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Thesis abstract

Polyhydroxyalkanoates (PHA) are biodegradable polymers synthesised by microorganisms,
offering a promising sustainable alternative to petroleum-based plastics because they can be
synthesised from renewable resources such as biomass. A significant challenge in the industrial
production of PHA is the high manufacturing cost, primarily associated with expensive
commercial refined carbon sources used as feedstock. Therefore, the use of waste biomass
resources to produce PHA has the potential to improve the economic feasibility. Cassava (Manhiot
esculenta) is a crop widely cultivated in tropical regions. Cassava processing industries produce
large amounts of cassava waste, of which 20% are cassava peels (CP), that are predominantly
dumped into landfills, resulting in greenhouse gas emissions.

Therefore, this thesis aims to explore the potential of CP as biomass resource for efficient PHA
production. Enzymatic and acid hydrolysis of CP were assessed. 97% of conversion from CP to
fermentable sugars was achieved through a systematic approach using a design of experiments
(DoE) to optimise acid concentration, time, and temperature in acid hydrolysis using H2SOs.
Subsequently, cassava peel hydrolysates (CPH) were used as the sole carbon source at plate, shake
flask, and benchtop stirred tank bioreactor scales for Cupriavidus necator (C. necator) growth
and PHA production. Small-scale (plate and flask cultures) yielded up to 1.5 g/l of PHA,
equivalent to approximately 30% (gpua/gpcw). The optimization of the cultivation strategy in
bioreactor, using defined media in the batch and CPH in the feeding phase, resulted in enhanced
production, reaching 12.1 g/L of PHA, equivalent to 86% (gpua/gpcw). An efficient process for
producing PHA by integrating a chemical process for the hydrolysis of CP with a biological
process for the conversion of CP into PHA using C. necator is presented. This work contributes
to the advancement of efficient and sustainable PHA production in biorefinery platforms, and the
replacement of petroleum-based plastics, toward achieving Net Zero targets.

Keywords: polyhydroxyalkanoates; waste upgrade; cassava peel; hydrolysis; fermentation;
Cupriavidus necator; process optimisation.
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Chapter 1. Introduction

1.1 Context of the thesis

The development of bio-based processes and products using renewable resources such as
biomass, with a focus on low-carbon strategies, is motivated by the depletion of non-renewable
resources and the need to tackle climate change [1,2]. Currently, 99% of plastics used in the globe
are produced by the petrochemical industry, and at the end of their life cycle around 80% of these
are abandoned in landfills to decompose. The decomposition process of petroleum-based plastics
can take up to 1000 years if these are not managed appropriately [3]. Therefore, the poor
management of plastic waste and the scarcity of fossil fuels are urging the need to develop more
sustainable alternatives such as biodegradable biopolymers whereby polylactic acid (PLA) and
polyhydroxyalkanoates (PHA) have attracted great interest [4].

PHA are biodegradable polymers produced by microorganisms and are presented as a promising
alternative to petroleum-based plastics [5] because these can be synthesised from renewable
resources such as biomass and can be biodegraded by microorganisms. Moreover, in contrast to
other biopolymers, PHA can decompose in the aquatic environment, offering a solution not only
to plastics dumped in landfills but also to those accumulated in the oceans [6]. The versatility of
PHA in various applications is a key factor that positions them as a promising alternative to
petroleum-based plastics. PHA have a wide range of applications, including commodity plastics

for packaging, agricultural use (including as fertiliser), and medical applications [7].

In the domain of packaging, PHA arises as a viable sustainable solution, addressing the escalating
need for environmentally friendly materials. Its ability to degrade naturally addresses the

environmental issues linked with conventional plastics [8].

PHA serves a diverse role in agriculture beyond its use in biodegradable mulch films. It can also
substitute conventional agricultural plastics such as crop covers and pots, offering an

environmentally friendly alternative. Moreover, the potential of PHA as a fertiliser contributes to
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the promotion of sustainable agricultural practices by facilitating a closed-loop system and

contributing to the circular economy [9].

In the medical realm, the compatibility of PHA with biological systems renders it suitable for a
multitude of applications, including but not limited to sutures, drug delivery systems, and tissue
engineering. Despite its higher production cost, the use of PHA in valuable medical products
justifies de expense. Its distinctive attributes, notably biodegradability and biocompatibility,
position it favourably for medical applications where emphasis is placed on sustainability and

tailored functionality, rather than product costs [10].

PHA synthesis involves the biotransformation of a carbon source into PHA by PHA-producing
microorganisms. Despite the industrial production of PHA started in the 1980s, the interest in
biopolymer production has increased in the last decades. One of the main challenges in the
industrial production of PHA is the high cost of their manufacturing compared to petrochemical-
derived plastics processes, mainly due to the feedstock price [11]. Because commercial synthetic
carbon sources are expensive, the use of cheaper carbon sources from biomass resources has been
proposed to improve the economic viability of the process [12]. Starchy crops are an interesting
option as feedstock due to their high sugar content [13]. Cassava (Manhiot esculenta) is a starchy
crop widely available in Africa, Asia, and South America. Notably, cassava processing industries
produce large amounts of cassava waste that are predominantly dumped in landfills due to the
lack of waste management policies in developing countries. Around 40 Mt of cassava waste are
generated annually in Africa [14]. Cassava dry material is composed of 90% starch, which has
approximately 20% of unbranched amylose and 80% of branched amylopectin, representing a
carbohydrate-rich feedstock [15]. Starch can be hydrolysed into glucose, which can be used as
the starting material to produce bioenergy and various bio-based products in biorefinery

platforms, such as PHA (Figure 1.1).

