properties evaluation section. While DSC may detect early signs of ther-

mal instability through anomalies in heat flow, TGA provides a direct assessment of

degradation by measuring weight loss as a function of temperature.

3.4.3.2 Degradation by alkalis

Considering that the pore solution in concrete typically exhibits a pH close to 13, it is

essential to assess the resistance of the PHB to this highly alkaline environment. Given

that temperature significantly influences the rate of chemical reactions, the combined
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effects of elevated pH and temperature must be evaluated.

The degradation protocol was applied at two temperatures: 20°C, representing ambi-

ent conditions, and 70°C, representing a commonly accepted maximum temperature

for concrete during early-age curing in construction practice. This temperature limit

is typically adopted to reduce the risk of delayed ettringite formation (DEF), a phe-

nomenon associated with the suppression or alteration of normal ettringite formation

during early cement hydration and which can lead to severe long-term damage in con-

crete. Therefore, assessing the material’s stability under such conditions is critical to

ensure its long-term performance and compatibility with cementitious environments.

The steps for assessing alkali-induced degradation of PHB are detailed below and are

inspired by the methodologies proposed in (Silva et al., 2005; Yu et al., 2005):

a) A total of 15 vials (20 mL capacity) were prepared, with three replicates assigned

to each exposure time (1 h, 6 h, 24 h, 72 h, and 168 h). All vials were dried at

100°C for 24 hours prior to use to register their dry mass.

b) After drying, the empty vials were weighed. Subsequently, a PHB sample with

a mass between 20 and 50 mg was placed in each vial. The mass of the vial

containing the sample was then recorded, and the sample mass was determined

by difference.

c) The samples were dried at 30°C for 48 hours to ensure the complete removal of

moisture before testing.

d) Subsequently, 2 mL of Lawrence solution (Silva et al., 2005) (pH approximately

12.9-13.0) was added to each vial. The vials were then sealed using crimp caps

and stored in either a convection oven or a temperature controlled chamber, set

at the designated testing temperatures (20°C or 70°C).

e) At each testing time, the vials were opened and the remaining solution was col-

lected and stored in Eppendorf tubes for subsequent analysis by HPLC in future

research. The PHB samples were dried again at 30°C for at least 48 hours.
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f) After this final drying phase, the samples were weighed again. The mass loss

between the pre and post-exposure conditions were used to quantify the degree

of degradation caused by the alkaline environment.

g) Finally, the dried samples were stored in Eppendorf tubes for Scanning Electron

Microscope (SEM) evaluation in future research.

Since the degradation rate should depend on the surface area in contact with the

Lawrence solution, Brunauer-Emmett-Teller (BET) analysis was performed on PHB

samples in different formats to quantify their exposed surface area and verify potential

differences among them.

The BET method is one of the most widely used approaches for determining the specific

surface area of porous solids and fine powders (Thommes et al., 2015). In this method,

the surface area is estimated from gas adsorption data by evaluating the amount of

adsorbate required to form a monolayer on the sample surface. In addition to specific

surface area, adsorption isotherms can also be used to estimate pore size distribution

through appropriate theoretical models (Thommes et al., 2015). The protocol related

to this test is described in the following section.
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BET protocol

An Anton Paar Nova-600 physisorption analyzer, shown in Figure 3.12, was used to

determine the specific surface area and pore size distribution of the samples through N2

adsorption isotherms at 77 K. The BET surface area was calculated from the adsorption

isotherm, while the pore size distribution was obtained using the Density Functional

Theory (DFT) model. Prior to the analysis, samples of approximately 150 mg were

degassed to remove physically adsorbed moisture by heating from room temperature to

120◦C at a rate of 10◦C/min, followed by a 2-hour isothermal period at this temperature.

Similar pretreatment and analysis conditions have been reported in the literature for

porous solid characterization by N2 physisorption at 77 K (Chen et al., 2021; Saab

et al., 2022).

Figure 3.12: Nova-600, Anton Paar (Anton Paar, 2026)
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3.5 Aging

PHB undergoes physical aging even at temperatures below glass transition. This pro-

cess is characterized by molecular relaxation within the rigid amorphous phase, where

residual mobility of polymer chains allows for conformational rearrangements that grad-

ually reduce the free volume. As this volume decreases, the mobility of the polymer

chains is restricted, leading to the stiffening of the material and an increase in brittle-

ness over time. This phenomenon is associated to the formation of imperfect crystals

within the interlamellar regions and the restriction of movement in the RAF, which

becomes unable to dissipate energy by viscous flow (Santos et al., 2017). Importantly,

experimental results from DSC analyses indicate that this embrittlement does not oc-

cur primarily due to secondary crystallization, but rather due to densification of the

amorphous domains through physical aging mechanisms (Di Lorenzo & Androsch, 2019;

Srubar et al., 2012).

The aging process was conducted in a climate-controlled chamber at 20◦C. Aging was

assessed through the evolution of thermal and mechanical properties and the resistance

of PHB to alkali degradation. These measurements, described in the previous sections,

were performed after aging periods of 7 (7DA) and 28 days (28DA). The PHAC was

additionally evaluated after 100 days of aging (100DA). For DSC, the day 0 condition

was analyzed using two heating scans, with the second heating thermogram taken as

the response of the PHB in its initial, thermally standardized state. The aged speci-

mens were then evaluated using the first heating scan at each aging time in order to

capture the changes developed from this initial state during storage. This procedure

allowed the thermal evolution associated with aging to be assessed relative to a com-

mon day 0 reference. Additionally, Fourier Transform Infrared Spectroscopy (FTIR)

was performed using a Shimadzu IRPrestige-21 spectrometer, shown in Figure 3.13, to

detect chemical structural changes in the polymer chains.
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Figure 3.13: IR Prestige 21, Shimadzu (Center for Optical and Laser Materials Re-
search, 2026).

FTIR protocol

FTIR analysis was conducted within the mid-infrared (MIR) spectral range using dif-

ferent sample-preparation approaches depending on the physical characteristics of the

material analyzed. First, PHB films obtained by evaporation were analyzed directly in

transmission mode without further preparation, since their transparency allowed the

infrared beam to pass through the sample; in this case, air was used as the background.

Second, transparent PHB sheets were prepared by placing approximately 20 mg of

material (pellet or fiber) into a Specac die set without dilution in a KBr matrix. The

material was then compressed using a manual hydraulic press (PRS15, Mega) at a force

of 9 tons, producing transparent pellets with a diameter of 13 mm; for these measure-

ments, air was also used as the background. Third, when the recovered PHB did not

provide sufficient transparency, the sample was mixed with KBr at PHB:KBr ratios

of 1:5 or 1:10 and analyzed by diffuse reflectance using a Pike DiffusIR cell. In this

case, pure KBr was used as the background (Shimadzu Scientific Instruments, 2026).

The infrared absorption spectra were obtained by averaging 50 individual scans in the

wavenumber range of 4000 to 500 cm−1. Similar FTIR approaches have been reported

for PHB and related polyhydroxyalkanoate materials, including transmission measure-

ments and pressed-sample preparations (Kamnev et al., 2018; Xu et al., 2002; Sato

et al., 2009).
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Table 3.1 summarizes the experimental testing performed on PHAC and PHB samples.

This matrix compiles the characterization techniques applied to each material, distin-

guishing between baseline measurements and tests evaluated as a function of aging.

All aging-dependent characterization techniques were performed at the initial condi-

tion (Day 0), after 7 days of aging, and after 28 days of aging. For PHAC fiber, an

additional evaluation was performed after 100 days of aging.

Table 3.1: Experimental test matrix.

Test PHAC Fiber PHB Film PHB Fiber

Baseline characterization (single condition)

Density ✓ - ✓

Molecular weight - ✓ ✓

Purity ✓ ✓ ✓

BET surface area ✓ ✓ ✓

Aging-dependent characterization

DSC ✓ ✓ ✓

TGA ✓ ✓ ✓

SFTT ✓ - ✓

Alkali degradation ✓ ✓ ✓

FTIR - ✓ ✓
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Chapter 4

Production of PHB Films and

Fibers

4.1 Bacterial kinetics

Batch kinetic in shake flasks was performed in triplicate to evaluate substrate consump-

tion and formation of biomass and PHB under controlled conditions. The temporal

profiles of biomass, fructose, and PHB content are presented in Figure 4.1.

Figure 4.1: Temporal profiles of biomass concentration, fructose consumption, and
intracellular PHB accumulation obtained from triplicate kinetic experiments.
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The cultivation profile of Cupriavidus necator shows a clear transition between bacterial

growth and intracellular PHB accumulation. During the initial lag phase, up to ap-

proximately 43 h, biomass concentration remained nearly constant, while fructose was

consumed slowly and PHB accumulation was negligible, indicating cellular adaptation

to the culture conditions. After this period, the culture entered an active growth phase,

characterized by a rapid increase in biomass and a higher fructose consumption rate.

Based on the initial biomass yield and the use of 1 g of ammonium sulfate, biomass

formation was expected to proceed up to approximately 1.5 g L−1 before nitrogen limi-

tation became dominant and PHB accumulation was strongly promoted. However, the

experimental profile indicates that PHB accumulation began slightly before this ex-

pected biomass threshold, becoming evident from approximately 65 h onward. At later

cultivation times, between approximately 75 and 92 h, the rate of PHB accumulation

progressively decreased as the intracellular polymer content approached its maximum.

Direct ammonium measurements were not successfully obtained in these experiments

due to analytical interference observed during an enzymatic assay, which led to unreli-

able absorbance readings. Nevertheless, the biomass yield with respect to ammonium

sulfate was estimated through the procedure previously described.

Based on these experiments and procedures, biomass yields with respect to fructose

(YX/S) and ammonium sulfate (YX/N), PHB yield (YPHB/S), and the specific growth

rate (µ) were estimated for each replicate. These results are shown in Table 4.1.

Table 4.1: Summary of biomass yields, PHB accumulation, and specific growth rate
obtained from triplicate kinetic experiments.

Flask
Kinetic and yield parameters

YX/S (g/g) YX/N* (g/g) PHB (%) YPHB/S (g/g) µ (h−1)

Flask 1 0.39 1.08 77.00 0.53 0.22

Flask 2 0.41 1.28 82.71 0.43 0.23

Flask 3 0.41 1.20 79.21 0.59 0.23

Mean ±σ 0.40 ± 0.01 1.19 ± 0.10 79.64 ± 2.88 0.52 ± 0.08 0.23 ± 0.01

*All ammonium-based yields (YX/N) were estimated by inverse calculation due to the

lack of direct ammonium measurements.
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Initially, the design process relied on literature-based yield coefficients of 0.4 g/g for

fructose and 1.5 g/g for ammonium sulfate. While the assumed fructose yield was

consistent with the experimental observations, the ammonium based yield was found

to be overestimated. This discrepancy became evident during the development and

operation of the fed batch reactors, where deviations from the expected biomass growth

and PHB production were observed.

Based on these observations, the kinetic study was conducted between reactor runs

R10 and R11, within a total of 13 fed-batch fermentations performed throughout the

experimental campaign. Unlike the initial design assumptions, the ammonium sulfate

yield reported in this section was obtained through inverse estimation based on the

experimentally measured biomass and PHB production. This approach enabled the

estimation of the actual amount of ammonium sulfate required to achieve the target

PHB production of 15 g/L.

The values of µ showed low variability between replicates, with an average of 0.23 h−1.

This value is within the expected range for Cupriavidus necator cultivated on sugars,

where growth rates are typically reported between 0.2 and 0.3 h−1. In particular, values

close to 0.21 h−1 have been reported for Ralstonia eutropha under batch cultivation

conditions (Marangoni et al., 2001; Wang et al., 2007). Therefore, the obtained µ values

indicate that the system operated under suitable growth conditions without significant

inhibition or nutrient limitation during the exponential phase.

Regarding PHB accumulation, the obtained values ranged between 77.0% and 82.7%,

with an average of 79.6%. These values are consistent with reported PHB contents

for C. necator under nitrogen-limited conditions, where intracellular polymer fractions

commonly exceed 70% of cell dry weight within 24 h of accumulation. Additionally,

PHB yields on carbon substrate in the range of 0.4-0.5 g/g have been reported for

C. necator under controlled conditions (Yousuf & Winterburn, 2016). This agreement

indicates that the cultivation strategy effectively promoted PHB synthesis.
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4.2 Fed-batch Fermentations

A total of 13 fed-batch reactor runs were performed during the experimental campaign

in order to establish a robust protocol for PHB production with Cupriavidus necator.

A detailed reactor-by-reactor description, including the operational issues encountered

and the corrective actions implemented throughout the campaign, is provided in Ap-

pendix C. In summary, several operational problems were faced during reactor opera-

tion, preventing the experimental objectives from being achieved in a number of runs.

The main issues were: i) culture loss due to excessive foam generation under high agita-

tion (R2-R3), ii) oxygen limitation caused by excessive biomass growth resulting from

an initial misinterpretation of the ammonium sulfate amounts added to the medium

(R5-R6), iii) contamination events that caused premature fructose depletion and stag-

nation of the culture (R7-R8), and iv) failure to reach the target PHB production due

to an incorrect ammonium sulfate yield assumption used in the experimental design

(R9-R10).

These challenges were progressively addressed throughout the experimental campaign

by improving foam control, modifying the ammonium sulfate design basis according to

the kinetic analysis presented in Section 4.1, and improving the control of contamina-

tion. From reactor R9, gentamicin was incorporated into the cultivation protocol to

prevent further contamination, taking advantage of the intrinsic resistance of RE H16

to this antibiotic. PHB was successfully produced in reactors R9-R13, and the polymer

recovered from these fermentations was subsequently used in the extraction, processing,

and characterization stages of this work.

Figure 4.2 shows the OD profiles obtained during the fed-batch campaign. Figure 4.2(a)

illustrates the operational problems observed in the intermediate runs, whereas Fig-

ure 4.2(b) shows the complete campaign and the transition toward stable operation.

After correcting the ammonium sulfate requirement, reactors R11-R13 reached max-

imum OD values between 85 and 90 and produced 14.18, 15.26, and 17.39 g L−1 of

PHB, respectively, with fermentation times within approximately 68-71 h. The target

production of 15 g L−1 of PHB was achieved in the last two reactors.
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(a) OD profiles for reactors R5-R8.

(b) OD profiles for reactors R5-R13.

Figure 4.2: OD profiles obtained during the fed-batch fermentation campaign.
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Table 4.2 summarizes the performance of the PHB-producing reactors used in the sub-

sequent stages of the research.

Table 4.2: Performance of the PHB-producing reactors.

Reactor OD Volume (mL) Dry biomass (gL−1) PHB (%) PHB (gL−1)

R9 65 940 15.88 63.48 10.08

R10 76 880 15.18 63.43 9.63

R11 85 1000 19.34 73.31 14.18

R12 87 985 22.80 66.91 15.26

R13 90 1000 24.46 71.09 17.39

These results demonstrate that once foaming, contamination, oxygen transfer limita-

tions, and the ammonium sulfate design basis were addressed, the process became

reproducible and capable of reaching the target PHB production level.

4.3 Extraction yield

Figure 4.3 presents the PHB recovery yields obtained from chloroform-based extrac-

tions.

Figure 4.3: PHB recovery yields obtained during the preliminary chloroform extraction
trials and after implementation of the final methodology.
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Preliminary trials E1-E5 were conducted at a smaller scale using limited amounts of

PHB-containing biomass. These trials focused on evaluating simple filtration systems,

including metal mesh strainers and gauze used as filtering media. However, a consid-

erable amount of PHB was retained within these materials, contributing to product

losses. In addition, the extraction conditions used during these trials were not suf-

ficiently efficient. Recovery yields were determined either gravimetrically from the

extracted polymer mass or indirectly through GC analysis of the solvent phase during

extraction. Since different quantification methods were used, these results should be

interpreted as indicators of process development rather than as directly comparable

experimental replicates.

The final protocol reported in this study was subsequently evaluated using a larger

amount of biomass. This protocol comprised biomass preparation, chloroform extrac-

tion, vacuum filtration, solvent recovery by distillation, and final evaporation. Extrac-

tion E6 was the first trial performed using the complete methodology. Based on the

favorable recovery obtained in this extraction, the same protocol was maintained for

extractions E7 and E8, which also showed high recovery yields. In these three extrac-

tions, the recovered PHB was precipitated by solvent evaporation and was therefore

obtained in the form of transparent films, as shown in Figure 4.4.

Figure 4.4: PHB films obtained after chloroform extraction and solvent evaporation.
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4.4 Extrusion process

The preliminary extrusion trials with PHAC and PHB/PLA fibers showed that the

modified nozzle was capable of producing fibers with substantially smaller diameters

than the original commercial filaments. However, this result was not immediate. The

first trials revealed that the extrusion window was strongly affected by the presence of

the modified nozzle. In some cases, the melting temperature obtained by DSC or the

printing temperature recommended by the manufacturer was not sufficient to ensure

stable flow through the modified outlet. Although the polymer softened inside the

extruder, the added nozzle section did not always reach the temperature required to

maintain the material in a molten state, leading to premature solidification inside the

nozzle, which caused clogging and interrupted the extrusion process. Conversely, when

the temperature was increased excessively, the material exited the nozzle and exhibited

very low viscosity, preventing stable filament formation.

For this reason, each material required an empirical adjustment of the extrusion tem-

perature. The selected temperatures were defined by trial and error, using the lowest

temperature that allowed continuous flow without clogging, while maintaining the vis-

cosity needed for filament formation. The final temperatures used for the commercial

fiber materials are summarized in Table 4.3.

Table 4.3: Extrusion temperatures selected for each commercial fiber material.

Material Extrusion temperature (◦C)

PHAC fiber 175

PHB/PLA fiber 185

After adjusting the extrusion temperature, continuous fiber formation was achieved for

the commercial materials. Re-extrusion through the modified nozzle produced a clear

reduction in filament diameter, with fibers generally reaching values close to the target

diameter of 0.5 mm. This reduction is illustrated in Figure 4.5, where the original

commercial PHB/PLA filament is compared with the re-extruded fiber. The visible

difference between both spools confirms the effectiveness of the modified extrusion setup

in producing thinner fibers.
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Figure 4.5: Comparison between the original commercial PHB/PLA filament and the
thinner fiber obtained after re-extrusion.

Another challenge of this stage was to ensure material continuity during extrusion. The

extruder required a minimum amount of material, approximately 8 g, to fill its internal

cavity and initiate extrusion. Once this volume was reached, additional material had to

be supplied continuously to maintain pressure and avoid interruptions in the filament.