Although the main focus of this thesis is on the synthesis of PHA from biomass, specifically
cassava peel waste, it is important to acknowledge the larger picture of biomass utilisation [16].
Beyond PHA, biomass is a versatile feedstock that can be used to make biofuels and other
chemicals with added value [17]. Numerous techniques, including fermentation, catalysis, and
thermal conversion, can be used to produce these compounds [18]. While the main focus of this
thesis is PHA production, it is important to recognise that biomass may also be used to produce
additional value-added products including organic acids, platform chemicals, and bioplastics, as
well as biofuels like bioethanol, biodiesel, and biogas. Within the context of sustainable
development and circular economy activities, the wide range of products and processes related to
biomass conversion provide an extensive picture of the possible uses and advantages of biomass

utilisation [19].
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Figure 1. 1 Diagram of the circular economy process of cassava conversion into polyhydroxyalkanoates
(PHA) through bacterial fermentation and their potential applications envisaged in this PhD thesis.

The utilisation of cassava waste as a renewable biomass resource for PHA production offers a
potential solution to the cassava waste management issues whilst potentially decreasing the PHA
production cost hence, promoting the replacement of petrochemical-based plastics, and avoiding

the controversial use of edible crops.

1.2 State of the art

Despite more than four decades of extensive research into PHA production and the utilisation of
various substrates from biomass and waste products, the quest for optimising this process to
effectively replace petroleum-based plastics remains an ongoing challenge [20]. Currently, the
primary focus of the scientific community engaged in PHA production centres around the
development of sustainable processes, with an emphasis on utilising renewable sources as the
primary feedstock [21]. A few studies have reported the utilisation of waste biomass, such as sugar
cane molasses, for PHA production, as discussed in detail in Chapter 2 of this thesis. However, it
is important to note that although some of these studies achieved high PHA concentrations within
bacteria, reaching levels up to 95% (gpua/gncw) [22], most of the developed processes have been
constrained to small (flask) scale setups [15]. Consequently, these approaches have displayed
limited productivity and are far from reaching the practicality required for commercial
applications. However, the production of PHA from waste streams presents several challenges, as

outlined by Marciniak and Mozejko-Ciesielska. These challenges include biological,
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technological, and economic aspects. Biological challenges include the slow growth of
microorganisms, the difficulty in genetically manipulating PHA-producing strains, the inability
of bacteria to utilise various types of carbon sources, and the inability to accumulate PHA with
desirable properties. Technological challenges involve the inconsistent chemical composition of
the waste feedstocks, the optimisation of bioprocess parameters essential to achieve high PHA
concentrations, the complexity of downstream processing and PHA recovery, and the variability
in PHA properties. Lastly, they also highlighted some economic challenges that hinder
commercialisation, including the high cost of carbon sources, the high PHA production cost, and
the high cost of the final bioproduct. Addressing these challenges is crucial for advancing the

feasibility and sustainability of PHA production from waste streams [23].

Concerning cassava, the selected feedstock for this thesis, it is important to highlight that very
limited research has been conducted in this area. Globally, significant quantities of cassava waste
are generated, as elaborated in detail in Chapter 2 of this thesis. Specifically, cassava peel (CP)
constitutes approximately 20% of the total waste generated, making it a readily available
feedstock for sustainable conversion into value-added products [24]. Additionally, its high
carbohydrate content positions it as a promising feedstock within biorefinery platforms.
Furthermore, since CP are not typically consumed, their utilisation reduces the risk of competition

with food production and the associated impact on vulnerable populations [25].

However, it is crucial to recognise the existence of inherent natural compounds in CP, such as
phenolics and cyanides, which have the potential to impede microbial growth and influence the
fermentation process. Phenolics hold the capacity to disrupt microbial activity and potentially
affect the production of PHA. Similarly, cyanogenic glycosides present in CP pose a risk due to
their ability to release cyanide, which could adversely affect microbial fermentation endeavours
[26]. To overcome these challenges, it is important to explore methods aimed at mitigating the
adverse effects of certain bioactive compounds on microbial growth and PHA production. One
potential approach involves using solid-liquid extraction techniques to reduce the concentration
of these compounds in CP before fermentation. Methods such as soaking CP in appropriate
solvents or water can help to minimise the inhibitory effects on microbial cultures. By managing
the presence of these compounds effectively, the conversion of CP waste into PHA via microbial

fermentation can be optimised, maximising its potential as a sustainable bioprocess [27].

Recognising the diverse catalytic processes inherent in cassava, the primary emphasis in PHA
production lies in exploring microbial fermentation pathways. Thus, while acknowledging the
diverse potential for catalytic transformations in cassava utilisation, the current study of PHA

production places the emphasis on the microbial fermentation approach.
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As far as our knowledge extends, the studies using the cell factory presented here, Cupriavidus
necator (C. necator) have been restricted to shake flask-scale cultures, and no assessment of
cassava as the sole carbon source has been identified in the existing literature. Therefore, while
limited research exists, the assessment of the use of cassava waste as a feedstock for PHA
production using C. necator as the microbial factory has been identified as a notable gap in the

literature that underscores the need for further investigation and exploration.

1.3 Aims and objectives of the thesis

The main aim of this thesis is to investigate the feasibility of using cassava peel waste as a
sustainable resource for the biosynthesis of PHA by the bacterium species C. necator. This aims

to answer the two following research questions:

“Can cassava peel waste be effectively employed as a renewable substrate for PHA

production by C. necator?”