The screw speed was kept at the minimum setting throughout the trials, since the

outlet pressure depended both on the screw-driven displacement and on the amount of

molten material reaching the nozzle. Under these conditions, stable extrusion required

a balance between feed continuity, screw pressure, and material viscosity.
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Even after continuous flow was achieved, material accumulation at the nozzle outlet was

frequently observed. This accumulation interfered with the formation of a continuous

filament and could lead to local agglomeration immediately after the material exited

the nozzle, as shown in Figure 4.6. When this occurred, manual assistance was required

to guide the fiber away from the outlet and restore continuity. However, because the

fiber was still partially molten during collection, manual pulling introduced additional

stretching and produced localized reductions in diameter. In some isolated segments,

this effect led to diameters below the target value, reaching approximately 0.25 mm.

Figure 4.6: Material accumulation at the nozzle outlet during extrusion.
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The final fiber diameter was therefore influenced by the way the material was col-

lected after exiting the nozzle. When the fiber descended without interference and

undisturbed, the final diameter was closer to the opening of the nozzle. In contrast,

manual assistance helped guide the fiber away from the nozzle to prevent accumulation

and improve short-term continuity, but it also increased geometric variability along the

fiber. This contrast between manually assisted collection and gravity-driven collection

is shown in Figure 4.7, and highlights that fiber collection was a critical factor for

maintaining both continuity and diameter uniformity.

(a) Manually assisted fiber collection. (b) Gravity-driven fiber collection.

Figure 4.7: Fiber collection behavior observed during extrusion trials with commercial
materials.
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An additional limitation was observed in the lower collection zone. When the extruded

fiber accumulated without additional cooling, it retained part of the viscosity associated

to the molten state. As a result, neighboring fiber segments adhered to one another,

forming agglomerated regions and reducing the usability of the collected material. This

behavior is shown in Figure 4.8. To mitigate this issue, the collection system was

modified so that the fiber could fall into cold water. This additional step promoted

faster solidification and allowed the fiber to sink after reaching the collection bath,

reducing contact with subsequently falling segments and limiting agglomeration.

Figure 4.8: Fiber agglomeration observed in the collection zone when no water bath
was used.
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Overall, these observations show that successful fiber production depended not only

on reducing the outlet diameter but also on controlling the extrusion and collection

conditions. These factors are relevant because loss of continuity, agglomeration, and

excessive diameter heterogeneity could compromise subsequent fiber characterization.

Therefore, the preliminary trials established the operational criteria required to obtain

fibers suitable for subsequent characterization and processing.

After the extrusion procedure had been refined using commercial materials, the in-house

produced PHB was evaluated as a feedstock for fiber production. The first extrusion

attempt was carried out using the PHB recovered as a film by evaporation-based pre-

cipitation. Approximately 28 g of material were available for this trial; however, stable

processing could not be achieved. During the initial temperature-adjustment stage,

most of the available material was consumed without a continuous filament formation.

Instead of forming a self-supporting fiber, the material exited the nozzle with an exces-

sively low viscosity and collapsed after extrusion.

Based on these results, extrusion trials with this material were discontinued. The

behavior observed during processing suggested that the poor extrudability was not

only related to temperature adjustment, but also to the composition of the recovered

material. Analyses carried out in parallel with the extrusion trials supported this

interpretation. Purity measurements of the evaporation-recovered PHB showed values

between 80 and 85%, indicating that a significant fraction of the material corresponded

to other components. In addition, the thermal analyses also showed deviations from

the expected behavior of PHB, including altered melting-related peaks in DSC and

mass losses between 60◦C and 120◦C in TGA. These results indicated the presence of

additional phases or residual compounds that likely interfered with melt processing and

prevented stable fiber formation.

The original PHB films obtained after evaporation-based recovery were transparent, as

shown previously in Figure 4.4. However, after exposure to the extrusion conditions, the

material progressively developed a brown to nearly black coloration. This color change

indicated that thermally induced degradation or non-enzymatic browning reactions oc-

curred during processing. Considering that PHB originally contained bacterial cells,
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the non-PHB fraction was likely composed of chloroform-soluble residual cellular com-

ponents, including lipids, hydrophobic membrane compounds, polysaccharide-derived

residues, and possibly proteins. In this context, residual fructose or polysaccharide-

derived sugars could react with amino groups from proteins or other nitrogen-containing

compounds through Maillard-type reactions, producing brown degradation products

during heating (Hodge, 1953; Dills, 1993).

This evolution is shown in Figure 4.9. From left to right, the first beaker contains fibers

obtained from the locally produced PHB, which exhibited a clear brown coloration,

limited length, and high fragility. The second beaker contains PHB with a high content

of degradation products, showing an almost black coloration. The third beaker contains

a mixture of partially clean PHB and material with mild degradation. The fourth beaker

contains material recovered from the extruder after processing at a lower temperature,

corresponding to material remaining inside the equipment that had not fully melted.

Finally, the fifth beaker contains clean PHB film cut into small pieces before extrusion.

This sequence illustrates the degradation and compositional changes experienced by

the material during its passage through the extruder.

Figure 4.9: Visual evolution of the locally produced PHB during extrusion trials, show-
ing fibers, degraded material, partially degraded material, recovered non-melted mate-
rial, and clean PHB film before extrusion.
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In addition, possible lipidic or hydrophobic cellular residues may have contributed to the

excessive fluidity observed at the nozzle. Although these compounds were not directly

identified, PHB-producing bacterial cells contain several non-PHB components that can

be partially recovered with hydrophobic extraction routes, including membrane lipids,

free fatty acids, phospholipids, glycolipid-derived fractions, and other hydrophobic cel-

lular residues. Depending on their chemical structure, some of these lipidic fractions

can present melting or softening transitions well below the extrusion temperature used

in this study (Kerr et al., 2015). Therefore, if present as residual non-PHB phases,

they could have remained in a liquid or low-consistency state within the processing

range applied, modifying the apparent melt consistency of the recovered material and

contributing to the loss of filament stability. Since their exact identity was not de-

termined, this interpretation should be considered an explanation to be confirmed by

further studies.

Taken together, the darkening of the material, the excessive fluidity at the nozzle, and

the absence of stable filament formation indicate that the evaporation-recovered PHB

did not present the compositional quality required for direct melt extrusion.

As a result, direct extrusion of the evaporation-recovered PHB was abandoned, and

a second recovery strategy based on antisolvent precipitation was proposed. The ob-

jective of this approach was to reduce the impurity content of the recovered polymer

and improve its suitability for melt processing. For this purpose, the PHB film was

redissolved in hot chloroform and then precipitated using cold ethanol as an antisol-

vent. The purified PHB obtained from this procedure was subsequently characterized

to verify the improvement in material quality. After purification, the PHB purity in-

creased to values close to 98%, indicating that a substantial fraction of the impurities

present in the evaporation-recovered material was successfully removed. Consistently,

the thermal analyses of the purified material no longer showed the alterations observed

in the evaporation-recovered PHB and instead presented a response consistent with the

expected thermal behavior of PHB.

The purified PHB was also evaluated by extrusion. For this trial, approximately 3 g

of purified material were introduced into the extruder and complemented with another
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material in order to fill the internal cavity and generate the pressure required for extru-

sion. Under these conditions, fiber formation was possible; however, the initial extruded

material presented an intense brown coloration, which was associated with degradation

or caramelization reactions during processing. In addition, because a second material

was required to complete the feed and promote extrusion, the resulting fiber may have

been formed from the combined melting of both materials inside the extruder, even

though the locally produced purified PHB was introduced first so that the following

material would push it toward the nozzle. Therefore, this result cannot be considered

definitive evidence that the locally produced PHB can be independently extruded into

fibers. Further trials with a larger amount of purified material are required to con-

firm its processability. Moreover, the brown coloration observed at the beginning of

the extrusion indicates that a small residual fraction was still susceptible to thermal

degradation.

Personal communication with commercial manufacturers also indicated that PHB in-

tended for fiber production commonly requires stabilizing additives before pelletization

and extrusion. These additives may include nucleating agents and antioxidants, which

improve thermal stability, crystallization behavior, and processability during melt pro-

cessing. Since the identification, formulation, and optimization of these additives were

outside the scope of this thesis, a commercial thermoplastic-grade PHB pellet was

selected to continue the fiber-production stage. This decision ensured that the ex-

perimental program could still include PHB fibers suitable for characterization, while

keeping the additive-design challenge as a limitation and future development of the

locally produced PHB route.

For this purpose, Enmat Y3000P PHB pellets supplied by Helian Polymers, Nether-

lands, were selected because they correspond to a pure PHB grade specifically formu-

lated for thermoplastic applications. According to information provided by the supplier

through personal communication, the pellet formulation contains a nucleating agent and

an antioxidant intended to facilitate crystallization and improve stability during melt

processing.

The commercial PHB pellet was successfully extruded using a processing temperature of
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185 ◦C, producing a continuous fiber, as shown in Figure 4.10. This confirmed that the

extrusion setup was suitable for PHB fiber production when the material was supplied

in a thermoplastic-grade formulation.

Figure 4.10: Continuous PHB fiber obtained by extrusion of the commercial Enmat
Y3000P PHB pellet.

This result represents a discontinuity in the original objective of producing PHB fibers

entirely from a locally produced bacterial polymer. Nevertheless, it does not inval-

idate the previous stages of the work. One of the main objectives of this research

was to establish a reliable procedure for producing and extracting PHB from bacterial

fermentation, and this was achieved through the development and refinement of the ex-

traction methodology. The recovered PHB provided a valuable basis for understanding

the limitations associated with purity, thermal stability, and melt processability.

It should also be considered that PHB is a highly tunable polymer, whose final behavior

can be strongly modified by relatively small changes in formulation, purification, and

processing design. Therefore, the production and extraction procedure developed in

this work provides a robust foundation for future studies aimed at locally producing

PHB with improved processability and specific characteristics. The specific challenge of

defining the additive package required for direct extrusion of laboratory-produced PHB,

including stabilizers, nucleating agents, and antioxidants, remains outside the scope of

this thesis. However, since the experimental program also required the characterization

and evaluation of PHB fibers, the use of the commercial thermoplastic-grade PHB pellet

allowed this objective to be fulfilled.
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Chapter 5

Evaluation of PHB Films and

Fibers

5.1 Physicochemical properties of the PHB

This section presents the results of the analyses conducted on three specimens: the

PHB produced in-house (native film), the commercial PHB processed into fibers, and

the PHAC fiber used both as a reference material and to test and refine the experimental

protocols.

5.1.1 Density

PHAC fiber

The density of the PHAC fiber was experimentally determined in order to compare

the obtained value with the density reported by the manufacturer, namely 1.24 g/cm3

(colorFabb, 2023). The results are presented in Table 5.1.
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Table 5.1: Density measurements obtained for the PHAC fiber.

Test
Density parameters

Sample mass (g) Fiber density (g/cm3)

1 1.01 1.31

2 1.05 1.18

3 1.04 1.27

Mean ±σ 1.03 ± 0.02 1.25 ± 0.07

The experimental result was consistent with the density reported by the manufacturer,

considering the observed measurement variability. This agreement is particularly rele-

vant because the experimental procedure adopted in this work combined two ASTM-

based approaches into a modified methodology. The consistency with the manufac-

turer’s specification therefore supports the reliability of the adopted procedure and its

suitability for determining the density of the analyzed fiber material.

PHB fiber

Table 5.2 presents the measured density of the PHB fiber.

Table 5.2: Density measurement obtained for the PHB fiber.

Test
Density parameters

Sample mass (g) Fiber density (g/cm3)

1 1.01 1.15

2 1.05 1.24

3 1.01 1.36

Mean ±σ 1.02 ± 0.02 1.22 ± 0.12

Despite the fact that slightly higher variability was observed among the replicate mea-

surements, the obtained density remained consistent with the expected range for PHB-

based materials, indicating that the extruded fiber exhibited a density response com-

patible with this polymer.
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5.1.2 Molecular weight

Native film and purified PHB

The evaporation-recovered native film did not dissolve completely in the mobile phase

after three days of agitation, and no chromatographic signal was obtained from its

supernatant. Therefore, its molecular-weight parameters could not be determined.

The purified PHB presented an apparent Mw of 567.2 kDa, an apparent Mn of

167.9 kDa, and a dispersity of 3.38. Although the purity and TGA results showed

that purification produced a cleaner material with a more defined thermal response,

the effect of this process on the molecular-weight distribution could not be evaluated.

The absence of a valid measurement for the native film prevents determining whether

purification preserved, reduced, or otherwise modified the polymer chain length. Thus,

the improvement in compositional and thermal quality cannot be accompanied by a

direct assessment of molecular-weight evolution.

Commercial PHB pellet

The commercial PHB pellet did not dissolve completely under the selected sample-

preparation conditions, and no chromatographic signal was obtained from its super-

natant. Since the pellet was analyzed without prior grinding, insufficient solvent pen-

etration may have limited its dissolution. Its initial molecular weight could not be

determined and was not reported by the supplier. This analytical limitation prevented

a direct comparison between the material before and after fiber extrusion.

PHB fiber

The extruded PHB fiber presented an apparent Mw of 236.5 kDa, an apparent Mn of

41.1 kDa, and a dispersity of 5.75. The comparatively high dispersity indicates that

the processed material contained a broad molecular-weight distribution.

For reference, Li et al. (2021) reported an Mw of 269.5 kDa for ENMAT Y3000 PHB

manufactured by Tianan Biologic Materials, China, which corresponds to the raw ma-

terial used in the Helian Polymers pellet evaluated in this work. The value measured
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for the fiber was approximately 12% lower and remained within the same order of mag-

nitude. Considering that the material experienced pelletization before being supplied

and was later subjected to melt extrusion during fiber production, this difference is

compatible with a moderate reduction in molecular weight after thermal processing.

However, the specific molecular-weight loss from pellet to fiber cannot be quantified

because the Mw of the pellet itself, corresponding to the intermediate state between

pelletization and fiber extrusion, was not determined.

5.1.3 Purity

Purity was evaluated as part of the physicochemical characterization of the materials

analyzed in this work, in order to estimate the fraction of PHB present in each case.

This parameter is relevant because it provides additional information regarding the

composition of the PHAC fiber, the quality of the polymer obtained experimentally

in native film form, and the composition of the commercial PHB supplied in pellet

form and subsequently processed into fibers. The following sections present the results

obtained for these materials.

PHAC fiber

The purity of the PHAC fiber is presented in Table 5.3.

Table 5.3: PHB purity measured for the PHAC fiber.

Test (N◦) Sample mass (mg) PHB mass (mg) Purity (%)

1 10.3 9.22 89.51

2 12.4 11.24 90.65

The obtained values indicate that PHB is the main constituent of the commercial fiber,

although it does not account for its entire composition, with measured purities close to

90%. This agrees with the information provided by the manufacturer, who indicated

that the commercial fiber also contains another type of PHA, a mineral filler, and a

coating of titanium dioxide.
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Native film and purified PHB

The purity results obtained for PHB recovered by evaporation and after ethanol-assisted

precipitation after re-dissolution in chloroform are presented in Table 5.4.

Table 5.4: Purity of recovered PHB samples.

Sample Sample mass (mg) PHB mass (mg) Purity (%)

Film 1 12.8 11.29 88.21

Film 2 18.6 15.31 82.29

Purified PHB 15.0 14.69 97.95

Film 1 and Film 2 correspond to PHB samples recovered after solvent evaporation,

whereas purified PHB corresponds to the material obtained after ethanol precipitation.

The initial measurements indicate that the PHB recovered by evaporation already pre-

sented a relatively high purity; however, based on the processing difficulties observed

during extrusion, an additional purification step was incorporated using cold ethanol

as an antisolvent. This procedure increased the purity of the recovered PHB, providing

a cleaner material for subsequent processing and characterization stages.

Although purification improved the measured PHB content, the subsequent extrusion

trial still showed brown coloration at the beginning of processing, indicating that a small

residual fraction remained susceptible to thermal degradation. It should also be noted

that the purification step would slightly penalize the extraction yields obtained from the

evaporation-based recovery route, since part of the recovered material corresponds to

impurities. Nevertheless, the recovery remained relatively high, and the improvement

in material quality justified the incorporation of this additional step.

Commercial PHB pellet

Considering that extrusion remained a key limitation for the recovered PHB, the com-

mercial PHB selected for fiber production was first evaluated in its original pellet form.

This analysis was carried out to verify the polymer content of the purchased material

before processing. The results are presented in Table 5.5.
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Table 5.5: PHB purity measured for the commercial PHB pellet.

Test (N◦) Sample mass (mg) PHB mass (mg) Purity (%)

Pellet 1 15.6 15.53 99.54

Pellet 2 12.2 11.68 95.75

The measured values confirmed that the purchased material presented a high PHB

content, consistent with its use as a thermoplastic-grade pellet intended for melt pro-

cessing.

PHB fiber

After extrusion, the PHB fiber obtained from the commercial pellet was also analyzed

to assess whether processing affected the quantified PHB fraction. The results are

presented in Table 5.6.

Table 5.6: PHB purity measured for the PHB fiber.

Test (N◦) Sample mass (mg) PHB mass (mg) Purity (%)

Fiber 1 11.7 11.60 99.18

Fiber 2 13.2 12.55 95.06

The fiber samples presented comparable purity to the original pellet, indicating that

extrusion did not measurably affect the quantified PHB fraction. This result supports

that the commercial material preserved its composition during fiber production.

5.1.4 Porosity and surface area

PHAC fiber

The adsorption-desorption isotherm, the low-pressure region used for BET analysis, and

the pore size distribution obtained by DFT for PHAC are shown in Figures 5.1, 5.2,

and 5.3, respectively. The main parameters obtained from the analysis are summarized

in Table 5.7.
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Figure 5.1: N2 adsorption-desorption isotherm obtained for the PHAC fiber at 77 K.

Figure 5.2: Low-pressure region of the N2 adsorption isotherm used for BET analysis
of the PHAC fiber.

70



Figure 5.3: DFT pore size distribution and cumulative pore volume obtained for the
PHAC fiber.

Table 5.7: Porosity parameters obtained from N2 physisorption analysis of the PHAC
fiber.