“What are the optimal process conditions and strategies to achieve efficient PHA

biosynthesis?”
To achieve this aim, several objectives were set:

e To characterise the CP feedstock, to understand its properties and its potential to be
metabolised by C. necator, ultimately targeting PHA production.

e To systematically assess diverse hydrolysis methodologies, encompassing both
enzymatic and acid hydrolysis, for the efficient extraction of reducing sugars from CP.

e To perform an optimisation study to determine the best hydrolysis conditions employing
design of experiments (DoE) and response surface methodology (RSM), specifically
through a central composite design (CCD), aimed at maximising sugars recovery.

e To screen the potential of C. necator to grow and produce PHA using the cassava peel
hydrolysates (CPH) obtained in the optimisation study, conducted at plate-scale.

e To identify the optimal hydrolysis conditions for highest microbial growth and PHA
production.

o To upscale the process using the CPH derived from CP in the screening experiment,
transitioning from plate to shake flask scale, in order to assess the suitability of CPH for
microbial growth and PHA production at a higher scale.

e To further scale up the production of PHA from CPH, transitioning from flask-scale to
bioreactor-scale, optimising the fermentation process, resembling industrial processing

settings.
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e To assess the applicability of flow cytometry as a rapid and efficient analytical tool to

determine PHA biosynthesis.

Figure 1.2 depicts the overall process for the production of bioenergy and bioproducts from
feedstocks rich in starch and lignocellulosic matter. This diagram depicts the sequential stages

undertaken throughout this thesis to achieve the predefined objectives previously presented.
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Figure 1. 2 Process diagram of bioenergy and bioproducts production from starchy and lignocellulosic
feedstock, including characterisation and processing of biomass.

1.4 Structure of the thesis

This thesis is structured into seven chapters, each addressing different objectives:
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e Chapter 1: This initial chapter sets the stage by providing an overview of the context and
background that motivated the research presented in the thesis. Additionally, it briefly
presents the current state of the art of the research topic and outlines the aims and
objectives of the thesis. The chapter concludes by presenting a roadmap of the structure

and content of the thesis.

e Chapter 2: This chapter offers a comprehensive literature review that addresses the
fundamental concepts and ideas essential for readers to understand before they immerse
themselves in the experimental sections. It contextualises the need for PHA development
and underscores the significance of using CP as a feedstock. Additionally, this chapter
provides insights within the framework of Sub-Saharan Africa (SSA) to elucidate the

rationale behind selecting cassava as the substrate.

e Chapter 3: This chapter presents the characterisation of untreated and acid-hydrolysed
CP, involving the physical, chemical, and structural properties of CP. This analysis aims
to elucidate the alterations induced by acid hydrolysis on the feedstock and assess the

potential of this feedstock for PHA production.

e Chapter 4: This chapter focuses on the pretreatment of CP and presents two
methodologies for obtaining reducing sugars from CP: enzymatic and acid hydrolysis.
Acid hydrolysis is subsequently subjected to optimisation utilising response surface
methodology, specifically employing a central composite design to optimise key process

parameters to achieve maximum reducing sugars recovery.

e Chapter 5: This chapter utilises the hydrolysates obtained in Chapter 4 to perform a
screening of microbial growth and PHA production at plate scale. Following the
identification of the most suitable hydrolysate, cultures are subsequently upscaled to

shake flask.

e Chapter 6: In this chapter, the transition to bench-scale bioreactor is presented. Several
cultivation fermentation strategies and varying process parameters are presented towards

the enhancement of PHA production.

e  Chapter 7: This final chapter presents the conclusions derived from the entire thesis and
delineates potential directions for future research in order to enhance the outcomes

achieved across this study.
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Chapter 2. Literature review

The content of this chapter has been adapted from the following publication:

“Opportunities for the development of cassava waste biorefineries for the production of
polyhydroxyalkanoates in Sub-Saharan Africa”. C. Hierro-Iglesias, A. Chimphango, P. Thornley,
A. Fernandez-Castané. Biomass and Bioenergy 166 (2022) 106600.
https://doi.org/10.1016/j.biombioe.2022.106600.

2.1 Introduction

The depletion of non-renewable resources and climate change are driving the development of bio-
based processes and products using low-carbon-renewable biomass [1,2]. In 2019, 99% of plastics
produced worldwide were obtained from non-renewable resources and the decomposition in
landfills of petroleum-based plastic waste can take up to 1000 years [3]. It was estimated that
between 1950 and 2015, 6300 Mt of plastic waste were generated [28]. Meanwhile, reductions in
copper, gas, and oil demand resulted in an economic slowdown in Sub-Saharan Africa (SSA) in
2015 after 15 years of growth. Although Africa relies significantly on wood for its energy supply,
there is also a high dependence on fossil fuels, with 80% of electricity produced in the continent
coming from fossil fuels [29]. Sustainable technological and industrial development is needed in
SSA to develop non-fossil-dependent sources of income [30]. In order to develop more
sustainable production systems, the “circular economy” model is gaining interest [31] and
biorefineries are proposed as production facilities that can potentially fulfill the implementation
of such model [2]. In 2016, biomass represented more than 63.3% of Europe’s total renewable
energy production [32] and around 10% of the global energy supply [33]. The use of food
processing waste in biorefineries to produce value-added products can potentially provide a
solution to waste management challenges while developing greener economic models [25]. The
SSA economy is largely based on agriculture and its derived products and these activities result
in large quantities of organic waste, presenting a major issue that can be seen as an opportunity

for the waste to be used as feedstock in biorefineries [34].

Sugarcane, cassava, palm oil, and jatropha are some of the most relevant crops with high

production yields in SSA. This thesis focuses on cassava (Manhiot esculenta), which is an
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important source of farm income in SSA [35]. Around 169 Mt of cassava are produced in Africa
annually [36] resulting in 40 Mt of cassava waste [14], and each ton of cassava pulp abandoned
in landfills releases between 195 and 361 kg of CO, equivalent to the atmosphere [37]. Cassava
waste includes peels, bagasse, and wastewater; which have the potential for valorisation into
products (i.e., starch, bioethanol, and biofuel) in biorefineries [38]. There has been practically no

consideration of this in the research literature to date.

Household and industrial use of plastic increased by an estimated 50% in the world between 2000
and 2019 [39] though this differs around the globe. While the global yearly average plastic
consumption per capita in 2015 was 43 kg, in South Africa and Nigeria this figure was only 24.5
and 4.4 kg, respectively. African society is experiencing a change in living habits and
urbanisation. SSA is the world’s fastest urbanising region, with urban areas expected to double
their population in the next 25 years [40]. The production of polymers in SSA is scarce and the
vast majority of plastic is imported [41]. Forecasts show that plastic imports in SSA will double
by 2030 [41].

360 Mt of petroleum-based plastics are produced annually worldwide [42,43]. As illustrated in
Figure 2.1A, 9% of the global plastic waste is recycled, 19% incinerated, 50% landfilled, and 22%
evades waste management systems and goes into uncontrolled dumpsites [42]. If current
production and waste management trends continue, roughly 12,000 Mt of plastic will be
accumulated in landfills by 2050 [28]. Around 82 Mt of plastic waste was landfilled in Africa
between 1990 and 2017 [41]. Therefore, the development of bio-based and bio-degradable
polymers is a key priority [28], despite currently constituting only 1% of total plastic production.
The remaining 99% are petroleum-based plastics such as polypropylene (PP) or polyethylene
(PE). Bioplastic production shows an uneven geographic distribution. As depicted in Figure 2.1B,
most of the production capacities are located in Asia and Europe, followed by North America and
South America. African production of bioplastics is negligible [44] hence, indicating an

opportunity for exploitation.

One of the most promising candidates for the sustainable development of environmentally
friendly plastics is the biodegradable polyester polyhydroxyalkanoate (PHA), which can be
produced from renewable resources [7]. These biopolymers can be used in a wide range of
applications such as commodity plastics for packaging, agricultural use, and medical applications

[45-49].

C. Hierro-Iglesias, PhD, Aston University 2023 30



Recycled

9% Incineration Asia [

Europe N

PLASTIC North America  [INNEGGN
WASTE
South America |GG
Africa
0 10 20 30 40 50

% Bioplastics production capacities

Accumulated in landfills

Figure 2. 1 (A) World waste plastic management in 2017 adapted from [41]; (B) Global production
capacities of bioplastics in 2019 by continent, adapted from European Bioplastics (2019) [35].

Biopolymers offer many environmental advantages over petroleum-based plastics e.g., recent
studies report c.a. 80% reduction in the global warming potential for production of 1 kg of PHA
compared to the petrochemical alternative [47]. As a low-cost feedstock, cassava waste can help
deliver cost-effective production, enabling the development of local circular economy systems in
the SSA region by potentially including cassava-based products such as fertilisers during

production.

This literature review, therefore, aims to determine the potential for the development of cassava
waste integrated biorefineries to produce PHA in SSA with several objectives: (i) To identify the
most appropriate biorefinery configurations: second-generation biorefineries along with the
current development in SSA are reviewed in section 2. (ii) To assess the sustainable feedstock and
scale-up potential: cassava production and cassava waste generation are considered in the third
section as well as the potential for cassava to become a major resource for biorefineries by
examining the most relevant bioproducts produced to date from cassava waste. (iii) To identify
development opportunities and barriers: in the fourth section, biopolymers (especially PHA) are
reviewed and opportunities to produce PHA from cassava waste are discussed. (iv) To support
market strategies and planning, the feasibility of implementing cassava waste biorefineries for
biopolymers production is evaluated and discussed in the fifth section through market analysis,
techno-economic assessment, and life cycle analysis. (v) To integrate the above investigations to
deliver a robust assessment of the future prospects of cassava waste biorefineries for biopolymers

production in SSA, the above are synthesised in the sixth section.
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2.2 Biorefineries

In the late 1990s, the concept of a biorefinery emerged as a result of increased awareness of
climate change and fossil fuel scarcity [49]. The most distinctive feature of biorefineries
compared to traditional petroleum-based processing plants is the use of biomass, and a key driver
is that sustainable biorefineries can help minimize greenhouse gas (GHG) emissions and waste
management problems associated with petrochemical refineries [50]. However, a wide range of
possible substrates [51] and feedstocks must be selected to suit the product, target characteristics,
and suitable conversion technologies [52]. Moreover, economic, social, and environmental
aspects must be taken into consideration, including biomass availability in the region. The
development of production facilities in less industrialized areas may entail additional benefits
such as minimizing feedstock transportation as well as logistics and management considerations
that may boost the local and regional economy [53]. Nevertheless, the replacement of petroleum
with renewable feedstocks such as biomass requires changes in processing [31,54]. The
integration of mature and emerging methods broadens the range of applications and products [52].
Section 2.2 summarises the four types of existing biorefinery concepts and analyses their

development status with particular reference to SSA.

2.2.1 Types of biorefineries

Biorefineries are often categorised by the type of raw material used in the process: divided into
first, second, third, and fourth-generation biorefineries [55] as depicted in Figure 2.2. First-
generation biorefineries use crops as feedstock. The use of food products suitable for human
consumption has led to controversy around these platforms due to ethical issues regarding food
access in some global regions, potentially leading to competition between human consumption of
food and biorefinery supply [56]. Therefore, the use of food crops raises sustainability concerns

and first-generation biorefineries may compromise food availability in vulnerable areas [25,34].
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Figure 2. 2 Diagram depicting the types of biorefineries.