Parameter Value Unit

BET surface area 0.0000 m2/g

BET constant (C) -0.4201 -

DFT pore volume 0.0058 cm3/g

The PHAC fiber exhibited limited N2 adsorption, particularly within the low-pressure

region used for BET analysis, as shown in Figure 5.2. The surface area reported by

the instrument was essentially zero; however, the corresponding BET constant was

negative, indicating that the BET fit was not physically valid. Therefore, this value

should not be interpreted as an exact surface-area measurement, but rather as evidence

that the material did not provide a reliable monolayer adsorption region.

A negative or physically invalid BET constant can result from an inadequate fitting
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range, experimental noise, or the absence of a suitable BET region. In this case, the

issue was not attributed to the selected fitting interval, since the points used for BET

analysis showed very limited adsorption. Although the adsorbed volume increased at

high relative pressures in Figure 5.1, this part of the isotherm is not appropriate for

BET surface-area calculation because it may involve multilayer adsorption, capillary

condensation, or filling of minor interparticle spaces. In addition, the isotherm did not

show isolated anomalous points or abrupt discontinuities, suggesting that the invalid

BET result was not caused by a specific measurement anomaly. The invalid BET

response was mainly associated with the low N2 uptake in the BET region and the

absence of a well-defined monolayer adsorption domain.

According to the International Union of Pure and Applied Chemistry (IUPAC) classi-

fication, the adsorption-desorption curve showed a Type III-like behavior with a weak

H3-like hysteresis loop (Thommes et al., 2015). The Type III-like response is consis-

tent with the absence of a clear low-pressure knee or well-defined monolayer region,

supporting the interpretation of weak N2 interaction with the fiber surface. The small

hysteresis observed at intermediate and high relative pressures may indicate a minor

contribution from capillary condensation in low-volume mesopores, inter-fiber spaces,

or surface irregularities. However, because the total N2 uptake was low and the BET

fit was not physically valid, this H3-like behavior should not be interpreted as evidence

of a developed mesoporous network.

Under this interpretation, the PHAC fiber can be considered non-porous. This does not

imply the complete absence of any surface irregularity or nanoscale voids, but rather

that the accessible porosity was too limited to be quantified reliably by BET using

N2 physisorption at 77 K. The DFT results shown in Figure 5.3 suggest the possible

presence of a very small contribution from micropores or low-range mesopores; however,

the cumulative pore volume remains negligible compared with porous materials and

does not modify the overall interpretation of the material as essentially non-porous.

Although N2 physisorption did not provide a physically valid BET surface-area value for

the PHAC fiber, complementary techniques could be used in future work to evaluate

different aspects of porosity. Krypton adsorption would be more suitable for very
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low surface-area materials, whereas CO2 adsorption could improve the detection of

narrow micropores. In addition, helium pycnometry combined with an independent

measurement of the fiber envelope density could provide an indirect indication of the

internal pore volume.

Native film and purified PHB

The adsorption-desorption isotherms, the low-pressure regions used for BET analysis,

and the DFT pore size distributions obtained for the locally produced PHB recovered

as native film are shown in Figures 5.4, 5.5, and 5.6, respectively. Two measurements

were performed because of the visible heterogeneity of the recovered films. The main

parameters obtained from both analyses are summarized in Table 5.8.

Figure 5.4: N2 adsorption-desorption isotherm obtained for the locally produced PHB
recovered as native film at 77 K.
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Figure 5.5: Low-pressure region of the N2 adsorption isotherm used for BET analysis
of the locally produced PHB recovered as native film.

Figure 5.6: DFT pore size distribution and cumulative pore volume obtained for the
locally produced PHB recovered as native film.
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Table 5.8: Porosity parameters obtained from N2 physisorption analysis of the locally
produced PHB recovered as native film.

Parameter PHB film 1 PHB film 2 Unit

BET surface area 7.3300 0.3320 m2/g

BET constant (C) 18.8136 -3.4157 -

DFT pore volume 0.0206 0.0054 cm3/g

The two measurements showed markedly different physisorption responses. PHB film

1 presented a physically valid BET fit, with a positive BET constant and a measurable

surface area, whereas PHB film 2 presented a negative BET constant and a much lower

apparent surface area. The DFT pore volume followed the same trend, indicating that

the amount of pore volume accessible to N2 depended strongly on the analyzed film

fragment. This variability is consistent with the visible heterogeneity of the evaporation-

recovered films.

The two native-film measurements also differed in their isotherm classification. PHB

film 1 showed a Type IV(a)-like isotherm with an H3-like hysteresis loop according

to the IUPAC classification (Thommes et al., 2015). This behavior is consistent with

the presence of mesopore-related capillary condensation, although the absence of a

clear plateau at high relative pressures suggests that the accessible porosity may be

associated with slit-like voids, interparticle spaces, or non-rigid lamellar features rather

than a uniform cylindrical pore network. In contrast, PHB film 2 showed a Type III-

like response with a weak H3-like hysteresis loop, similar to the behavior observed for

PHAC. This second response is consistent with weak N2 interaction, low uptake in the

BET region, and the absence of a well-defined monolayer adsorption domain.

In PHB film 2, some negative adsorbed-volume values were observed in the low-pressure

region. These values do not have a physical meaning as negative adsorption, but rather

indicate that the amount of N2 adsorbed by this fragment was close to the detection

and correction limits of the measurement. Under such low-uptake conditions, small

uncertainties associated with dead-volume correction, pressure equilibration, thermal

stability, or gas non-ideality corrections can produce slightly negative calculated ad-

sorption values. This behavior supports the interpretation that PHB film 2 did not
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provide a reliable BET region and that its accessible porosity was very limited under

the experimental conditions.

The adsorption-desorption isotherm, the low-pressure region used for BET analysis,

and the DFT pore size distribution obtained for the purified PHB are shown in Fig-

ures 5.7, 5.8, and 5.9, respectively. The main parameters obtained from the analysis

are summarized in Table 5.9.

Figure 5.7: N2 adsorption-desorption isotherm obtained for the purified PHB at 77 K.
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Figure 5.8: Low-pressure region of the N2 adsorption isotherm used for BET analysis
of the purified PHB.

Figure 5.9: DFT pore size distribution and cumulative pore volume obtained for the
purified PHB.
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Table 5.9: Porosity parameters obtained from N2 physisorption of the purified PHB.

Parameter Value Unit

BET surface area 29.2630 m2/g

BET constant (C) 24.8627 -

DFT pore volume 0.1116 cm3/g

Unlike PHAC and PHB film 2, the purified PHB presented a physically valid BET fit,

with a positive BET constant and a clearly measurable surface area. Its response was

closer to that observed for PHB film 1, although with a higher BET surface area and

DFT pore volume. These results suggest that the purified material contained a larger

fraction of surface and pore volume accessible to N2 under the experimental conditions.

Similar to PHB film 1, the purified PHB showed a Type IV(a)-like isotherm with an H3-

like hysteresis loop according to the IUPAC classification (Thommes et al., 2015). As

discussed for the native film, this behavior is consistent with mesopore-related capillary

condensation and suggests the presence of slit-like voids, interparticle spaces, or non-

rigid lamellar features rather than a uniform cylindrical pore network. In the purified

PHB, this interpretation is supported by the higher N2 uptake, valid BET fit, and larger

cumulative pore volume observed in the DFT analysis.

The increase in accessible surface area and pore volume after purification may be related

to the change in recovery route. During ethanol-assisted precipitation, the polymer

was separated from solution through antisolvent-induced precipitation rather than slow

evaporation. This process may have produced a more fragmented, open, or irregular

morphology, increasing the surface available for N2 adsorption. The purified PHB was

not only chemically cleaner than the evaporation-recovered native film; it also presented

a different physical morphology.

The visual appearance of the purified material also supports this interpretation. Af-

ter ethanol-assisted precipitation and drying, the recovered PHB presented a white,

sponge-like morphology, as shown in Figure 5.10. This morphology differed from the

compact films obtained by evaporation-based recovery and is consistent with a more

open physical structure.
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Figure 5.10: Sponge-like morphology observed for the purified PHB obtained by
ethanol-assisted precipitation.

PHB fiber

The adsorption-desorption isotherm, the low-pressure region used for BET analysis,

and the DFT pore size distribution obtained for the PHB fiber are shown in Fig-

ures 5.11, 5.12, and 5.13, respectively. The main parameters obtained from the analysis

are summarized in Table 5.10.
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Figure 5.11: N2 adsorption-desorption isotherm obtained for the PHB fiber at 77 K.

Figure 5.12: Low-pressure region of the N2 adsorption isotherm used for BET analysis
of the PHB fiber.
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Figure 5.13: DFT pore size distribution and cumulative pore volume obtained for the
PHB fiber.

Table 5.10: Porosity parameters obtained from N2 physisorption analysis of the PHB
fiber.

Parameter Value Unit

BET surface area 6.0660 m2/g

BET constant (C) 0.8785 -

DFT pore volume 0.0047 cm3/g

The PHB fiber presented a measurable BET surface area; however, the BET constant

was lower than one, indicating that the BET fit was not fully physically valid. For

this reason, the reported surface area should be interpreted only as an indicative value

rather than as a precise quantification. The low-pressure region did not show a clearly

defined monolayer adsorption domain, suggesting weak N2 interaction with the fiber

surface.

According to the IUPAC classification, the isotherm of the PHB fiber can be described
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as Type III-like, with a weak H3-like hysteresis loop (Thommes et al., 2015). Although

a small hysteresis was observed at higher relative pressures, the low DFT pore vol-

ume indicates that this feature should not be interpreted as evidence of a developed

mesoporous network. Instead, it suggests only a minor contribution from surface irreg-

ularities, inter-fiber spaces, or low-volume mesopores.

The low accessible pore volume measured for the PHB fiber was comparable to that

observed for PHAC. Although the commercial PHB pellet used to produce this fiber

was not evaluated by BET, the similarity between both extruded fibers suggests that

melt processing produced a compact morphology. Melting, flow through the nozzle,

and solidification may reduce open surface features or voids accessible to N2, leading

to the low porosity measured after extrusion.

5.1.5 Thermal properties

PHAC fiber

The thermal results associated with the PHAC fiber are presented in Figure 5.14 and

summarized in Table 5.11. It should be noted that this material was evaluated during

the development of the DSC protocol and was therefore not analyzed according to the

final methodology. Under the final protocol, the day 0 reference corresponds to the

average of nine second-heating thermograms. These nine specimens are subsequently

divided into three groups, with three specimens reevaluated after 7 days, three after 28

days, and three after 100 days of aging. For PHAC, however, the day 0 thermogram

corresponds to the average of only three second-heating measurements. Nevertheless,

because these specimens were obtained from the same commercial material, substantial

variability was not expected, and their average was considered representative of the

initial condition. The aged PHAC samples were subjected at day 0 to a heating-cooling

cycle to erase their previous thermal history, but no day 0 second-heating thermogram

was recorded for these specimens. Their thermal response was obtained only from the

first heating scan performed after the corresponding aging period. Nevertheless, the

observed results follow the expected thermal trends and are considered suitable for

comparative interpretation. The individual thermograms are presented in Appendix D.
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Figure 5.14: Average DSC thermograms of the PHAC fiber at different aging times.

Table 5.11: Summary of transition temperatures and crystallinity obtained from DSC
for the PHAC fiber evaluated as a function of aging. Values are reported as X̄ ± σ.

Aging time
Transition temperature (◦C) and crystallinity (χ)

Tc Tg1 Tg2 Tm χ(%)

Day 0 34.46 ± 0.16 −21.19 ± 0.55 - 131.54 ± 1.36 54.66 ± 0.48

7 DA - −34.40 ± 0.42 38.44 ± 0.48 131.54 ± 0.18 35.06 ± 0.81

28 DA - −34.83 ± 0.25 42.20 ± 0.49 132.13 ± 0.22 33.83 ± 0.89

100 DA - −35.73 ± 0.21 44.52 ± 0.43 132.37 ± 0.44 35.70 ± 0.68

Only the main thermal transitions are reported in Table 5.11. Minor peaks or secondary

events observed in individual thermograms were not included in the summary in order

to maintain a consistent comparison among aging conditions.

A clear distinction is observed between the thermograms corresponding to the aged

samples and that of the initial condition. These differences indicate that exposure to
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the environment leads to measurable alterations in the thermal behavior of the PHA

fibers when compared to the non-aged specimen.

For the Day 0 sample, the reported thermogram corresponds to the second heating

scan, after erasing the previous thermal history of the material during the first heating

cycle. Under these standardized conditions, a cold crystallization event (Tc) is observed

at 34.46 ◦C, indicating that part of the polymer chains reorganize into a more ordered

structure upon heating. For the aged samples, the first heating scan after storage was

analyzed in order to preserve the thermal history developed during the aging period

following the initial DSC cycle. The disappearance of the cold crystallization event in

these aged specimens suggests that structural rearrangement occurred during aging,

leading to a more stable morphology prior to the DSC measurement.

In all three aged samples, two distinct glass transition temperatures (Tg) are detected.

This phenomenon has been previously reported for semicrystalline PHB and PHA sys-

tems and is attributed to the presence of multiple amorphous fractions with different

chain mobilities (Srubar et al., 2012). In these materials, the polymer structure can

be described using a three-phase model consisting of a crystalline phase, a MAF, and

a RAF (Di Lorenzo & Androsch, 2019). Within this framework, the crystalline phase

corresponds to the ordered lamellar domains of the polymer, while the amorphous phase

is divided into two fractions with different molecular mobilities. The MAF is composed

of less constrained chain segments that devitrify in the glass transition of the bulk

polymer, whereas the RAF consists of amorphous segments coupled to the crystalline

lamellae, whose mobility is strongly restricted and therefore devitrify at higher tem-

peratures (Di Lorenzo & Androsch, 2019). Accordingly, the occurrence of two glass

transition temperatures in the aged samples is consistent with the presence of these

two distinct amorphous fractions.

Considering typical ambient temperatures (approximately 20-25 ◦C), the lower glass

transition temperature (Tg1) lies well below the service temperature of the material.

Under these conditions, the corresponding phase is in a rubbery state, allowing signifi-

cant segmental mobility within this portion of the polymer matrix, and may therefore

be associated with the MAF. The second glass transition (Tg2), located between ap-
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proximately 38 and 45 ◦C, remains above ambient temperature. Consequently, the

phase associated with this transition remains in a glassy and mechanically constrained

state during normal environmental exposure, and may thus be related to the RAF. In

addition, Tg2 showed a progressive increase with aging, indicating that the constrained

amorphous fraction required a higher thermal activation to undergo segmental mobility.

This suggests that the RAF became progressively more restricted over time, consistent

with physical aging and structural rearrangement within the amorphous phase.

For the melting temperature (Tm), only minor variations were observed throughout the

aging period. This relatively constant Tm suggests that the crystalline phase retained a

similar thermodynamic stability during aging. However, the measured melting tempera-

ture was noticeably lower than the typical values reported for pure PHB homopolymers,

commonly located in the range of approximately 170-180 ◦C (Srubar et al., 2012; Turco

et al., 2021; Di Lorenzo & Androsch, 2019).

Likewise, the crystallinity values obtained for the PHAC fiber were lower than those

commonly reported for pure PHB (McAdam et al., 2020; Dalton et al., 2022). This dis-

crepancy is consistent with the purity results and with the information provided by the

manufacturer, which indicated that the commercial fiber contains a non-PHB fraction

and an additional PHA component. The incorporation of comonomer units with longer

side chains, such as 3-hydroxyhexanoate in PHBHHx copolymers, can disrupt the crys-

talline packing of PHB chains, reducing both crystallinity and melting temperature. In

agreement with this interpretation, the lower-temperature melting behavior observed in

this work suggests that the additional PHA present in the formulation may correspond

to a hexanoate-containing comonomer, since the incorporation of 3-hydroxyhexanoate

units is known to reduce the melting temperature of PHB-based copolymers (Doi et al.,

1995; Dalton et al., 2022). In addition, PHBHHx fibers have been reported to present

crystallinity values around 33-34% (Vanheusden et al., 2023), similar to those obtained

for the aged PHAC fiber in this work. Therefore, the relatively low Tm and crystallinity

observed for the PHAC fiber are consistent with its commercial “allPHA” nature and

with its measured composition.

The crystallinity values shown in Table 5.11 exhibit a noticeable difference between the
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initial condition and the aged samples. However, the Day 0 thermogram includes a cold

crystallization event during heating, whereas this event is absent in the aged specimens.

As a result, the apparent crystallinity calculated from DSC may be influenced by differ-

ences in thermal history and crystallization behavior during the measurement, rather

than representing a direct decrease in the intrinsic crystalline fraction of the material.

The crystallinity values among the aged samples remain nearly unchanged over time,

suggesting that once the initial structural rearrangement has occurred, the crystalline

fraction becomes relatively stable during further aging.

Considering that the analyzed material is a commercial fiber and therefore likely un-

derwent extrusion and orientation during manufacturing, this stability may also be

associated with the presence of an oriented crystalline fraction. In PHB-based systems,

the metastable β form has been reported in hot-drawn films as well as in melt-spun

and electrospun fibers, and is associated with highly extended chains generated under

deformation (Di Lorenzo & Androsch, 2019). Therefore, the limited variation in crys-

tallinity observed among the aged samples could also be related to the relative stability

of a pre-oriented crystalline structure, potentially including β crystals. Nevertheless,

this possibility remains hypothetical and should be confirmed through complementary

structural analyses, such as X-ray diffraction (XRD), which are beyond the scope of

this thesis.

Based on the relatively stable crystalline fraction observed among the aged specimens,

the apparent MAF and RAF were calculated to evaluate whether aging mainly affected

the amorphous phase. The calculation was performed according to the procedure de-

scribed in Appendix B.4. Briefly, the MAF was obtained from the heat-capacity in-

crement associated with the lower-temperature glass transition, while the RAF was

calculated by complementarity from the crystalline and mobile amorphous fractions.

Because the procedure uses the reference thermal properties of fully amorphous and

fully crystalline PHB as operational values for the PHB-based fraction of the PHAC

fiber, the resulting fractions are reported as apparent MAF and apparent RAF rather

than as absolute phase contents.

The apparent MAF and RAF obtained for the aged conditions are presented in Fig-
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ure 5.15 and summarized in Table 5.12.

Figure 5.15: Evolution of the apparent crystallinity, MAF, and RAF in the PHAC fiber
between 7 and 100 days of aging. Error bars represent the sample standard deviation.

Table 5.12: Apparent mobile and rigid amorphous fractions calculated for the PHAC
fiber under the PHB-reference assumption. Values correspond to X̄ ± σ.