Second-generation biorefineries use biomass waste and non-edible crops as feedstock [57]. This
includes waste streams generated in a wide range of industries and environments such as agro-
industry, agriculture, forestry, and household activities [57]. This type of biorefinery presents
some advantages over the first-generation e.g., lower cost of raw materials, alleviation of adverse
effects arising from mismanaged waste and environmental pollution, and minimisation of the
competition for land resources between food production and bioenergy and bioproducts
production, and environmental benefit by valorising waste streams [58]. Various products such as
biopolymers (i.e., PHA) [59] and chemicals (i.e., lactic acid, citric acid, hydroxymethylfurfural)
[60] have been successfully produced following the 2™ generation biorefinery concept at

laboratory scale.

Third-generation biorefineries use microbial cell factories to convert renewable energy and
atmospheric CO; into value-added products and energy [61]. Many third-generation biorefineries
are focused on the use of algae because these can assimilate CO; from freshwater, seawater, and

wastewater for the production of a wide variety of fuels and products [62].

Lastly, fourth-generation biorefineries use CO; produced by other industries as a feedstock [62].
Such biorefineries aim to simultaneously produce value-added chemicals or fuels and store CO»
during the production thus, reducing CO, emissions and achieving a carbon-negative process [63].
The production of bio-based products is well developed at laboratory and pilot scales.
Nevertheless, very few products are commercially developed because of technological,

environmental, and economic barriers [64].
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Currently, the major industrial interest is focused on the development of second-generation
biorefineries e.g., the AgriMax project aims to establish a biorefining process using crop waste to
produce new bio-compounds for the chemical, bio-plastic, packaging, and agricultural sectors
[64], and the OLEAF4VALUE project, aims to isolate high value-added bioactive compounds
from olive leaves, with high market potential in the food, feed, chemical, and pharmaceutical
sectors [65]. There are well-established industries that are mostly oriented to biofuels and
bioenergy production. One example is Vivergo fuels (UK) [66], which produces ethanol from feed
wheat. The production of other value-added products, such as bulk chemicals or biopolymers
from waste biomass is still to be developed in the industrial landscape. The development of third
and fourth-generation biorefineries is still very limited due to the relatively low yields when using

microorganisms and the complexity of obtaining desired products from CO, [58].

2.2.2 Current developments of biorefineries in Sub-Saharan

Africa

Biorefineries offer environmental advantages over traditional refineries, and they are emerging in
many areas of the world, such as North America, Europe, Australia, and some areas of Asia.
Biorefineries are also emerging in regions such as South America, but there has been very limited
activity in Africa [67]. However, some countries in the continent have started developing
strategies to promote their industrial implementation [68]. Ghana [69] and South Africa [70] are
examples of countries that already published their own strategy to develop their bioeconomy
through the exploitation of natural and renewable resources to contribute to economic growth and
quality of life. The bio-economy strategy of South Africa states the potential of the development
of biorefinery platforms for the co-production of a wide range of products and the benefits that

this would entail to the country’s economy [71].

In 2010 only 42% of the African population had access to electric power, and the increase in the
oil price coupled with high population growth rates are hindering access to energy and basic goods
[68]. With limited energy infrastructure, the development of biorefineries in SSA is mostly
focused on biofuel production [40,72] since these offer a flexible and portable energy vector.
Such development has the potential to alleviate fossil-fuel dependence in SSA as well as to
promote infrastructure development. Additionally, biorefineries for biofuels can also help to boost

the agricultural sector and thereby help tackle poverty [73].

Ghana is an example of a SSA country that has already made progress in this area since a
government policy in 2010 that ordered a gradual replacement of petroleum-based fuels with

biofuels [69]. Malawi developed a plan in 2006 where Jatropha oil seeds are used as feedstock
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for biofuel production [74]. Various major cities in Malawi such as Lilongwe and Dwangwa have
plants processing sugarcane molasses to obtain bioethanol [68] and there are biofuel production
plants in Mozambique [75], Nigeria [68], Senegal [76] and Tanzania [77]. The use of bioresources
for energy production in SSA countries is increasing e.g., 9 — 14% of South African energy needs
were produced from biomass in 2016. However, the utilization of biomass for biofuel production
is not always economically sustainable and value-added bioproducts can support this [78]. The
choice of raw material must take into account the final product or combination of products, as
well as the availability of feedstock and the main feedstocks used in the SSA region, which are
mostly cassava, sugarcane, molasses, jatropha, and cashew [68]. However, the development of a
biorefinery platform must also consider social and economic factors. Second-generation
biorefineries are the preferred production plants in SSA due to the large cropped areas, resulting
in large amounts of residues. The increasing global interest in moving away from petroleum-
based chemicals could align well with the high availability of feedstocks in SSA if appropriate
technologies are developed to enable the co-production of other bioproducts [79], which provide
income that supports economic profitability e.g., jatropha press cake after biodiesel production
has been used to obtain coatings, paints, adhesives, ethanol, binders and fertilizers in various
African countries [80]. The International Energy Agency (IEA) estimated the production cost of
biodiesel to be around US$0.8/1 and the market price around US$1.09/1 [81] in 2018. By
comparison, the biopolymer polyhydroxybutyrate (PHB) has an estimated cost of US$5-6.11/kg
and some companies such as Newlight Technologies claim to be able to produce them in the range
of US$2-3/kg [82]. These differentials significantly impact profitability and drive the rationale
for multiproduct integrated biorefineries rather than single-product strategies. Here, the co-
production of high-value products within integrated biomass-processing facilities can potentially
overcome some of the current economic challenges [71,83], since realizing higher sale values for
small-volume products can support the overall economic viability of the multi-product biorefinery
system. Second-generation biorefineries could then be a potential waste management solution,
improving the region’s economy through the co-production of various bioproducts and energy

[84].