Aging time Apparent MAF (%) Apparent RAF (%)

7 DA 44.56 ± 3.28 20.38 ± 3.69

28 DA 44.49 ± 2.31 21.68 ± 3.20

100 DA 38.98 ± 2.07 25.32 ± 2.70

Day 0 was not included in this comparison because its second-heating thermogram

reflects the early reorganization stage after melting, where the polymer may behave

predominantly as mobile amorphous material at the onset of recrystallization. Under

these conditions, the measured heat-capacity increment produced an apparent MAF

greater than 100%, which, combined with the current apparent crystallinity, resulted

in a negative RAF. This non-physical phase balance may also be amplified by the fact
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that the PHAC fiber is not composed of pure PHB, so the use of PHB reference values

can introduce inconsistencies in the absolute phase fractions.

The phase-fraction estimates are consistent with the interpretation proposed from the

glass-transition behavior. Among the aged conditions, the apparent crystallinity re-

mained comparatively stable, showing lower variation than the amorphous fractions.

The apparent RAF tended to increase with aging, while the apparent MAF decreased.

These measurements support the idea that the main structural evolution during aging

was associated with changes within the amorphous phase, rather than with a substantial

increase in the crystalline fraction.

The difference between 7 and 28 days was small relative to the experimental variability,

as reflected by the overlap of the corresponding standard deviations. Thus, these two

conditions cannot be clearly differentiated based only on the present measurements.

The higher apparent RAF obtained after 100 days, together with the lower apparent

MAF and the stable crystallinity, suggests a progressive increase in amorphous-phase

constraint over longer aging times. Since the analysis relies on a PHB-based reference

and the evaluated conditions do not correspond to repeated measurements of the same

individual specimens, this trend should be interpreted as descriptive evidence rather

than as a direct quantitative measurement of phase conversion.

Figure 5.16 presents the thermogravimetric curves obtained from the average of three

independent measurements evaluated as a function of aging. The percentage value

reported in the figure corresponds to the residual mass remaining after thermal degra-

dation for each condition.

The obtained results are consistent with those reported in the literature (Li et al., 2001),

where PHA and PHB typically undergo thermal degradation within the temperature

range of approximately 250-280 ◦C. In the present study, the main degradation event

occurred near this range for all aging conditions, indicating that the thermal stability

of the polymer matrix was not significantly affected by environmental exposure.
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Figure 5.16: TGA curves of the PHAC fiber for all evaluated aging times.

It is important to note that the specimen exhibited a non-negligible residual mass after

the initial TGA test conducted up to 400 ◦C. To assess the thermal stability of this

fraction, an additional TGA test was performed up to 1000 ◦C, as shown in Figure 5.17.

The residual fraction remained essentially stable throughout the extended temperature

range, with 11.54% of the initial mass remaining at the end of the test. This result

confirms the presence of components that did not undergo thermal degradation under

the evaluated conditions.
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Figure 5.17: Extended TGA profile of the PHAC fiber up to 1000 ◦C.

No thermal transitions attributable to this residual fraction were identified by DSC,

suggesting that these components do not participate in the transitions observed below

the melting temperature of the polymer matrix. Considering the composition discussed

previously, the residual mass detected by TGA is therefore consistent with the inorganic

fraction of the commercial formulation, particularly the mineral filler and titanium

dioxide coating, rather than with the polymeric PHA components.

Native Film and purified PHB

As discussed in Section 4.4, the thermal response of the locally produced PHB recovered

by evaporation as a native film showed deviations from the expected behavior of PHB.

These results were relevant for interpreting the poor extrudability of the material, since

the DSC curves revealed altered melting-related transitions that suggested the presence

of additional phases or residual compounds in the recovered polymer. The average DSC

thermograms obtained for the native film at the evaluated aging times are shown in

Figure 5.18, and the corresponding thermal parameters are summarized in Table 5.13.

The individual thermograms are presented in Appendix D.
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Figure 5.18: Average DSC thermograms of the locally produced PHB recovered as
native film at different aging times.

Table 5.13: Summary of mean transition temperatures obtained from DSC for the
locally produced PHB recovered as native film.

Aging time
Thermal parameters (X̄ ± σ)

Tg (◦C) Tc (◦C) Tm (◦C) χ(%)

Day 0 −20.25 ± 2.93 49.43 ± 4.45 134.29 ± 2.12 93.49 ± 7.73

7 DA −56.33 ± 0.42 - 86.24 ± 12.07 33.81 ± 2.70

28 DA −56.26 ± 0.71 - 93.15 ± 2.83 33.51 ± 2.60

The transition temperatures reported in Table 5.13 were obtained from the average

values calculated for each condition. Because the thermograms shown in Figure 5.18

correspond to averaged heat-flow curves, slight differences may occur between the appar-

ent peak position observed visually in the figure and the mean transition temperatures

reported in the table.

The thermal response of the recovered PHB film differed from that expected for pure
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PHB, particularly in the second-heating thermogram used for the Day 0 analysis. In

this scan, the melting transition was located near 130 ◦C, below the range commonly

reported for PHB (Srubar et al., 2012; Di Lorenzo & Androsch, 2019). However, this

difference was not observed in the first heating cycle, where the recovered film showed

an average melting temperature of 172.54 ◦C, closer to the expected melting range

of PHB, as shown in Figure 5.19. This comparison suggests that the lower melting

temperature observed during the second heating scan was associated with the imposed

thermal history rather than with the initial thermal state of the recovered film. Consec-

utive cooling and heating processes can modify the crystallization and melting response

of PHB, since the subsequent heating scan may involve secondary crystallization, re-

crystallization, and remelting processes that depend on the previous thermal history

(Gunaratne et al., 2004; Di Lorenzo & Androsch, 2019).

Figure 5.19: Average DSC thermogram of the locally produced PHB recovered as native
film during the first heating cycle.

In addition to the lower melting temperature, the Day 0 second-heating thermogram

showed a thermal response similar to that observed for the PHAC fiber, including a

comparable first glass transition and a crystallization event identified by its correspond-
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ing Tc. The crystallinity calculated for this condition was high for PHB; however, this

value includes the contribution of the crystallization event observed during the scan,

which magnifies the apparent crystallinity obtained from DSC integration.

The comparison with PHAC provides additional context. While PHAC repeatedly

showed its principal melting transition near 130 ◦C after the imposed thermal cycle,

the recovered PHB film showed a first-heating melting transition closer to pure PHB,

followed by a lower melting transition and a pronounced crystallization event during

the second heating. This result suggests that rapid cooling prevented the PHB chains

from completely recovering their initial crystalline organization and that crystallization

continued during reheating. This behavior is consistent with the low nucleation den-

sity and slow crystallization reported for PHB (Gunaratne et al., 2004). In addition,

Di Lorenzo & Righetti (2013) showed that the thermal history influences the subse-

quent evolution of the crystalline and amorphous fractions during storage. They also

reported that rapid cooling from the melt can produce an initially amorphous PHB

structure that crystallizes during subsequent annealing or heating.

The more reproducible thermal response of PHAC should instead be interpreted in re-

lation to its different polymeric composition. PHAC contains a second PHA component

that may modify its melting behavior and the morphology developed during crystal-

lization. However, its identity and concentration were not disclosed, so the mechanism

responsible for the thermal response of PHAC cannot be established. The DSC results

only show that PHAC repeatedly developed a similar melting response within the time

scale of the applied protocol.

For the recovered PHB film, incomplete structural reorganization after melting may

have contributed to its limited filament stability during extrusion by delaying solidi-

fication after exiting the nozzle, together with the effects of residual compounds and

thermal degradation discussed previously.

The aged samples exhibited broad and overlapping thermal events that complicated the

identification of glass transitions and melting-related processes. A possible explanation

is that residual phases in the recovered film were progressively damaged during the pre-

vious DSC heating cycles, producing compounds that altered the subsequent heat-flow
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response. This interpretation is consistent with the marked darkening observed during

extrusion under thermal exposure. Since the specimens were not visually inspected after

the DSC cycles, this mechanism remains a plausible rather than confirmed explanation.

The crystallinity values obtained for the aged samples were lower than those commonly

reported for PHB, which are typically around 60-65% (McAdam et al., 2020; Dalton

et al., 2022). However, these values were directly conditioned by the broad and over-

lapping events in the thermograms, which introduced uncertainty into the integration

of the melting and crystallization contributions.

The TGA results in Figure 5.20 provide additional evidence of residual components.

Although the main degradation event occurred within the expected temperature range

for PHB-based materials (Li et al., 2001), the curves showed a slight gradual mass loss

before this step. This early loss suggests the presence of volatile or thermally labile

compounds with lower thermal stability than PHB, which may have affected both the

thermal response and processability of the recovered film.

Figure 5.20: Average TGA curves of the locally produced PHB recovered as native film
for the evaluated aging times.
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The Td values did not follow a monotonic trend with aging, increasing at 7 days and

decreasing at 28 days. In addition, the differences observed between aging times and

replicates suggest that the thermal response was affected by local variations in the

recovered film. This agrees with the visual heterogeneity shown previously in Figure 4.4,

where differences in texture, color, thickness, and surface morphology can be observed.

The TGA triplicates in Figure 5.21 further support this interpretation, showing a more

homogeneous response at 7 days and greater dispersion at 28 days.

(a) 7 days aged.

Figure 5.21: TGA triplicates of the recovered PHB film after aging.

95



(b) 28 days aged.

Figure 5.21: TGA triplicates of the recovered PHB film after aging.

These thermal results support the decision to incorporate an additional purification

stage, as previously discussed in Sections 4.4 and 5.1.3. The thermal response of the

evaporation-recovered PHB film showed that the material did not meet the quality

requirements needed for subsequent processing and use in the intended application. For

this reason, ethanol-assisted purification was applied to reduce the impurity content of

the recovered polymer and improve its suitability for the following experimental stages.

DSC aging analysis was not performed for the purified PHB due to the limited amount

of material available after purification and other characterization processes. In addition,

this material was not further used as the main feedstock for fiber production. Therefore,

the evaluation of the purified PHB focused on TGA. The obtained result is shown in

Figure 5.22.
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Figure 5.22: TGA curve of the purified PHB obtained after ethanol-assisted purification.

The purified material did not show a gradual mass-loss slope from the beginning of

the test. Instead, the curve remained comparatively stable before the main degrada-

tion step, followed by the direct degradation event associated with PHB. This behav-

ior suggests that the purification step reduced the residual compounds present in the

evaporation-recovered material.

Commercial PHB pellet

The thermal results obtained for the commercial PHB pellet are presented in Fig-

ure 5.23, corresponding to the first and second heating cycles. The main thermal

parameters obtained from these thermograms are summarized in Table 5.14. The indi-

vidual heating-cycle thermograms are presented in Appendix D.
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Figure 5.23: DSC thermograms of the commercial PHB pellet during the first and
second heating cycles.

Table 5.14: Summary of transition temperatures obtained from DSC for the commercial
PHB pellet.

Heating cycle
Transition temperature (◦C)

Tg1 Tg2 Tm χ(%)

First heating - 63.20 182.69 65.66

Second heating -20.19 43.13 138.18 65.21

Aging analysis was not performed for the pellet, since this material was not intended

to be used directly in the subsequent experimental stages, but rather as the feedstock

for fiber production. Nevertheless, DSC analysis was carried out to characterize the

commercial material before extrusion and to compare its thermal response with the

behavior typically reported for PHB. Consistent with the behavior discussed for the

recovered film, the first heating cycle showed a melting transition within the expected

range for PHB (Srubar et al., 2012; Turco et al., 2021; Di Lorenzo & Androsch, 2019),
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whereas the second heating cycle exhibited a lower melting temperature after the im-

posed thermal history. This supports the interpretation that the sequence of rapid

cooling and immediate reheating used in the DSC protocol can modify the crystalliza-

tion and melting response of PHB (Gunaratne et al., 2004).

The crystallinity values obtained for both heating cycles were consistent with those

commonly reported for PHB (McAdam et al., 2020; Dalton et al., 2022). Unlike the

recovered native film, the commercial pellet showed no detectable cold crystallization

event during the second heating cycle, suggesting that a substantial crystalline fraction

had already formed during cooling. However, the lower Tm measured during the sec-

ond heating indicates that this crystalline structure differed from that initially present

in the pellet, potentially involving thinner or less perfect lamellae formed under the

imposed cooling conditions. The thermal history consequently modified the melting

response without producing a distinct cold crystallization peak. Since no such event

contributed to the integrated heat flow, the calculated crystallinity was not magnified

by crystallization occurring during the heating scan.

Regarding the glass transitions, the difference observed in Tg2 between the first and

second heating cycles may be related to the thermal history of the material. The

first heating cycle reflects the state of the pellet as received, including any structural

rearrangement that may have occurred during storage after manufacturing. A prolonged

storage period could allow further organization of the RAF, increasing its apparent

glass transition temperature. However, since aging was not evaluated for the pellet,

this interpretation cannot be confirmed. The second heating cycle reflects the response

of the polymer after erasing its previous thermal history and applying rapid cooling,

which may leave the material in a less organized state. Under these conditions, Tg2

may represent an earlier stage of structural reorganization rather than the response of

a fully stabilized morphology.

PHB fiber

The thermal results obtained for the PHB fiber produced from the commercial PHB

pellet are presented in Figure 5.24, and the main thermal parameters are summarized

in Table 5.15. The individual thermograms are presented in Appendix D.
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Figure 5.24: Average DSC thermograms of the PHB fiber at different aging times.

Table 5.15: Summary of mean transition temperatures and crystallinity obtained from
DSC for the PHB fiber.

Aging time
Thermal parameters (X̄ ± σ)

Tg (◦C) Tg2 (◦C) Tm (◦C) χ (%)

Day 0 −21.76 ± 1.35 38.56 ± 3.59 137.22 ± 0.50 63.20 ± 6.28

7 DA −53.87 ± 2.09 - 90.58 ± 0.37 28.76 ± 3.08

28 DA −55.96 ± 0.74 - 72.79 ± 1.27 21.76 ± 5.98

The first heating cycle of the Day 0 PHB fiber showed an average melting temperature

of 177.39 ◦C, which is within the expected range for PHB, indicating that extrusion did

not eliminate the characteristic melting response of the polymer. However, as observed

for both the recovered PHB film and the commercial PHB pellet, the second heating

cycle did not reproduce the same melting temperature. Instead, the day 0 second

heating thermogram showed a lower melting-related event, which may be associated

with the imposed DSC thermal history (Gunaratne et al., 2004). No crystallization
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event was identified during this scan, consistent with the behavior previously discussed

for the commercial PHB pellet. The crystallinity obtained for Day 0 remained within

the expected range for PHB, suggesting that the fiber retained a substantial crystalline

fraction after extrusion and the imposed thermal cycle.

After aging, both the 7-day and 28-day thermograms showed markedly altered re-

sponses, characterized by multiple melting-related events similar to those observed for

the locally produced PHB film. Since the same phenomenon occurred in both the

recovered film and the fiber produced from the commercial PHB pellet, it cannot be

attributed exclusively to impurities in the locally produced material. Those impurities

likely played a critical role in its poor extrudability, but they do not fully explain the

abnormal DSC response after aging. The occurrence of these altered thermograms in

different PHB materials previously subjected to the initial DSC thermal cycle suggests

that the behavior may instead be related to the protocol itself, particularly to the

thermal exposure imposed before aging.

To examine whether the altered aged thermograms were associated with the upper tem-

perature used in the DSC protocol, an exploratory protocol assessment was performed.

Two PHB fiber specimens were subjected to three consecutive heating cycles, one with

an upper temperature of 250 ◦C and the other limited to 220 ◦C, allowing the effect

of each protocol to be observed directly in the third heating scan. Two additional

specimens were subjected to two heating cycles using the same respective upper tem-

peratures and were subsequently evaluated by TGA to determine whether the previous

thermal exposure affected their thermal stability.

The thermograms obtained from the three consecutive heating cycles using upper tem-

peratures of 250 and 220 ◦C are presented in Figures 5.25 and 5.26, respectively.
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Figure 5.25: DSC thermograms obtained from three consecutive heating cycles of the
PHB fiber using an upper temperature of 250 ◦C.

Figure 5.26: DSC thermograms obtained from three consecutive heating cycles of the
PHB fiber using an upper temperature of 220 ◦C.
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The effect of the upper temperature became particularly evident during the third heat-

ing cycle. When the specimen was repeatedly heated to 250 ◦C, the third thermogram

no longer exhibited the characteristic melting response of PHB and instead showed

multiple lower-temperature events and a strongly rising terminal baseline, as shown

in Figure 5.25. In contrast, the specimen heated to 220 ◦C retained defined melting-

related transitions throughout the three cycles without developing the same marked

distortion, although changes in peak position and shape associated with the imposed

thermal history were still observed, as shown in Figure 5.26.

The thermogravimetric response of the specimens previously subjected to two DSC

heating cycles is compared in Figure 5.27.

Figure 5.27: TGA curves of PHB fiber specimens previously subjected to two DSC
heating cycles with upper temperatures of 220 and 250 ◦C.

The specimen previously heated to 220 ◦C remained essentially stable before its prin-

cipal degradation event, whereas the specimen exposed to 250 ◦C showed gradual mass

loss before the main degradation step. This shift in thermal response suggests that

repeated exposure to 250 ◦C introduced an additional source of thermal damage during
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the DSC protocol. The effect should not be attributed only to incomplete crystalline re-

organization, since the TGA response indicates an actual reduction in thermal stability

after the repeated heating cycles.

The absence of a clearly altered response in the second heating cycle suggests that the

first exposure to 250 ◦C did not produce sufficient degradation to distort the subsequent

thermogram. The critical stage may instead have occurred toward the end of the second

heating cycle. After the first melting and rapid cooling step, the polymer entered the

second heating scan from a less organized structural state, as reflected by the lower

melting transition. A possible mechanism is that this incomplete structural reorgani-

zation also reduced the thermal stability of the material, making it more susceptible to

degradation when exposed again to 250 ◦C. Under this hypothesis, the altered response

observed in the following heating scan and the less stable TGA profile obtained after

two cycles up to 250 ◦C would both result from protocol-induced thermal damage. This

interpretation remains hypothetical, since the crystalline structure and molecular state

of the material were not examined after each heating cycle. Confirming it would require

complementary protocols capable of following the structural evolution of the polymer

after each thermal step, such as XRD, FTIR, molecular-weight measurements, or DSC

protocols specifically designed to isolate the effect of each heating cycle.