2.3 Cassava production in Sub-Saharan Africa

Cassava (Manihot esculenta) is the fourth most important crop for starch production in tropical
and subtropical countries, after rice, sugar, and maize [85,86]. Its characteristics, such as
endurance, resistance to disease and drought, and ability to grow in low-quality soils allow this
crop to grow in different environments [15]. Cassava is a major food crop for more than 700

million people in the world, mostly in SSA and other developing countries such as Thailand,
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Vietnam, and Indonesia. The vast majority of cassava production is located in Africa, Asia, and
South America, as shown in Figure 2.3. In 2014, Africa was the top producer continent, with a
54.5% share of global production [87]. This crop offers a cheap source of carbohydrates in
countries where most of the population faces poverty and hunger. Moreover, cassava can be grown
both, at small scale - where there is no need for mechanisation and it is easy to harvest, allowing
the growth in marginal areas with unfavourable weather conditions — and at large scale. Therefore,
cassava properties make this crop very interesting and resistant to climate change, while
promoting economic development in low and middle-income countries. Additionally, the
development of local agro-industries for processing and trading cassava could decrease the need
for imported crops and the associated high taxes. Therefore, this represents an opportunity to
support local economies where cassava is yet underutilised due to the lack of technology to
minimise post-harvest loss and the non-existent facilities to convert cassava residue into value-
added products [88]. Water makes up 60% of the total cassava mass; while most of the dry
material is starch, cellulose, and hemicellulose, making this a cheap source of carbohydrates. The
use of cassava in biorefineries as feedstock can result in value-added products and income
generation [15], but implementation has been limited due to the lack of industrial and
technological capacity. Nigeria is the largest cassava producer in SSA and a global leader. The
production in 2013 reached c.a. 55 Mt, representing 20% of the worldwide production [24].
However, only 7% of global production is used to obtain products such as organic acids and

flavour compounds [89].
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Figure 2. 3 Major cassava producer countries in 2014. Adapted from the joint FAO/IAEA division of
nuclear techniques in food and agriculture report [78]. Mt: Million tons.

Cassava crops also present significant waste management challenges: waste generated after
cassava harvesting and processing is usually left in the field or burnt, contributing to
environmental pollution and human health hazards [90]. Understanding the different types of
cassava waste is crucial in order to develop potential solutions. The main categories are: (i) peels
from initial processing, (ii) fibrous by-products from crushing and sieving, (iii) settling starch
residues and cassava processing bagasse, and; (iv) wastewater [91]. There are six cassava
processing facilities in Nigeria, which generate 1.5 — 3 t and 3 — 6 m® of solid and liquid waste
daily, respectively, from a supply of 6 — 8 t of cassava tubers. This results in approximately 40 Mt
of cassava waste being generated in Africa annually [92]. Such waste is rich in organic compounds
and can be potentially valorised and used as feedstock in biorefineries to produce fuels and
chemicals [79]. If all the cassava waste generated in Africa in a year was to be converted into
fuels, approximately 10'* kJ of energy could be produced annually, which would be enough to
provide electric energy to Ghana for more than a year [93]. Cassava production has increased by
an average of 2.2% per year in the last few decades, and the trend is expected to continue in the
future, with the associated waste arising [94]. The development of cassava waste biorefineries in
SSA, therefore, has the potential to help mitigate the environmental issues associated with waste

disposal whilst promoting job creation and industrial activity [95].
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2.3.1 Cassava waste valorisation into value-added products

2.3.1.1 Cassava composition, characterisation, and pre-

treatment

The main types of cassava waste (peels, fibrous by-products, starch residues, and wastewater)
have a similar composition to the fresh crop. This work focuses on the specific use of cassava
peel (CP), which constitutes around 20% of the total waste produced during tuber processing. CP
is a valuable biomass source for its high starch, cellulose, hemicellulose, and lignin
concentrations. Previous authors characterized CP, revealing starch content of 44.5%, cellulose
content of 9.1%, hemicellulose content of 7.5%, and lignin content of 9.2% [96]. Starch and
cellulose are composed of glucose monomers and belong to the group of polysaccharides. In
contrast, hemicellulose is a polysaccharide that can have a diverse range of monomers, including
xylose, mannose, glucose, and galactose. Lignin, on the other hand, is a hydrocarbon composed

of aliphatic and aromatic structures [97] (Figure 2.4).

The conversion of these molecules into value-added products [98], such as organic acids [99],
ethanol [100], flavour and aroma compounds [101], methane [102], biogas [103], and
biopolymers [15], among others, has significant potential. However, the efficient conversion of
the polymeric components into their constituent monomers is a critical step due to the strong

bonding within these structures.
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Figure 2. 4 Chemical structure of amylose (A1) and amylopectin (A2), constituents of starch (A); cellulose
(B); an example of hemicellulose (C); and lignin (D) fractions. Molecular structures created using
ChemDraw.

Apart from the portion of carbohydrates, CP include a wide range of bioactive substances,
particularly phenolic compounds, which should be acknowledged and investigated due to their
potential inhibition of microbial growth. Recent research has investigated different extraction
techniques and provided information on the existence of these chemicals in CP [104]. The
technique of phenolic compound extraction from biomass wastes, like CP, has the potential to
significantly increase the value of this waste material and reduce the inhibitory activity in future
fermentative processes. For instance, strategies employed in the fermentation of other agricultural
waste, such as rapeseed meal, have demonstrated the efficacy of bioactive compound extraction

in improving overall activity [105]. Therefore, investigating the composition of phenolic and
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other bioactive compounds in CP and exploring extraction methods could offer new avenues for

enhancing the utilisation of this abundant biomass resource.

However, the composition of biomass can fluctuate depending on factors such as the variety,
source, and treatment method. Consequently, it is crucial to conduct biomass characterisation to
understand its properties. This facilitates the identification of its potential for bioenergy and

bioproduct production and allows for the selection of the most suitable conversion methods [106].

The characterisation process generally involves the evaluation of the chemical, physical, and
thermal properties of biomass. Physicochemical methods are used to measure the elemental
composition, proximate analysis, ultimate analysis, particle size distribution, bulk density, and
moisture content of biomass. These methods can provide valuable insights into the physical and
chemical properties of biomass. On the other hand, thermal characterization methods, such as
thermogravimetric analysis (TGA) and calorimetry, can provide valuable information on the
combustion or gasification behaviour of biomass [107,108]. In addition, spectroscopic techniques
like Fourier Transform Infrared Spectroscopy (FT-IR) and nuclear magnetic resonance (NMR),
provide information on the molecular structure and functional groups present in the biomass
[109,110]. Alternative techniques, including scanning electron microscopy (SEM), and X-ray
diffraction (XRD) analysis can be utilized to analyse the morphology of biomass [111]. By

understanding these properties, the most suitable conversion technologies can be identified.

Using multiple and orthogonal characterisation methods is essential to obtain a comprehensive
understanding of the biomass and ensure an accurate evaluation of its properties. However, the
utilization of biomass waste in its natural form for the production of bio-based products is
challenging due to its hygroscopic nature, high moisture content, high bulk volume, and low
heating value. As a result, the processes involved are usually inefficient and costly [111].
Therefore, a pre-treatment step is necessary to modify the properties of the biomass feedstock,
making it more suitable for conversion into value-added products [112]. Various pre-treatment
techniques such as mechanical, thermal, and biological treatments are available, and their
suitability and drawbacks are determined by the biomass composition and the target product
[113]. Among those, enzymatic hydrolysis is one of the preferred methods. Amylolytic enzymes
play a crucial role in the conversion of starch-rich substrates into reducing sugars and other
products. The enzymatic hydrolysis of starch into glucose is a multi-step process that involves the
use of several enzymes, including a-amylases and glucoamylases, which differ in their specificity
and mode of action [114]. Figure 2.5 illustrates that the initial step in the process involves the
gelatinisation of starch, typically conducted at a temperature range of 65-100 °C, which allows
for greater accessibility of the enzymes to the substrate. Nevertheless, some authors have

demonstrated that while this step enhances the effectiveness of the process, it is not an absolute
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requirement to achieve high conversion values. An alternative approach proposed by previous
authors involves skipping the gelatinisation step, as similar conversion rates have been observed
with and without its implementation. Following gelatinisation, the next step in the process is
liquefaction, typically performed at a pH of 6 and a temperature of 25 °C. It is noteworthy that
while these temperatures are commonly used, there is a growing trend towards utilising
thermostable enzymes in bioprocessing. Thermostable enzymes exhibit enhanced stability and
activity at elevated temperatures, allowing for more efficient and cost-effective processes,
particularly in industrial applications [115]. Liquefaction involves the partial hydrolysis of starch
by a-amylases, cleaving the a-1,4 glycosidic bonds between glucose units. This enzymatic
reaction results in dextrin, maltose, and a very limited amount of glucose. The constrained glucose
production via o-amylase can be ascribed to various factors, encompassing the intricate
configuration of starch molecules within CP, potentially impeding the accessibility of a-amylase
to the substrate. Furthermore, the inherent substrate specificity and enzymatic activity of o-
amylase may also contribute to the limited conversion of starch to glucose. Therefore, the capacity
of a-amylase to produce high amounts of glucose from CP is limited [116]. The ultimate step of
the process is saccharification, typically conducted at a pH of 6 and a temperature of 50 °C, during
which the dextrin and maltose molecules produced in the liquefaction step undergo further
hydrolysis by glucoamylase, leading to the generation of monomeric D-glucose. Specifically,

glucoamylase cleaves the a-1,4 and a-1,6 bonds, thereby producing glucose [117].

Enzymatic hydrolysis offers several advantages over thermochemical techniques, including the
generation of fewer hazardous wastes and lower energy consumption. Additionally, the high
efficiency and specificity of enzymatic hydrolysis make it one of the preferred methods for the
degradation of starchy feedstocks. However, large-scale processing may be limited due to long

reaction times and costs [118].
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Figure 2. 5 Starch hydrolysis process using a-amylase and glucoamylase.

Other techniques are commonly employed in biomass pre-treatment, including the use of ionic
liquids, extrusion pre-treatment, microwave-assisted technologies, and thermochemical processes
such as carbonisation, gasification, hydrolysis, and pyrolysis, among others [106,119]. Among all
the thermochemical methods, dilute acid hydrolysis appears to be the most prevalent technique
for the recovery of reducing sugars from cassava. Moreover, dilute acid hydrolysis offers several
advantages, including the need for low acid concentration (up to 3 — 4% (w/w)), which simplifies
waste management compared to using highly concentrated acid solutions, resulting in a lower
environmental impact [120]. Additionally, it is usually conducted at relatively low temperatures.
While other techniques, such as carbonisation, gasification, and pyrolysis, require temperatures
of 300, 700, and 500 °C [121-123], respectively, dilute acid hydrolysis is generally performed
within the range of 60-200 °C [120,124]. Dilute acid hydrolysis has demonstrated time and cost
advantages over enzymatic hydrolysis. While most studies performing enzymatic hydrolysis of
CP require between 24 and 48 h [125,126] to achieve maximum conversion, dilute acid hydrolysis
of CP only takes up to 2 h [126,127]. The cost of different methods for hydrolysing substrates has

also been a topic of interest due to its implications on industrial processes. Woiciechowski and
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co-workers conducted a study comparing the cost of enzymatic hydrolysis and acid hydrolysis of
cassava bagasse. Their findings indicated that enzymatic hydrolysis resulted in a 70-fold increase
in the final cost compared to acid hydrolysis [128]. Additionally, it is noteworthy that acid
hydrolysis processes tend to produce a higher quantity of byproducts such as furfurals. These
furfurals, while not directly contributing to the desired product, are important to consider due to
their potential impacts on downstream processes and product purity in biorefinery operations

[129].