This protocol-related effect was not identified during the PHAC analysis, since the

PHAC thermograms remained consistent after repeated heating up to 250 ◦C. The

original upper-temperature limit consequently appeared suitable for the first material

evaluated. The altered response became evident only when the same protocol was

applied to the PHB fiber, indicating that the suitability of the DSC thermal cycle

depends on the specific PHB-based formulation being analyzed.

For this PHB formulation, an upper temperature of 220 ◦C is more suitable for repeated-

heating DSC analyses than the original limit of 250 ◦C. Applying the revised protocol

could also reduce thermal damage during the evaluation of the locally produced PHB

film, although this would require experimental confirmation. A new aging series per-

formed under these conditions would allow the evolution of Tg2 to be evaluated, as

achieved for PHAC, without the same degree of interference from protocol-induced
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degradation. This additional evaluation was outside the scope of the present thesis.

The average TGA curves obtained for the PHB fiber as a function of aging are presented

in Figure 5.28.

Figure 5.28: Average TGA curves of the PHB fiber at Day 0 and after 7 and 28 days
of aging.

The degradation temperature decreased only slightly, from approximately 280 ◦C at

Day 0 to 275 and 274 ◦C after 7 and 28 days, respectively. Most of this small difference

occurred during the first 7 days, with practically no further change between 7 and 28

days. Aging consequently produced no substantial progressive reduction in the thermal

stability of the PHB fiber within the evaluated period, particularly when compared

with the decrease of approximately 28 ◦C caused by the DSC protocol reaching 250 ◦C.
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5.2 Mechanical properties

PHAC fiber

The average stress-strain curves are presented in Figure 5.29, together with the linear

fits used to estimate the apparent elastic modulus. The main tensile parameters of the

PHAC fiber are summarized in Table 5.16.

Figure 5.29: Average stress-strain curves of PHAC fiber specimens as a function of
aging time, including the linear fits used to estimate the apparent elastic modulus.

Table 5.16: Summary of tensile properties obtained from single-fiber tensile tests of the
PHAC fiber.

Aging time
Tensile parameters (X̄ ± σ)

σu (MPa) εu (%) E (GPa)

Day 0 18.3 ± 1.8 1.79 ± 0.54 1.55

7 DA 22.2 ± 2.1 1.36 ± 0.42 1.99

28 DA 24.8 ± 1.4 1.01 ± 0.13 3.26

100 DA 23.2 ± 1.9 0.82 ± 0.06 3.66
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The average curves show a clear time-dependent change in the mechanical response of

PHAC. The most consistent effect of aging was the progressive reduction in strain at

failure, indicating a gradual loss of deformation capacity. Tensile strength increased dur-

ing the initial aging period, reached its highest mean value after 28 DA, and decreased

slightly after 100 DA. The strength evolution was consequently not monotonic, whereas

the loss of ductility and increase in apparent elastic modulus continued throughout the

evaluated period.

This mechanical evolution is consistent with the phase-fraction analysis presented in

subsection 5.1.5. Among the aged PHAC specimens, the apparent crystallinity re-

mained comparatively stable, while the apparent RAF tended to increase and the

apparent MAF decreased, particularly after 100 DA. This redistribution provides a

coherent explanation for the mechanical response, since stiffness is influenced by the

crystalline and constrained amorphous fractions, whereas deformation capacity depends

more strongly on the remaining MAF (Righetti et al., 2019). The progressive increase

in Tg2 further supports an increase in amorphous-phase constraint. The increase in ap-

parent modulus and reduction in strain at failure are thus more consistent with changes

within the amorphous phase than with a substantial increase in crystallinity.

The slight decrease in tensile strength after 100 DA, together with the behavior ob-

served during specimen preparation, is consistent with the development of a more brit-

tle response after prolonged aging. The 100 DA fibers were noticeably fragile, and two

specimens fractured during handling before testing. Since these specimens could not be

included in the tensile analysis, the reported results may not fully represent the fragility

of the complete aged sample population. The principal aging effect should consequently

be interpreted as a progressive increase in stiffness and loss of deformation capacity,

rather than as a continuous improvement in tensile strength.

The manufacturer reports a tensile strength of 24.3 MPa, an elastic modulus of

2.32 GPa, and an ultimate strain of 7.5% for the commercial material (colorFabb, 2023).

The tensile strengths measured in this work were relatively close to the reported value,

supporting the ability of the adopted procedure to provide consistent tensile-strength

measurements. However, direct comparison remains limited because the manufacturer
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did not specify the storage history of the tested material.

The difference in strain at failure should also be interpreted considering the experi-

mental procedure. Strain was estimated from the crosshead displacement of the UTM

rather than measured directly over the specimen gauge length using an extensometer

or a dedicated fiber-testing system. Crosshead displacement may include contributions

from equipment compliance, grip displacement, specimen alignment, and uncertainty

in the effective gauge length. The obtained strain values are consequently more suit-

able for relative comparison among aging conditions than for direct comparison with

standardized manufacturer values.

From the perspective of cementitious composite reinforcement, the initial increase in

tensile strength and the progressive increase in stiffness could improve stress transfer

before fiber failure. However, the simultaneous loss of deformation capacity and the

fragility observed after prolonged aging could restrict crack-bridging performance by

promoting fiber rupture at smaller crack openings. Despite the increase in tensile

strength with aging, the measured values remained well below the approximately 530-

3000 MPa range reported for representative commercial PP, PVA, and PE reinforcement

fibers used in cement-based materials (Lan et al., 2021). Therefore, the PHAC fiber

evaluated in this work cannot be considered suitable as mechanical reinforcement for

cementitious composites.

PHB fiber

The average stress-strain curves of the PHB fiber, including the linear fits used to

estimate the apparent elastic modulus, are presented in Figure 5.30. The main tensile

parameters are summarized in Table 5.17.
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Figure 5.30: Average stress-strain curves of PHB fiber specimens including the linear
fits used to estimate the apparent elastic modulus.

Table 5.17: Summary of tensile properties obtained from single-fiber tensile tests of the
PHB fiber.

Aging time
Tensile parameters (X̄ ± σ)

σu (MPa) εu (%) E (GPa)

Day 0 33.7 ± 6.5 0.74 ± 0.09 5.29

7 DA 34.9 ± 2.0 0.73 ± 0.08 5.99

28 DA 42.2 ± 4.5 0.78 ± 0.10 6.22

During the SFTT measurements, two representative failure modes were observed for

both PHAC and PHB fibers, as shown in Figure 5.31. The first corresponded to fiber

fracture within the gauge length. These fractures generally occurred at locations with

a visibly smaller diameter, where the reduced cross-sectional area produced a local

increase in stress. The second mode occurred at the connection between the fiber and

the aluminum tabs and involved detachment from either the upper or lower tab. In

some specimens, detachment occurred at both ends, leaving the fiber separated from

both tabs at the end of the test, as shown in Figure 5.31(b).
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(a) Fracture within the gauge length at a section

with a locally reduced fiber diameter.

(b) Detachment of the fiber from both aluminum

tabs.

Figure 5.31: Representative failure modes observed during single-fiber tensile testing of
PHAC and PHB fibers.

The maximum stresses recorded for both failure modes were similar and remained within

the range observed for each material, with no clear systematic reduction associated with

tab-interface failure. Nevertheless, detachment from the aluminum tabs may involve

partial slippage or loss of anchorage rather than fracture within the free gauge length.

This behavior represents an additional source of uncertainty, particularly for the strain

at failure, and further supports interpreting the measured strain values as comparative

rather than absolute values.

The apparent elastic modulus increased progressively with aging. Mean tensile strength
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remained similar between Day 0 and 7 DA, followed by a higher average value after

28 DA. However, the dispersion of the Day 0 results overlapped with part of the range

measured after 28 DA. The results consequently suggest a possible strengthening trend,

but the experimental variability prevents a clear time-dependent increase in tensile

strength from being established.

No clear reduction in deformation capacity was observed. The mean strain at failure

remained similar throughout the evaluated period and was slightly higher after 28 DA,

with the differences remaining within the experimental variability. This response differs

from that of PHAC, which exhibited a progressive reduction in strain at failure. The

PHB fiber nevertheless presented low deformation capacity and a comparatively high

apparent modulus from Day 0. Its behavior should therefore be interpreted as the

preservation of an initially brittle tensile response rather than as evidence of ductility.

Unlike PHAC, the aged DSC thermograms of the PHB fiber did not permit a reliable

evaluation of RAF and MAF evolution because their thermal response was affected by

the original protocol reaching 250 ◦C, as discussed in subsection 5.1.5. The mechanical

behavior cannot consequently be correlated directly with measured changes in these

fractions. The progressive increase in apparent modulus and the evolution of the mean

tensile strength suggest continued structural changes during storage, although their

specific origin cannot be established from the aged DSC results.

The contrasting responses of PHAC and the PHB fiber may be related to the different

morphologies and interfacial organization developed after extrusion. As discussed in

subsection 5.1.5, the magnitude of physical aging depends not only on crystallinity, but

also on the organization of the crystalline and amorphous regions. Alata et al. (2007)

showed that changes in comonomer content can modify the crystallization behavior and

susceptibility of PHBHHx copolymers to aging-induced embrittlement. Since PHAC

contains an unidentified additional PHA component, whereas the PHB fiber was pro-

duced from a predominantly PHB formulation containing processing additives, the ag-

ing response of one material cannot be directly extrapolated to the other.

The thermal history and formulation of the commercial PHB pellet may have influenced

the response of the extruded fiber. Extrusion was performed at 185 ◦C, whereas PHB
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has been reported to require melting temperatures of at least 192-193 ◦C to eliminate

the memory of previous crystalline order (Di Lorenzo & Androsch, 2019). Part of this

order may consequently have remained as residual self-nuclei after extrusion. Increasing

the extrusion temperature above 185 ◦C was not feasible under the processing conditions

used in this work, since the reduction in melt viscosity prevented stable fiber formation

and further narrowed the margin before thermal degradation.

The nucleating agent reported by the supplier may also have promoted crystalliza-

tion, since these additives can reduce the supercooling required for PHB crystallization

(Puente et al., 2013). Improved crystallization rate and storage stability have also been

reported in self-nucleated PHBH systems (Xu et al., 2021). Together, these mechanisms

may have favored the formation of a comparatively organized morphology shortly after

extrusion, leaving less scope for subsequent immobilization of the amorphous phase and

helping preserve the deformation capacity during aging. Limited structural rearrange-

ment during storage would remain compatible with the progressive increase in apparent

modulus and the higher mean strength measured after 28 DA, although the overlap-

ping variability prevents the latter from being interpreted as a clear time-dependent

increase.

The proposed influence of crystalline memory and nucleation remains hypothetical.

Confirming whether crystalline memory persisted after extrusion would require a dedi-

cated DSC self-nucleation protocol. A new aging series using the revised DSC protocol,

complemented by XRD measurements, would also be needed to follow the subsequent

evolution of the crystalline organization. These additional evaluations were outside the

scope of this thesis.

5.3 Degradation of PHB

5.3.1 Thermal degradation

While the detailed results are presented in the previous chapter, Table 5.18 summarizes

the characteristic degradation temperatures obtained from TGA for the different PHB

formats and PHAC fiber evaluated in this study.
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Table 5.18: Summary of degradation temperatures obtained from TGA for the different
PHB-based materials evaluated as a function of aging. Values are reported as X̄ ± σ.

Aging time
Td (◦C)

PHAC fiber PHB film PHB fiber

Day 0 279.9 ± 3.4 273.5 ± 8.2 279.8 ± 1.1

7 DA 282.8 ± 0.2 280.9 ± 1.5 275.0 ± 1.9

28 DA 281.6 ± 0.4 260.9 ± 11.9 274.3 ± 1.1

100 DA 281.6 ± 0.3 - -

5.3.2 Degradation by alkalis

The chemical structure of PHB is shown in Figure 5.32. PHB is an aliphatic polyester

whose repeating units are connected through ester bonds along the polymer backbone.

Figure 5.32: Chemical structure of PHB.

These ester bonds constitute the main chemically labile sites under alkaline conditions.

Hydroxide ions can attack the carbonyl carbon, promoting ester-bond cleavage and

progressive loss of molecular integrity through chain scission. Yu et al. (2005) studied

the abiotic hydrolysis of PHB using NaOH solutions with concentrations ranging from

0.1 to 4 M and identified 3-hydroxybutyric acid (3HB) and crotonic acid (CA) as the

main monomeric products formed under alkaline conditions.
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PHAC fiber

The mass loss results obtained for the PHAC fiber at 70◦C are presented in Figure 5.33

and summarized in Table 5.19.

Figure 5.33: Mass loss of the PHAC fiber after alkaline exposure at 70◦C.

Table 5.19: Summary of mass loss obtained for the PHAC fiber after alkaline exposure
at 70◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA 100 DA

1 h 0.55 ± 0.50 0.24 ± 0.01 0.00 ± 0.00 0.25 ± 0.43

6 h 0.85 ± 0.79 1.36 ± 0.77 1.12 ± 0.21 0.68 ± 1.18

24 h 5.55 ± 1.25 6.72 ± 1.07 6.48 ± 0.82 8.88 ± 0.30

72 h 13.93 ± 2.65 15.09 ± 1.64 17.57 ± 1.56 18.85 ± 1.44

168 h 15.98 ± 7.79 15.24 ± 3.83 23.56 ± 0.56 29.50 ± 2.18

The results obtained at 70◦C show that mass loss increased markedly with exposure time

in Lawrence solution. Prolonged alkaline exposure progressively affected the integrity
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of the PHAC fiber, which could compromise its continuity and stress-transfer capacity

within a cementitious composite. Since 70◦C represents a severe alkaline-thermal con-

dition, these results describe an accelerated degradation scenario rather than typical

long-term exposure inside concrete.

The influence of aging became noticeable mainly after prolonged alkaline exposure.

The differences between aging conditions were small at short exposure times, whereas

a clearer separation appeared after 72 h. At 168 h, the 28 and 100 DA specimens

showed greater mass loss than the initial condition, while the 7 DA result remained

within the comparatively large variability of Day 0. Aging may consequently reduce

alkaline resistance, although this effect was not uniform and became relevant only after

sufficiently long exposure.

This behavior is consistent with the thermal and mechanical evolution discussed previ-

ously. Among the aged PHAC specimens, crystallinity remained comparatively stable,

while the apparent RAF tended to increase and the apparent MAF decreased, partic-

ularly after 100 DA. These changes coincided with an increase in apparent modulus, a

progressive reduction in strain at failure, and greater fragility during specimen handling.

The higher alkaline degradation observed after prolonged aging may consequently be

related to the redistribution and increasing constraint of the amorphous phase.

Tapadiya & Vasanthan (2017) studied alkaline hydrolysis of PHB films using DSC and

FTIR. The normalized crystalline band at 3010 cm−1 remained nearly unchanged after

degradation, whereas the amorphous band at 1183 cm−1 decreased, supporting pref-

erential degradation of amorphous regions. Their analysis distinguished only between

crystalline and amorphous contributions and did not separate MAF from RAF. The

present results therefore support the involvement of the amorphous phase but do not

demonstrate that RAF was preferentially attacked or that its increase directly caused

the higher mass loss. Confirming this mechanism would require phase-fraction and

structural analyses performed before and after alkaline exposure.

The mass loss results obtained at 20◦C are presented in Figure 5.34 and summarized

in Table 5.20.
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Figure 5.34: Mass loss of the PHAC fiber after alkaline exposure at 20◦C.

Table 5.20: Summary of mass loss obtained for the PHAC fiber after alkaline exposure
at 20◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA 100 DA

1 h 0.00 ± 0.00 −0.15 ± 0.68 0.00 ± 0.00 0.12 ± 0.41

6 h 0.94 ± 0.97 0.01 ± 0.50 0.24 ± 0.41 0.70 ± 0.59

24 h 0.61 ± 0.37 −0.46 ± 0.02 0.19 ± 0.34 −0.11 ± 0.40

72 h 0.27 ± 0.24 0.47 ± 0.81 0.68 ± 0.67 0.31 ± 0.30

168 h −0.32 ± 0.27 1.21 ± 0.27 0.65 ± 0.68 −0.23 ± 0.40

The results obtained at 20◦C show a markedly different behavior from that observed

at 70◦C, confirming the strong effect of temperature on alkaline degradation. Under

ambient-temperature exposure, the PHAC fiber did not show clear evidence of sub-

stantial mass loss, even after prolonged contact with Lawrence solution. This result

is favorable for potential use in cementitious materials, since it suggests that the fiber

may remain relatively stable under milder alkaline exposure conditions.
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Some negative mass-loss values were obtained at 20◦C. These values should not be

interpreted as real mass gain of the polymer, but rather as an experimental effect.

First, the samples were not washed after removal from the alkaline solution and before

drying, which may have allowed residual salts from the Lawrence solution to remain

attached to the fiber surface, increasing the measured final mass. Second, in several

cases the measured mass differences were very small and close to the resolution limit of

the balance.

No clear effect of aging was observed at 20◦C. Unlike the behavior at 70◦C, where

aged samples showed higher mass loss after prolonged exposure, the results obtained at

ambient temperature remained close to the experimental variability range for all aging

conditions, with values that were generally close to zero. This indicates that aging did

not noticeably reduce the alkaline stability of the PHAC fiber.

Native film

The mass loss results obtained for the locally produced PHB recovered as native film

at 70◦C are presented in Figure 5.35 and summarized in Table 5.21.

Figure 5.35: Mass loss of the locally produced PHB recovered as native film after
alkaline exposure at 70◦C.
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Table 5.21: Summary of mass loss obtained for the locally produced PHB recovered as
native film after alkaline exposure at 70◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA

1 h 0.14 ± 1.71 −0.88 ± 2.80 −0.34 ± 1.95

6 h −0.14 ± 0.48 2.59 ± 1.65 2.07 ± 1.14

24 h 11.51 ± 2.99 12.97 ± 0.18 9.24 ± 1.13

72 h 21.23 ± 3.25 22.76 ± 1.84 39.31 ± 11.99

168 h 37.90 ± 1.84 51.49 ± 12.72 40.65 ± 10.25

As observed for PHAC, the native PHB film showed substantial mass loss at 70◦C,

with degradation increasing as exposure time progressed. After prolonged exposure, the

values were generally higher than those obtained for PHAC under equivalent conditions.

However, the differences among aging conditions did not follow a consistent progression.

For example, the 28 DA condition showed particularly high mass loss after 72 h, but

its value after 168 h was lower than that obtained for 7 DA. Aging cannot consequently

be isolated as the main cause of the differences observed between these specimens.

The higher degradation relative to PHAC may be partly associated with differences

in accessible porosity and morphology. PHAC was classified as essentially non-porous

by N2 physisorption, whereas one of the native-film measurements showed a higher

accessible surface area and pore volume. A more open morphology could increase the

area exposed to Lawrence solution and facilitate contact between hydroxide ions and

hydrolytically susceptible ester bonds. However, the second native-film measurement

presented substantially lower adsorption, confirming that this material was not struc-

turally uniform. These differences are consistent with the heterogeneous appearance

of the evaporation-recovered films, which varied in thickness, texture, color, and sur-

face morphology. Specimens from different film fragments were also combined in some

degradation vials, introducing an additional source of variability.

The porosity results provide a plausible explanation for the higher and more dispersed

mass loss of the native film, although N2-accessible porosity at 77 K cannot be translated

directly into accessibility under aqueous alkaline conditions. Moreover, the aged DSC
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thermograms cannot be used to establish a relationship between aging and degradation

because their thermal response was affected by the original DSC protocol. The results

at 70◦C are consequently better explained by the combined effects of prolonged alkaline

exposure and specimen heterogeneity than by a clearly defined aging mechanism.

The mass loss results obtained for the locally produced PHB recovered as native film

at 20◦C are presented in Figure 5.36 and summarized in Table 5.22.

Figure 5.36: Mass loss of the locally produced PHB recovered as native film after
alkaline exposure at 20◦C.

Table 5.22: Summary of mass loss obtained for the locally produced PHB recovered as
native film after alkaline exposure at 20◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA

1 h 0.40 ± 0.72 −1.35 ± 0.50 −0.53 ± 2.67

6 h 0.04 ± 1.01 0.34 ± 0.60 −1.86 ± 2.00

24 h −0.14 ± 0.65 −0.17 ± 0.65 −0.87 ± 0.80

72 h 0.12 ± 1.65 −0.09 ± 1.00 −1.07 ± 1.73

168 h 1.62 ± 0.47 1.47 ± 0.63 −1.06 ± 1.28
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At 20◦C, the native film showed no substantial mass loss within the evaluated exposure

period. Most values remained close to zero and within the experimental variability,

without a consistent effect of either exposure time or aging. As discussed for PHAC,

the negative values may be associated with residual salts retained on the unwashed

specimens and with mass differences within the resolution of the balance. Despite its

heterogeneous morphology and strong degradation at 70◦C, the locally produced PHB

remained comparatively stable under the ambient-temperature alkaline condition.

PHB fiber

The mass loss results obtained for the PHB fiber at 70◦C are presented in Figure 5.37

and summarized in Table 5.23.

Figure 5.37: Mass loss of the PHB fiber after alkaline exposure at 70◦C.
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Table 5.23: Summary of mass loss obtained for the PHB fiber after alkaline exposure
at 70◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA

1 h −0.42 ± 1.80 0.00 ± 0.00 −0.07 ± 0.71

6 h −0.54 ± 0.63 −0.10 ± 1.26 −0.18 ± 1.19

24 h 1.03 ± 0.62 1.73 ± 0.78 −0.75 ± 0.79

72 h 1.46 ± 0.96 4.69 ± 1.27 2.49 ± 0.96

168 h 8.78 ± 3.28 10.56 ± 2.40 7.93 ± 1.57

At 70◦C, the PHB fiber showed limited mass variation during the first 24 h, followed by

a clearer increase after 72 and 168 h. Nevertheless, its mass loss remained substantially

lower than that measured for PHAC and the native film under the same exposure

condition. This indicates that the extruded PHB fiber presented greater resistance to

accelerated alkaline degradation within the evaluated period.

No monotonic effect of aging was observed. The 7 DA specimens showed the highest

mean mass loss after 72 and 168 h, whereas the 28 DA specimens remained below

both the 7 DA and Day 0 conditions at the end of the test. The overlap between

the corresponding standard deviations further prevents these differences from being

interpreted as a progressive aging effect.

The different alkaline responses of PHAC and the PHB fiber cannot be explained by

their thermal stability or accessible porosity. Both materials maintained comparatively

stable degradation temperatures during aging and were classified as essentially non-

porous by N2 physisorption. These properties do not account for the higher mass loss

of PHAC or for its more evident aging-related trend.

Tapadiya & Vasanthan (2017) reported that alkaline hydrolysis of PHB decreased with

increasing crystallinity and preferentially affected its amorphous regions. This pro-

vides a possible explanation for the differences observed both during PHAC aging and

between the two fibers. In PHAC, crystallinity and thermal stability remained compar-

atively stable, whereas MAF decreased and RAF increased. Since this redistribution

121



was the principal structural change identified during aging, the increasing constraint

of the amorphous phase represents the most plausible explanation supported by the

available results for the progressive reduction in alkaline resistance. However, Tapadiya

& Vasanthan (2017) do not distinguish between MAF and RAF. The relationship be-

tween increasing RAF and mass loss consequently remains hypothetical and does not

demonstrate selective degradation of RAF.

The difference in crystallinity may also contribute to the greater overall degradation of

PHAC. The aged PHAC specimens presented an apparent crystallinity of approximately

35%, whereas the reliable Day 0 value obtained for the PHB fiber was close to 63%.

PHAC consequently contained a larger total amorphous fraction potentially susceptible

to alkaline attack. A direct comparison during aging was not possible because the aged

DSC thermograms of the PHB fiber did not allow its crystallinity, MAF, and RAF to

be quantified reliably.

The comparatively stable alkaline response of the PHB fiber is consistent with the

limited aging effect discussed in the preceding mechanical analysis. Crystalline mem-

ory and the nucleating agent present in the commercial PHB formulation may have

promoted rapid organization after extrusion, leaving less space for subsequent changes

in amorphous-phase organization. The additional PHA phase in PHAC may instead

have modified chain packing and contributed to its lower crystallinity. These compo-

sitional effects provide a complementary explanation for the different responses of the

fibers, although their specific contribution cannot be confirmed because the identity

and concentration of the additional PHA in PHAC were not disclosed.

The corresponding mass loss results obtained at 20◦C are presented in Figure 5.38 and

summarized in Table 5.24.
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Figure 5.38: Mass loss of the PHB fiber after alkaline exposure at 20◦C.

Table 5.24: Summary of mass loss obtained for the PHB fiber after alkaline exposure
at 20◦C.

Exposure time
Mass loss (X̄ ± σ) (%)

Day 0 7 DA 28 DA

1 h −0.64 ± 0.79 −0.53 ± 1.57 0.32 ± 0.63

6 h −0.73 ± 2.75 −0.04 ± 1.41 −0.46 ± 0.96

24 h −0.72 ± 0.96 −0.07 ± 2.10 −0.51 ± 0.17

72 h 0.71 ± 2.04 0.09 ± 1.04 −0.11 ± 0.19

168 h 0.07 ± 1.39 −0.49 ± 0.43 0.45 ± 0.40

At 20◦C, the results remained close to zero for all aging and exposure conditions. The

small positive and negative variations were within the experimental uncertainty and did

not reveal a systematic effect of aging. The PHB fiber can consequently be considered

stable under the ambient-temperature alkaline condition evaluated in this work.
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5.3.3 FTIR analysis

PHAC fiber

FTIR analysis was not performed for the PHAC fiber under the selected transmission

configuration because the presence of titanium dioxide in the formulation prevented

the preparation of a sufficiently transparent specimen. As previously indicated by the

manufacturer, this component is responsible for the white coloration of the fiber. Its

presence hindered transmission of the infrared beam through the specimen, preventing

the acquisition of a reliable spectrum using this preparation route.

Native film and purified PHB

The FTIR spectrum obtained from one of the native PHB films produced during the

preliminary quality-control analysis of the fermentation process is presented in Fig-

ure 5.39. This spectrum was used to identify the principal PHB absorption bands

and the spectral regions of interest for assessing possible changes in crystalline and

amorphous organization during aging.
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Figure 5.39: FTIR spectrum of the locally produced PHB recovered as native film from
reactor run R1, showing the principal PHB absorption regions.
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The bands measured near 2974 and 2932 cm−1 fall within the aliphatic C-H stretching

region of PHB and are therefore assigned to C-H stretching vibrations. Similar PHB

absorption bands have been reported in the 2928-2984 cm−1 range for alkyl groups, and

near 2975 and 2934 cm−1 in FTIR analyses of PHB films (Tapadiya & Vasanthan, 2017).

The intense region between approximately 1750 and 1720 cm−1 corresponds to ester

carbonyl stretching. This carbonyl envelope can contain contributions from different

local environments within semicrystalline PHB. In situ FTIR measurements performed

during melting and crystallization assigned the lower-wavenumber contribution near

1724 cm−1 to crystalline PHB and the higher-wavenumber contribution near 1741 cm−1

to amorphous PHB (Xu et al., 2002). The bands near 1278 and 1230 cm−1 have also

been associated with crystalline organization, with the latter assigned to helical chain

conformation, whereas the region near 1183-1186 cm−1 has been used as an amorphous-

sensitive C-O-C band (Xu et al., 2002; Tapadiya & Vasanthan, 2017). The small band

observed near 3400 cm−1 was attributed to O-H stretching associated with adsorbed

moisture rather than to a characteristic vibration of the PHB backbone (Zohaib et al.,

2023).

These phase assignments were established by following controlled structural changes

rather than from a single spectrum. Xu et al. (2002) monitored the opposite evolution

of crystalline- and amorphous-sensitive bands during in situ melting and crystallization

and compared the spectral response with DSC. Tapadiya & Vasanthan (2017) varied

PHB crystallinity through annealing, verified the resulting changes by DSC, and iden-

tified bands whose normalized absorbance increased or decreased systematically with

crystallinity. Accordingly, the labels in Figure 5.39 indicate literature-supported spec-

tral assignments and regions of interest. They do not imply that overlapping crystalline

and amorphous contributions were independently separated in the R1 spectrum.

The FTIR spectra obtained for the native film at the evaluated aging times are com-

pared in Figure 5.40. The principal PHB absorption regions remained at comparable

wavenumbers, and no new band attributable to the formation of a different functional

group was clearly identified during aging.
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Figure 5.40: FTIR spectra of the locally produced PHB recovered as native film at
different aging times.

The absolute absorbance values cannot be compared quantitatively because the het-

erogeneous films did not have identical thicknesses and optical paths. Several regions,

particularly in the 7 DA spectrum, also reached high absorbance and presented sub-

stantial noise, reducing the reliability of direct band-height or band-area ratios. Within

these limitations, the amorphous-sensitive carbonyl and C-O-C regions did not show a

clear and systematic change with aging.

The amorphous-sensitive bands reported in the literature represent the overall response

of chemical groups located in disordered molecular environments and do not distin-

guish MAF from RAF. The DSC analysis of PHAC suggested that aging may involve

a redistribution from MAF toward RAF while the total amorphous fraction remains

comparatively stable. If a similar redistribution occurred in the native film, the same

ester groups would remain within the total amorphous phase but under different mo-

bility constraints. Such a change may affect thermal or mechanical behavior without

producing a large variation in the total amorphous FTIR contribution. The absence of
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a clear spectral difference cannot be interpreted as evidence that no amorphous-phase

rearrangement occurred.

PHB fiber

The initial PHB fiber was intended to be evaluated in transmission mode after compres-

sion into a thin sheet. A reference test performed with the commercial pellet produced a

continuous translucent sheet, whereas the extruded fiber required a higher compaction

force and remained as a discontinuous network after pressing, as shown in Figure 5.41.

The Day 0 spectrum obtained from this unsuccessful preparation was not considered

directly comparable with the subsequent measurements.

(a) Continuous sheet obtained by pressing

the commercial PHB pellet.

(b) Discontinuous material obtained after

pressing the PHB fiber.

Figure 5.41: Comparison of the specimens obtained during preparation of PHB mate-
rials for transmission FTIR analysis.
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For the 7 and 28 DA conditions, the fibers were finely cut and analyzed by diffuse

reflectance, as illustrated in Figure 5.42. This approach avoided the need to obtain

a continuous transparent sheet and provided the same measurement configuration for

both aged conditions.

Figure 5.42: Preparation of finely cut PHB fiber for diffuse-reflectance FTIR analysis.
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The FTIR spectra obtained for the PHB fiber at the evaluated aging times are shown

in Figure 5.43. The spectra presented comparable overall features, and no clear new

absorption band was identified with aging. Absolute intensity differences were not

interpreted, since the measurements were affected by differences in sample preparation.

Figure 5.43: FTIR spectra obtained for the PHB fiber at different aging times.

The absence of a reliable Day 0 spectrum acquired by the same method prevents es-

tablishing a complete time-dependent FTIR trend for the PHB fiber. In addition, the

signal-to-noise ratio of the diffuse-reflectance spectra limits the identification of subtle

changes in peak intensity, shape, or position that could result from structural evolution

during aging. The spectra therefore allow only a qualitative comparison between 7

and 28 DA, with no major changes in the characteristic absorption bands being clearly

distinguishable.
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Chapter 6

Discussion and Future Perspectives

6.1 Mechanical feasibility of PHB fibers for cemen-

titious reinforcement

The broader research line addressed in this thesis ultimately seeks to use bacteria-

derived fibers, specifically PHB, as alternatives to petroleum-based reinforcement fibers

in cementitious composites. Within the scope of the present work, however, the inves-

tigation was limited to the stages preceding their incorporation into a cementitious

matrix. The production route, processing, physicochemical behavior, mechanical re-

sponse, aging, and alkaline stability of the fibers were evaluated, but their reinforcing

performance within concrete was not tested directly. The results included herein are

best interpreted as an assessment of the feasibility of PHB as a precursor for cementi-

tious reinforcement rather than as a demonstration of performance at a composite level

.

The mechanical properties of the fibers have been identified as the main limitation in

their present, untreated state. The PHAC fiber exhibited tensile strengths between

18 and 25 MPa, whereas the extruded PHB fiber reached mean values between 34

and 42 MPa over the evaluated aging period. These values remain substantially below

those reported for established synthetic fibers used in cementitious composites (Lan

et al., 2021). The PHB fiber also exhibited a low strain at failure, between 0.7-0.8%,

130



which is consistent with the relatively brittle response of PHB in an as-processed state

without subsequent molecular-orientation treatments. Consequently, neither of the

fibers evaluated in this work, under the processing conditions adopted in this thesis, can

presently be considered mechanically suitable for replacing conventional reinforcement

fibers.

This limitation concerns the fibers produced under the processing conditions adopted

in this thesis rather than PHB as a material class. Previous studies have demon-

strated that the mechanical response of PHB can be modified substantially through

post-processing. Furuhashi et al. (2004) produced highly oriented PHB fibers through

cold drawing followed by further drawing and annealing under tension, while Iwata

et al. (2004) reported a tensile strength of 1.32 GPa for ultra-high-molecular-weight

P(3HB) fibers processed through combined cold- and two-step-drawing procedures. Re-

lated PHA systems have also reached high tensile performance. For example, optimized

two-step drawing with intermediate annealing increased the tensile strength of P(3HB-

co-3HH) fibers to 552 MPa (Kabe et al., 2015). These results demonstrate that the low

tensile strength measured in the present work should not be interpreted as an intrinsic

upper limit for PHB-based fibers.

The relevance of these values becomes clearer when compared with representative fibers

currently used in high-performance cementitious composites. Lan et al. (2021) reported

tensile strengths of approximately 530-850 MPa for different PP fibers, approximately

1500-1620 MPa for PVA fibers, and approximately 3000 MPa for high-modulus PE

fibers. The 1.32 GPa reported for highly processed P(3HB) lies within the same order

of magnitude as some established polymeric reinforcement fibers, although it does not

reach the performance of high-modulus PE. Such comparisons should not be interpreted

as defining a universal minimum tensile strength for cementitious reinforcement. The

required fiber properties depend on the intended composite response and on the com-

bined effects of fiber strength, elastic modulus, deformation capacity, geometry, and

fiber-matrix interaction (Li et al., 2002; Lan et al., 2021). Nevertheless, the literature

demonstrates that PHB possesses a mechanical design space considerably broader than

that represented by the as-extruded fibers obtained in this thesis.
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The improvement of the mechanical performance is not exclusively associated to a

drawing process of the fibers. The high-strength fibers reported in the literature were

obtained from specific polymer grades and carefully controlled processing histories. In

particular, the 1.32 GPa fiber reported by Iwata et al. (2004) was produced from

ultra-high-molecular-weight P(3HB), whereas the PHB fiber obtained in the present

work showed an apparent Mw of approximately 236.5 kDa after extrusion. In addition,

the tensile tests conducted here revealed fractures preferentially occurring at locally

reduced fiber diameters, showing that geometrical non-uniformity also introduced stress

concentrations. Future mechanical improvement should consider polymer molecular

weight, extrusion stability, fiber-diameter uniformity, and post-extrusion treatment as

interconnected variables rather than assuming that a single additional drawing step

would reproduce the mechanical properties reported elsewhere.

The effectiveness of drawing arises from the structural reorganization generated when

the polymer is extended. As-spun polymer fibers generally contain a comparatively low

degree of molecular orientation, whereas drawing progressively aligns polymer chains

and higher-order structures along the fiber axis. In PHB, drawing has been associated

with the development of highly-oriented structures containing the conventional helical

α-form together with extended planar-zigzag chains commonly associated with the β-

form (Yamane et al., 2001; Furuhashi et al., 2004; Iwata et al., 2004). Increasing axial

organization improves the ability of the fiber to transfer tensile load through the oriented

polymer structure and can consequently produce large increases in tensile strength

and stiffness. The final response nevertheless depends on drawing ratio, temperature,

molecular weight, crystallization history, and the subsequent thermal treatment, which

also control the remaining deformation capacity.

The practical implementation of such treatments represents a clear next step for this

research line. Although the PHB literature establishes drawing ratios, temperatures,

and thermal treatments capable of generating highly oriented fibers, detailed descrip-

tions of scalable mechanical systems for continuously imposing these histories are less

commonly provided. Multi-stage drawing systems used for other thermoplastic poly-

mers may provide useful engineering references. For example, the two-stage process

proposed by Liu et al. (2015) applies sequential cold and hot drawing to UHMWPE
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fibers. This study does not constitute evidence of PHB mechanical performance, since

the polymer and structural mechanisms are different, but its process architecture il-

lustrates how independently controlled drawing stages could be implemented through

sequential rollers and temperature-controlled regions. A comparable apparatus adapted

specifically to the thermal and crystallization behavior of PHB could provide a practical

starting point for future process development.

6.2 Aging and stabilization of the mechanical re-

sponse

A second requirement for a potential reinforcement fiber is the preservation of its prop-

erties after processing and during storage. This aspect is particularly relevant for PHB

because its mechanical response can evolve substantially through physical aging and

continued structural organization. The two fibers evaluated in this thesis exhibited

markedly different behaviors. PHAC progressively lost deformation capacity, with mean

strain at failure decreasing from 1.79% at Day 0 to 0.82% after 100 days, together with a

pronounced increase in the apparent modulus of elasticity. The PHB fiber, in contrast,

showed no loss of deformation capacity between days 0 and 28. The mean strain at

failure remained close to 0.7-0.8%, while the apparent modulus of elasticity increased

and the mean tensile strength reached a higher value after 28 days, although the ex-

perimental variability prevented a statistically clear strengthening trend from being

established.

Post-processing provides a possible route for deliberately stabilizing an oriented fiber

structure rather than allowing its morphology to evolve uncontrolled during storage.

Annealing provides molecular mobility for structural reorganization after drawing and

can modify crystallinity, chain orientation, and the relative contribution of the differ-

ent ordered structures. In PHB fibers, Furuhashi et al. (2004) showed that annealing

conditions and applied tension strongly influence the resulting higher-order structure.

Annealing under tension can restrict macroscopic relaxation of a previously drawn fiber

while allowing further structural rearrangement, whereas unconstrained thermal treat-

ment may permit part of the imposed orientation to relax. Annealing should con-
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sequently be understood as a processing variable whose temperature, duration, and

mechanical constraint must be optimized together with the preceding drawing history

rather than as a universal treatment that automatically prevents embrittlement.

The comparatively stable strain at failure observed for the PHB fiber in this thesis may

indicate that its structure was already relatively stabilized shortly after extrusion. As

discussed in Chapter 5, extrusion was performed at 185 ◦C, below the tremoval erasure

of the previous crystalline order in PHB (Di Lorenzo & Androsch, 2019). Residual

self-nuclei, together with the nucleating agent reported in the commercial formulation,

may therefore have accelerated organization after extrusion and reduced the magnitude

of subsequent structural evolution (Puente et al., 2013; Xu et al., 2021). This interpre-

tation remains hypothetical and should not be confused with an annealing effect, since

no deliberate annealing treatment was applied to these fibers. Rather, the present re-

sults suggest that processing history can substantially condition subsequent aging and

provide a basis for testing whether controlled drawing and annealing could produce a

stronger and intentionally stabilized morphology.

A future study on fiber processing should evaluate drawing and annealing simultane-

ously with aging, rather than measuring only the immediate tensile improvement after

treatment. Fibers produced at different drawing ratios and annealing conditions could

be characterized immediately after processing and after controlled storage periods using

single-fiber tensile testing, the revised DSC protocol developed in this thesis, and XRD.

This approach would determine whether the mechanical gains produced by molecular

orientation remain stable with time, and would allow to quantify the evolution of the

α and β structures and their influence on tensile strength, stiffness, and deformation

capacity.

6.3 Alkaline stability and implications for cementi-

tious use

The results of alkaline-degradation provide a more favorable outcome than the me-

chanical characterization. At 20 ◦C, the PHB fiber showed mass variations close to
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zero throughout the complete 168 h exposure period for all evaluated aging conditions.

Under the accelerated exposure at 70 ◦C, measurable degradation appeared after longer

exposure times, but the maximum mean mass loss after 168 h was approximately 10%.

The PHB fiber exhibited substantially greater resistance to alkaline degradation than

PHAC and the locally produced native film under the accelerated condition, while re-

maining essentially stable under the ambient-temperature condition evaluated in this

work.

These results support continued investigation of PHB fibers for cementitious environ-

ments. The alkaline-degradation behavior observed in this work was promising under

the evaluated conditions, particularly at 20 ◦C. However, their long-term durability

within concrete remains to be established through direct evaluation in cementitious

matrices.

The alkaline-degradation results also provide useful indications for future fiber develop-

ment. Tapadiya & Vasanthan (2017) showed that increasing PHB crystallinity reduced

the extent of alkaline hydrolysis, with degradation occurring preferentially in the amor-

phous regions. This finding suggests that modifications capable of increasing or stabi-

lizing crystalline organization could potentially improve the alkaline resistance of PHB

fibers. However, such modifications should not be considered independently from their

mechanical effects, since changes in crystallinity may also influence the deformation

capacity.

Other strategies could also be explored. Surface coatings may provide an additional

barrier against alkaline attack, although their influence on fiber–matrix adhesion would

need to be evaluated. Drawing and annealing could also modify alkaline stability

through the structural changes induced in the fiber; however, this effect was not evalu-

ated in the present work and should be treated as a hypothesis for future investigation.

6.4 Environmental implications of PHB production

The environmental motivation for replacing petroleum-derived reinforcement fibers also

requires careful interpretation. A biologically produced and biodegradable polymer is
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not intrinsically associated with a low production footprint. As discussed in Chapter 2,

published life-cycle assessments of PHB show considerable variability because the re-

sults depend on carbon source, energy supply, fermentation performance, downstream

recovery, system boundaries, and methodological assumptions (Kookos et al., 2019).

The environmental potential of PHB should be evaluated in relation to the complete

production route rather than inferred only from its biological origin.

A complementary investigation conducted within the same research project evaluated

the environmental performance of PHB production at industrial scale. Although the

modeled production route resulted in a relatively high carbon footprint, the analysis

showed that its two largest contributors were the glucose used as carbon substrate

and the electricity required by the process, which accounted for approximately 37.0%

and 34.9% of the calculated climate-change impact, respectively. Together, these two

inputs represented approximately 71.9% of the modeled carbon footprint. This result is

particularly relevant because neither contribution is intrinsic to PHB itself, but depends

strongly on engineering decisions about the processing of the polymer.

The electricity-related contribution can potentially be reduced through the use of lower-

carbon energy sources. This possibility becomes increasingly relevant as renewable elec-

tricity continues to expand within electricity systems worldwide. Similarly, glucose is

not the only possible carbon source for PHB production. Numerous studies have in-

vestigated the use of alternative substrates, including agro-industrial residues, glycerol,

waste oils, wastewater-derived organic streams, and gaseous carbon sources (Marangoni

et al., 2001; Wang et al., 2021; Fu et al., 2023; Patel et al., 2024). Consequently, reduc-

ing the environmental burden associated with the carbon substrate may be approached

not only by improving process efficiency, but also by replacing refined feedstocks with

lower-impact or residual carbon streams.

Several industrial initiatives are exploring measures to improve the environmental im-

pact beyond laboratory scale. Mango Materials has developed a PHA production route

based on waste methane, including methane originating from wastewater-treatment

systems (Mango Materials, 2025). Paques Biomaterials has explored the production of

PHA from different organic residual streams, including sewage sludge and agro-food side
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streams (Paques Biomaterials, 2024; Paques Biomaterials, 2023). RWDC Industries

provides another example through the use of plant-based oils, including post-consumer

and waste cooking oils, as feedstocks for PHA production (RWDC Industries, 2023).

These examples concern different members of the PHA family and different production

technologies and cannot be transferred directly to the PHB process evaluated in this

work. Nevertheless, they demonstrate that PHA production is not restricted to refined

glucose or fructose as carbon substrates and may be integrated with the valorization of

residual streams from other industries.

The environmental performance of future PHB production routes should be evaluated

for each specific feedstock and process configuration rather than inferred solely from

the renewable or residual origin of the carbon source.

6.5 Research outlook

Taken together, the results define a sequence of research questions rather than a com-

pleted route to cementitious reinforcement. The first priority is to improve the fiber

itself through better control of molecular weight, extrusion uniformity, drawing, and

annealing, while verifying that the resulting mechanical properties remain stable dur-

ing aging. The second is to determine whether the favorable alkaline mass stability

observed here is accompanied by retention of tensile properties after exposure. Once

these two requirements are satisfied, the fiber-matrix interface becomes central. Sur-

face chemistry, bond strength, pull-out behavior, fiber geometry, and dispersion must

then be evaluated before the reinforcing effect can be assessed at mortar or concrete

scale. In parallel, process simulation and life-cycle assessment should be updated as

the production route changes so that improvements in mechanical performance are not

obtained at the expense of an increased environmental burden.

This thesis does not establish that PHB fibers can already replace conventional

petroleum-derived reinforcement fibers, but establishes something more specific and

useful for the continuation of the research line. The study developed a complete ex-

perimental route for producing, recovering, processing, and characterizing PHB-based

materials. The mechanical limitation of the fibers in their present state was identified;
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their comparatively favorable stability under ambient-temperature alkaline exposure

was demonstrated within the conditions tested; and processing, structural, and pro-

duction variables capable of addressing the remaining limitations were identified. To-

gether with the parallel development of industrial process and life-cycle models, these

results provide a foundation from which the mechanical, durability, interfacial, and

environmental requirements of a future PHB-based cementitious reinforcement can be

investigated systematically.
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Chapter 7

Conclusions

The hypothesis addressed in this thesis proposes bacterial PHB-based fibers as a po-

tential alternative to petroleum-derived fibers for reinforcement in cementitious com-

posites, provided that certain technical aspects are improved. The fibers obtained in

their current state do not yet satisfy all the requirements expected for cementitious

reinforcement, particularly in terms of mechanical performance. However, no limita-

tion identified throughout this research provides sufficient grounds to discard PHB as

a viable precursor for this application.

The observed alkaline stability was favorable under the conditions evaluated, while the

mechanical limitation could be overcome through the techniques discussed in the pre-

ceding chapter. The hypothesis can be considered supported at the material-feasibility

level established in this thesis, while its ultimate validation as a functional reinforcement

will require the subsequent evaluation of treated fibers within cementitious composites.

Conclusion 1: PHB Production and Recovery

A reliable and repeatable laboratory route for PHB production through Cupriavidus

necator fermentation was successfully established. The progressive development of the

fermentation process resulted in a protocol capable of consistently producing PHB under

the operating conditions adopted in this work.
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The recovery of PHB from the produced biomass was also successfully consolidated.

The developed extraction and purification methodology combines high polymer recovery

with a final material of high purity, comparable to the commercial PHB used as reference

throughout this work. Together, the fermentation and extraction stages establish a

reliable route for obtaining locally-produced high-purity PHB from bacteria.

Conclusion 2: Fiber Processing

Fiber processing remains one of the main unresolved steps for the completion of the

fully local production route. Continuous PHB fibers were successfully produced from

commercial thermoplastic-grade pellets, demonstrating that the extrusion setup and

processing strategy developed in this work are suitable for PHB fiber fabrication. How-

ever, stable fiber production from the locally produced PHB could not be achieved

under the evaluated conditions.

Conclusion 3: Material Characterization and Alkaline Stability

The extensive characterization performed throughout this research established a de-

tailed understanding of the thermal, physicochemical, degradation, and aging behavior

of the different PHB-based materials. Comparative characterization also provided a

basis for assessing the consistency between the laboratory-produced PHB and the com-

mercial material used.

The alkaline-degradation results support continued investigation of PHB fibers for ce-

mentitious environments. The behavior observed under the evaluated conditions was

promising, particularly at 20 ◦C, while the accelerated tests provided additional in-

formation regarding their susceptibility to alkaline attack. Their long-term durability

within concrete remains subject to direct evaluation in cementitious matrices, but the

results obtained in this work provide a favorable basis for continuing this line of inves-

tigation.

Conclusion 4: Mechanical Performance

Mechanical characterization established a clear reference point for future fiber devel-
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opment. The fibers obtained under the processing conditions adopted in this thesis

do not yet provide the mechanical performance required for their intended reinforcing

function. This limitation corresponds to the present untreated state of the fibers and

should not be interpreted as an intrinsic mechanical limit of PHB.

The present thesis does not establish that PHB fibers can already replace conventional

synthetic reinforcement fibers. Instead, it establishes a reliable experimental foundation

from which that possibility can now be pursued through a clearly defined sequence of

material, processing, durability, and composite-level developments.

Recommendations

Further development of the local production route should address both polymer avail-

ability and its subsequent conversion into continuous fibers. Within the current exper-

imental setup, the amount of PHB obtained per batch is constrained by the working

capacity and kLa of the available bioreactor. The fermentation protocol established in

this thesis provides a basis for increasing production capacity, although scale-up should

preserve the relevant process conditions and verify that reproducibility and polymer

quality are maintained.

For the recovered polymer, priority should be given to achieving stable extrusion. The

comparatively high apparent molecular weight measured for the purified PHB, may

be advantageous for future fiber performance, provided that adequate processability

can be achieved. Formulation and processing strategies should therefore be evaluated

to improve thermal and rheological stability during extrusion while limiting damage

to the polymer chains. The characterization methods established in this work should

guide these adjustments and allow their effects on the resulting material to be assessed.

Once continuous fibers can be produced reliably, drawing and annealing should be

investigated as routes to improve their mechanical performance, following the strategies

discussed in the preceding chapter. The mechanical and aging results obtained in this

thesis provide a baseline for evaluating these treatments. Their effectiveness should be

assessed not only through the initial improvement in fiber properties, but also through

the preservation of those properties during storage and alkaline exposure.
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Future Research

Following the development of fibers with suitable mechanical properties and stability,

research should proceed to their incorporation into cementitious matrices. This stage

should evaluate fiber-matrix interaction through bond and pull-out tests, together with

the effects of fiber geometry, content, and dispersion on the mechanical response of

the composite. Long-term exposure studies should also determine whether the alkaline

resistance observed in isolated fibers is maintained within the cementitious environment.

These evaluations will be necessary to establish whether the developed PHB fibers can

fulfill the reinforcing role proposed in the original hypothesis.

142



Bibliography

Acevedo, F., Villegas, P., Urtuvia, V., Hermosilla, J., Navia, R., & Seeger, M. (2018).

Bacterial polyhydroxybutyrate for electrospun fiber production. International

Journal of Biological Macromolecules, 106, 692–697.

Alata, H., Aoyama, T., & Inoue, Y. (2007). Effect of Aging on the Mechanical Proper-

ties of Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). Macromolecules, 40 (13),

4546–4551.

Almutairi, A. L., Tayeh, B. A., Adesina, A., Isleem, H. F., & Zeyad, A. M. (2021).

Potential applications of geopolymer concrete in construction: A review. Case

Studies in Construction Materials, 15, e00733.

Andreas Hettich GmbH & Co. KG (2026). Rotofix 32 a. Available at: https://www.

hettweb.com/products/rotofix32a/ (accessed April 22, 2026).

Anton Paar (2026). Bet surface area analyzer: Nova. Available at: https://www.anto

n-paar.com/es-es/productos/detalles/nova/ (accessed June 2, 2026).

ASTM International (2026a). Standard test methods for density and specific gravity

(relative density) of plastics by displacement. ASTM D792-20. Available at: http

s://store.astm.org/d0792-20.html (accessed April 22, 2026).

ASTM International (2026b). Standard test methods for specific gravity of soil solids

by the water displacement method. ASTM D854-23. Available at: https://stor

e.astm.org/d0854-23.html (accessed April 22, 2026).

Bajaber, M. A. & Hakeem, I. Y. (2021). UHPC evolution, development, and utilization

in construction: a review. Journal of Materials Research and Technology, 10,

1058–1074.

Barham, P. J., Keller, A., Otun, E. L., & Holmes, P. A. (1984). Crystallization and

morphology of a bacterial thermoplastic: poly-3-hydroxybutyrate. Journal of Ma-

terials Science, 19 (9), 2781–2794.

143

https://www.hettweb.com/products/rotofix32a/
https://www.hettweb.com/products/rotofix32a/
https://www.anton-paar.com/es-es/productos/detalles/nova/
https://www.anton-paar.com/es-es/productos/detalles/nova/
https://store.astm.org/d0792-20.html
https://store.astm.org/d0792-20.html
https://store.astm.org/d0854-23.html
https://store.astm.org/d0854-23.html
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Pyda, M., & Zarzyka, I. (2017). Thermal properties of poly(3-hydroxybutyrate)

modified by nanoclay. Journal of Thermal Analysis and Calorimetry, 128 (3), 1513–

1526.

Dalton, B., Bhagabati, P., De Micco, J., Padamati, R. B., & O’Connor, K. (2022). A

Review on Biological Synthesis of the Biodegradable Polymers Polyhydroxyalka-

noates and the Development of Multiple Applications. Catalysts, 12 (3), 319.

Di Lorenzo, M. L. & Androsch, R. (2019). Crystallization of Poly[(R)-3-

hydroxybutyrate]. In M. L. Di Lorenzo & R. Androsch (Eds.), Thermal Properties

of Bio-based Polymers (pp. 119–142). Cham: Springer International Publishing.

Di Lorenzo, M. L. & Righetti, M. C. (2013). Effect of thermal history on the evolution

of crystal and amorphous fractions of poly[(R)-3-hydroxybutyrate] upon storage at

ambient temperature. European Polymer Journal, 49 (2), 510–517.

Dills, W. (1993). Protein fructosylation: fructose and the Maillard reaction. The

American Journal of Clinical Nutrition, 58 (5), 779S–787S.

Doi, Y., Kitamura, S., & Abe, H. (1995). Microbial Synthesis and Characterization of

145

https://downloads.colorfabb.com/index.php/s/rtfDDRCa723Xdor
https://downloads.colorfabb.com/index.php/s/rtfDDRCa723Xdor
https://colorfabb.com/es/allpha-natural
https://colorfabb.com/es/allpha-natural
https://www.cromtek.cl/producto/hplc-modular-de-alto-desempeno-shimadzu-prominence/
https://www.cromtek.cl/producto/hplc-modular-de-alto-desempeno-shimadzu-prominence/
https://www.cromtek.cl/producto/hplc-modular-de-alto-desempeno-shimadzu-prominence/


Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). Macromolecules, 28 (14), 4822–

4828.

Du, J., Meng, W., Khayat, K. H., Bao, Y., Guo, P., Lyu, Z., Abu-obeidah, A., Nassif,

H., & Wang, H. (2021). New development of ultra-high-performance concrete

(UHPC). Composites Part B: Engineering, 224, 109220.

Duvigneau, S., Kettner, A., Carius, L., Griehl, C., Findeisen, R., & Kienle, A. (2021).

Fast, inexpensive, and reliable HPLC method to determine monomer fractions in

poly(3-hydroxybutyrate-co-3-hydroxyvalerate). Applied Microbiology and Biotech-

nology, 105 (11), 4743–4749.

Fillamentum (2026). Nonoilen® filament. Accessed: 2026-07-23.

Fu, X., Xu, H., Zhang, Q., Xi, J., Zhang, H., Zheng, M., Xi, B., & Hou, L. (2023). A

review on polyhydroxyalkanoates production from various organic waste streams:

Feedstocks, strains, and production strategy. Resources, Conservation and Recy-

cling, 198, 107166.

Furuhashi, Y., Imamura, Y., Jikihara, Y., & Yamane, H. (2004). Higher order struc-

tures and mechanical properties of bacterial homo poly(3-hydroxybutyrate) fibers

prepared by cold-drawing and annealing processes. Polymer, 45 (16), 5703–5712.

Ghali, A. E. A., El Ezz, N. E., Hamad, B., Assaad, J., & Yehya, A. (2023). Comparative

study on shear strength and life cycle assessment of reinforced concrete beams

containing different types of fibers. Case Studies in Construction Materials, 19,

e02497.

Grunwald, S., Mottet, A., Grousseau, E., Plassmeier, J. K., Popović, M. K., Uribelarrea,
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Scott, F., Yañez, L., Conejeros, R., Araya, B., & Vergara-Fernández, A. (2021).

Two internal bottlenecks cause the overflow metabolism leading to poly(3-

hydroxybutyrate) production in Azohydromonas lata DSM1123. Journal of Envi-

ronmental Chemical Engineering, 9 (4), 105665.

Shahhosseini, S. (2004). Simulation and optimisation of PHB production in fed-batch

culture of Ralstonia eutropha. Process Biochemistry, 39 (8), 963–969.

Shimadzu (2026). Nexis gc-2030 gas chromatograph. Available at: https://www.ssi.

shimadzu.com/products/gas-chromatography/gas-chromatograph/nexis-g

c-2030/index.html (accessed April 22, 2026).

Shimadzu Scientific Instruments (2026). What sort of sample concentration should

I use for measurements by the KBr pellet method or diffuse reflection method?

Accessed: 2026-07-23.

Shoji, D., He, Z., Zhang, D., & Li, V. C. (2022). The greening of engineered cementitious

composites (ECC): A review. Construction and Building Materials, 327, 126701.

Siddika, A., Mamun, M. A. A., Ferdous, W., Saha, A. K., & Alyousef, R.

(2020). 3D-printed concrete: applications, performance, and challenges.

Journal of Sustainable Cement-Based Materials, 9 (3), 127–164. eprint:

https://doi.org/10.1080/21650373.2019.1705199.

Silva, D. A., Betioli, A. M., Gleize, P. J. P., Roman, H. R., Gómez, L. A., & Ribeiro,
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Appendix A

Fermentation Details

This section provides supplementary methodological information related to the fermen-

tation procedures discussed in Chapter 4.

A.1 A. lata trace

The composition of the A. lata trace is shown in Table A.1:

Table A.1: Composition of the A. lata trace element solution used in this work, based
on (Wang & Lee, 1997).

Component Concentration (g/L)

FeSO4·7H2O 20.00

H3BO3 0.30

CoCl2·6H2O 0.20

ZnSO4·7H2O 0.03

MnCl2·4H2O 0.03

(NH4)6Mo7O24·4H2O 0.03

NiSO4·7H2O 0.03

CuSO4·5H2O 0.01
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A.2 Mineral Medium

The composition of the mineral medium used is shown in Table A.2. The same medium

was used for flask cultures, with the addition of 30 µL of gentamicin.

Table A.2: Mineral medium used in all fermentation iterations.

Solution Component Concentration (g/L) Volume added

Solution A (NH4)2SO4 1 600 mL

Solution B

Na2HPO4·7H2O 6.7
400 mL

KH2PO4 1.5

A. lata trace solution - 1 mL

Solution C MgSO4·7H2O 200 1 mL

A.3 Culture Medium

The cultures mediums used for the fermentation process are shown in Tables A.3 and

A.4:

Table A.3: Initial reactor medium.

Solution Component Concentration (g/L) Volume added

Solution A
(NH4)2SO4 2 600 mL

Antifoam agent - 500 µL

Solution B
Na2HPO4·7H2O 3.35

400 mL
KH2PO4 0.75

Solution C1 Fructose 1500 30 mL

Solution C2 Fructose 1500 30 mL

Solution D

Na2HPO4·7H2O 2
10 mL

KH2PO4 0.4

A. lata trace solution - 2 mL

Solution E (NH4)2SO4 10 20 mL

162



Table A.4: Final reactor medium.

Solution Component Concentration (g/L) Volume added

Solution A (NH4)2SO4 1.5 100 mL

Solution B
Na2HPO4·7H2O 3.35

100 mL
KH2PO4 0.75

Solution C

Na2HPO4·7H2O 2
20 mL

KH2PO4 0.4

A. lata trace solution - 2 mL

Solution D Fructose 500 130 mL

Solution E (NH4)2SO4 6 30 mL

Solution F Gentamicin - 300 µL

Solution G Antifoam agent - 80 mL + 20 mL pure

Solution H Water - 600 mL
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Appendix B

PHB Characterization

The following section presents all the supplementary material employed for the char-

acterization of PHB in its various formats, including native polymer, processed fibers,

and treated specimens. This information includes detailed tables, calculation methods,

reference data, and supporting documentation referenced throughout the main chapters

of this work.

B.1 Density Calculation

The density of each specimen was calculated from the volume of water displaced during

the volumetric-flask measurement. Since the total volume of the flask remained constant

before and after introducing the specimen, the displaced water mass was obtained from

the difference between the initial and final mass balances.

The density of the specimen was calculated according to Equation B.1.

ρs =
ms ρw

ms + mfw −mfws

(B.1)

where ρs is the density of the specimen, ms is the specimen mass, ρw is the density of

water at the measured temperature, mfw is the mass of the flask filled with water up
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to the calibration mark, and mfws is the final mass of the flask, water, and specimen

after refilling to the same calibration mark.

The term (ms+mfw−mfws) corresponds to the mass of water displaced by the specimen.

Dividing this displaced water mass by ρw gives the specimen volume, which is then used

to calculate ρs.

B.2 Water Density

Table B.1 shows the standard density values of water in the range of 21-25◦C, accord-

ing to ASTM D792 (ASTM International, 2026a). These values were used to apply

correction factors when the water temperature differed from the standard reference of

23◦C.

For temperatures outside this range, additional tabulated density values were obtained

from the University of Granada database (VaxaSoftware, 2026), covering a broader

interval from 0 to 100◦C. When the measured temperature included decimal values and

fell outside the ASTM range, the density was approximated using the nearest integer

temperature available in the tables.
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Table B.1: Standard density of water in the range of 21-25 ◦C, according to ASTM
D792 (ASTM International, 2026a).

x (◦C) 21 22 23 24 25

0.0 997.9948 997.7730 997.5412 997.2994 997.0480

0.1 997.9731 997.7503 997.5174 997.2747 997.0223

0.2 997.9513 997.7275 997.4936 997.2499 996.9965

0.3 997.9294 997.7045 997.4697 997.2250 996.9707

0.4 997.9073 997.6815 997.4456 997.2000 996.9447

0.5 997.8852 997.6584 997.4215 997.1749 996.9186

0.6 997.8630 997.6351 997.3973 997.1497 996.8925

0.7 997.8406 997.6118 997.3730 997.1244 996.8663

0.8 997.8182 997.5883 997.3485 997.0990 996.8399

0.9 997.7957 997.5648 997.3240 997.0735 996.8135

Values are expressed in kg/m3. For temperatures outside the ASTM range, density values were

obtained from extended tabulated data reported by the University of Granada (VaxaSoftware, 2026).

B.3 Molecular-Weight Calculations

The weight-average molecular weight (Mw) and number-average molecular weight (Mn)

were calculated from the chromatographic signal according to Equations B.2 and B.3,

respectively.

Mw =

∑
hiMi∑
hi

(B.2)

Mn =

∑
hi∑

hi/Mi

(B.3)

The dispersity of the molecular-weight distribution was calculated according to Equa-

tion B.4.

Dispersity =
Mw

Mn

(B.4)

166



In these expressions, hi represents the signal intensity and Mi is the molecular weight

assigned to each point of the chromatogram. Since calibration was performed us-

ing polystyrene standards, the resulting Mw and Mn values correspond to apparent

polystyrene-equivalent molecular weights. They should consequently be interpreted as

relative values obtained under the selected chromatographic conditions rather than as

absolute molecular weights of PHB.

B.4 Compute of the Mobile and Rigid Amorphous

Fractions from DSC

As discussed in Section 5.1.5, PHB follows a three-phase model that satisfies the fol-

lowing relationship:

Xc + XMAF + XRAF = 1, (B.5)

The calculation was performed using PHB as the reference material. The reference

values adopted were

∆H100%
m = 146 J g−1, (B.6)

and

∆C100%
p = 0.49 J g−1 K−1. (B.7)

The latter corresponds to the heat-capacity increment reported for fully amorphous

PHB (Czerniecka-Kubicka et al., 2017). Therefore, when this procedure is applied to

copolymers, blends, filled materials, or commercial PHA formulations, the resulting

fractions are considered apparent values based on the PHB-reference assumption.
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B.5 Calculation procedure

The apparent crystalline fraction was obtained from

Xc,app =

∑
i

∆Hm,i −
∑
j

∆Hc,j

∆H100%
m

. (B.8)

The crystallization enthalpies retain the negative sign exported by the DSC software.

Consequently, the term −∆Hc adds the magnitude of the crystallization event to the

numerator. This convention was maintained throughout the calculations.

The MAF was calculated using the heat-capacity increment associated with the mobile

glass transition:

XMAF,app =
∆Cp,mob

∆C100%
p

=
∆Cp,mob

0.49
. (B.9)

When more than one glass transition was detected, ∆Cp,mob corresponded only to the

transition assigned to the mobile amorphous phase. The heat-capacity increment of the

higher-temperature constrained transition was not added to this value.

Finally, the apparent RAF was obtained by complementarity:

XRAF,app = 1 −Xc,app −XMAF,app. (B.10)
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Appendix C

Detailed Results of the Fed-Batch

Fermentation Campaign

This appendix provides a detailed reactor-by-reactor summary of the fed-batch fermen-

tation campaign carried out for PHB production with Cupriavidus necator H16. The

objective of this supplementary material is to document the main outcomes, operational

problems, and corrective actions associated with each run, thereby providing additional

context for the results discussed in Chapter 5. The reactor campaign is presented in

sequential stages, from the initial exploratory trials to the final runs in which the target

PHB production was achieved under stable operating conditions.

169



Table C.1: Summary of reactor runs R1-R4 performed during the fed-batch fermenta-
tion campaign for PHB production with Cupriavidus necator H16.

Reactor Main outcome Problem or observation Consequence / action

taken

R1 Introductory

reactor run with

low biomass

growth and low

PHB produc-

tion.

This run served as an ini-

tial approach to reactor op-

eration and PHB produc-

tion. Biomass formation re-

mained limited, and only a

low amount of PHB was de-

tected by HPLC.

Confirmed that PHB pro-

duction under reactor con-

ditions was feasible, but

showed that the process

still required substantial

optimization.

R2 High PHB ac-

cumulation with

significant cul-

ture loss.

PHB accumulation reached

approximately 73%, but se-

vere foaming occurred due

to high agitation and in-

sufficient antifoam addition.

This caused substantial loss

of culture.

Demonstrated that high

intracellular PHB contents

could be achieved, while

identifying foam control as

a critical operational vari-

able.

R3 High PHB ac-

cumulation with

significant cul-

ture loss.

PHB accumulation reached

approximately 83%, but,

similarly to R2, severe

foaming resulted in impor-

tant culture losses. The ac-

cumulation was quantified

by HPLC.

Confirmed the repro-

ducibility of high PHB

accumulation under these

conditions, but also rein-

forced the need to improve

foam control before contin-

uing process optimization.

R4 Reactor not

started.

The inoculum developed in

shake flask lost viability be-

fore reactor inoculation.

No experimental results

were obtained.
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Table C.2: Summary of reactor runs R5-R6 performed during the fed-batch fermenta-
tion campaign for PHB production with Cupriavidus necator H16.

Reactor Main outcome Problem or observation Consequence / action

taken

R5* Excessive

biomass growth

without suc-

cessful PHB

accumulation.

The culture reached OD

values of approximately

50-60 during the growth

phase. Under these condi-

tions, oxygen consumption

became much higher than

expected, leading to deple-

tion of the oxygen supply

tank. As a result, the

culture died before entering

the PHB accumulation

stage.

This run revealed that oxy-

gen availability had be-

come a critical problem un-

der the implemented oper-

ating conditions, although

its underlying cause had

not yet been identified at

this stage.

R6* Excessive

biomass growth

without suc-

cessful PHB

accumulation.

Similarly to R5, the culture

exhibited excessive biomass

growth and did not reach

the PHB accumulation

stage. In this run, it

became evident that the

oxygen transfer capacity of

the system was insufficient.

This run allowed the oxy-

gen transfer limitation to

be identified more clearly

as a critical factor affect-

ing reactor performance.

It also contributed to the

later recognition that the

nitrogen dosage used in the

design had promoted ex-

cessive biomass growth.

*The agitation system supports speeds of up to 1200 rpm, and the bioreactor is compatible with

1.5 L, 3 L, and 6L vessels. For this research, the 1.5 L configuration, with a working volume

of 1 L, was used. According to the technical analysis presented in (Maschke et al., 2019), and

following the selected operating conditions, the volumetric mass transfer coefficient (kLa) for the

1.5 L vessel ranges between 150 and 220 h−1.
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Table C.3: Summary of reactor runs R7-R8 performed during the fed-batch fermenta-
tion campaign for PHB production with Cupriavidus necator H16.

Reactor Main outcome Problem or observation Consequence / action

taken

R7 Contaminated

run with incom-

plete growth.

An unknown contaminant

consumed fructose faster

than RE H16, leading to

premature substrate deple-

tion. As a consequence,

the culture stagnated at ap-

proximately OD 30 and the

expected PHB production

could not be achieved.

This run failed to meet

the experimental objective

and prompted a review of

chemicals, equipment, and

handling procedures used

during fermentation.

R8 Contaminated

run with incom-

plete growth.

A contamination event sim-

ilar to that observed in R7

occurred again. Premature

fructose depletion was ob-

served, and the culture stag-

nated at approximately OD

30 before reaching the in-

tended production stage.

Reinforced the need for

stronger contamination

control measures. From

reactor R9 onward, gen-

tamicin was incorporated

into the cultivation proto-

col to reduce the risk of

recurrent contamination.
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Table C.4: Summary of reactor runs R9-R10 performed during the fed-batch fermen-
tation campaign for PHB production with Cupriavidus necator H16.

Reactor Main outcome Problem or observation Consequence / action

taken

R9 First stable

PHB-producing

run after con-

tamination

control.

Gentamicin was incorpo-

rated into the cultivation

protocol from this run on-

ward. The culture reached

approximately OD 65 and

achieved a PHB accumula-

tion of 63.48% by GC, cor-

responding to 10.18 g L−1

PHB. Although PHB pro-

duction was successfully re-

stored, the obtained concen-

tration remained below the

design target of 15 g L−1.

Demonstrated that con-

tamination control had

been recovered and that

PHB production was again

feasible under reactor op-

eration.

R10 Stable PHB-

producing run,

still below tar-

get.

Using the same strain

source as in R9, the culture

reached approximately OD

76 and achieved a PHB

accumulation of 63.43%

by GC, corresponding to

9.63 g L−1 PHB. Although

the culture remained stable,

the PHB concentration was

again lower than expected.

This run provided the ba-

sis for revising the am-

monium sulfate yield by

inverse calculation, sug-

gesting a value close to

1.2 g g−1 instead of the ini-

tially assumed 1.5 g g−1.

This result motivated the

kinetic study performed af-

terward.

173



Table C.5: Summary of reactor runs R11-R13 performed during the fed-batch fermen-
tation campaign for PHB production with Cupriavidus necator H16.

Reactor Main outcome Problem or observation Consequence / action

taken

R11 Stable and

near-target

PHB-producing

run.

After updating the ammo-

nium sulfate design basis,

the culture reached approx-

imately OD 85 and achieved

a PHB accumulation of

73.31% by GC, correspond-

ing to 14.18 g L−1 PHB.

Confirmed that the revised

nitrogen design substan-

tially improved the fer-

mentation outcome and

brought the process close

to the target PHB concen-

tration.

R12 Stable target-

achieving PHB-

producing run.

With the corrected design

basis, the culture reached

approximately OD 87 and

achieved a PHB accumula-

tion of 66.91% by GC, cor-

responding to 15.26 g L−1

PHB.

Confirmed that the process

was capable of reaching the

target PHB concentration

of 15 g L−1.

R13 Stable target-

exceeding PHB-

producing run.

Under the same revised

strategy, the culture

reached approximately OD

90 and achieved a PHB

accumulation of 71.09%

by GC, corresponding to

17.39 g L−1 PHB.

Confirmed the repro-

ducibility and robustness

of the final fermentation

protocol.
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Appendix D

DSC Mean Thermograms

D.1 Differential Scanning Calorimetry

PHAC fiber

(a) Day 0.

Figure D.1: Individual average DSC thermograms of the PHAC fiber at different aging
times.
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(b) 7 days aged.

(c) 28 days aged.

Figure D.1: Individual average DSC thermograms of the PHAC fiber at different aging
times.
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(d) 100 days aged.

Figure D.1: Individual average DSC thermograms of the PHAC fiber at different aging
times.
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Native film

(e) Day 0.

(f) 7 days aged.

Figure D.2: Individual average DSC thermograms of the locally produced PHB recov-
ered as native film at different aging times.

178



(c) 28 days aged.

Figure D.2: Individual average DSC thermograms of the locally produced PHB recov-
ered as native film.
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Commercial PHB pellet

(a) First heating.

(b) Second heating.

Figure D.3: Individual DSC thermograms of the commercial PHB pellet during the
first and second heating cycles.
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PHB fiber

(a) Day 0.

(b) 7 days aged.

Figure D.4: Individual average DSC thermograms of the PHB fiber at different aging
times.
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(c) 28 days aged.

Figure D.4: Individual average DSC thermograms of the PHB fiber at different aging
times.
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