2.3.1.2 Current status of cassava waste valorisation

Although the potential of cassava waste as a feedstock in biorefineries has yet to be fully
exploited, the biotechnological approaches such as genetic engineering, that have been developed
in recent decades facilitate significantly more efficient bio-based production from cassava waste
[53, 54]. Countries such as Thailand, Cambodia, Brazil, Vietnam, India, and China are among the
major producers and processors of cassava into a wide range of products [132]. Organic acid
production from different agro-industrial waste streams is well described e.g., microbial
transformation of cassava into citric acid was optimized in Brazil [99], lactic acid and ethanol
were achieved at high yields in Thailand [133], and enhanced production of succinic acid is
reported in China [134] The predominance of such countries may be not only due to the
availability of feedstocks to be transformed into value-added products but also to the
technological development that these countries have experienced in recent decades. Despite SSA
being the most important cassava-producing region, there is a lack of industrial and technological
development that hinders the bioconversion of biomass (e.g., cassava) into value-added products
(i.e., biopolymers), and therefore, SSA remains distant from the leading world processors. Most
of the cassava production in SSA is located in deprived areas [135]. Hence technological
development of cassava valorisation into value-added chemicals such as biopolymers represents
an economic opportunity as well as reducing dependence on fossil fuels. A few bioplastics have
already been produced, showing promising results. Nevertheless, the biotransformation of

cassava waste into biodegradable polymers is yet to be optimised [136].

2.4 Biopolymers

Biopolymers are a type of polymer produced from natural resources that represent an alternative
to petroleum-based polymers. Biopolymers can be entirely synthesised by living organisms or
chemically synthesised from a biological material [45]. A wide variety of characteristics such as

the diverse structural composition and the alterable physical properties have turned biopolymers
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into interesting products for a wide spectrum of applications from commodity plastics for
packaging to pharmaceutical and medical uses (e.g., heart valves) [55]. Classification by
biodegradability properties and origin results in three groups: the first category, bio-based
polymers, comprise biopolymers based on renewable resources, which are not necessarily
biodegradable, albeit most of them are. The second group, biodegradable polymers, comprises
biodegradable biopolymers, which do not need to be based on renewable resources. The third
type, bio-based and biodegradable polymers, consists of both, biopolymers based on renewable

resources and biodegradable polymers [137].

Many biopolymers with similar properties to traditional petroleum-based plastics such as
polypropylene (PP) or polyethylene (PE) are commercially relevant but are not biodegradable.
Consequently, most of the current interest is centred on three types of polymers that belong to the
bio-based and biodegradable polymers group. These biopolymers are polylactic acid (PLA), PHA,
and starch-based polymers [4]. Another interesting characteristic of these biopolymers is their
biocompatibility properties, which means they can be used in a variety of medical applications
[138]. The following section focuses on the production and opportunities of PHA. Although the
current worldwide production of biopolymers is dominated by PLA, recent publications show an
increasing interest in PHA due to their faster and more reliable biodegradability times at lower
temperatures [6]. PLA is a renewable polymer however; it does not offer the end-of-life
advantages of PHA [6,139]. Additionally, emerging biopolymers such as polyethylene furanoate
(PEF), derived from the polymerisation of 2,5-furandicarboxylic acid (FDCA), which can be
obtained from biomass, are gaining attention. PEF presents promising properties for

biodegradability and can contribute to the diversification of sustainable polymer options [140].

The biopolymers market is currently dominated by Europe and North America with Metabolix
(USA) dominating global production, while production in the Asia Pacific and Latin America
begins to evolve [141]. In contrast, there is little reported activity for the African continent, with
very few companies producing biodegradable plastics; an exception is Hya Bioplastics in Uganda

[142].

Production of PHA presents two major challenges: (i) the cost of the substrate needed for the
synthesis of the biopolymer and (ii) the cost of purification and its associated technologies. Some
manufacturers report the use of feedstocks such as castor oil, but limited feedstock data is publicly

available. Therefore, biopolymers’ commercialisation is hampered by economic factors [22].
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2.4.1 Polyhydroxyalkanoates (PHA)

PHA (Figure 2.6A) are a wide family of polyesters that are produced by various microorganisms;
both native and genetically modified. They are lipid-like molecules and have similar properties
to some petroleum-based plastics such as polypropylene (PP) and low-density polyethylene
(LDPE). PHA have become a promising alternative to petroleum-based plastics [5] as they can be
synthesised from renewable resources and biodegraded by microorganisms [145]. PHA are
hydrolysed by specific depolymerases, which are secreted by PHA-degrading microorganisms,
hence the polymer is degraded extracellularly to water-soluble products [146]. The bio-based and
biodegradable characteristics strongly support PHA market growth among bioplastics [8].
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Figure 2. 6 General molecular structure of (A) Polyhydroxyalkanoates (PHA). (B) Examples of short-chain
length (SCL), medium-chain length (MCL), and long-chain length (LCL)-PHA. Molecular structures
created using ChemDraw. 3HB: 3-hydroxybutyrate acid; 3HHx: 3-hydroxyhexanoate acid; and 3HOD: 3-
hydroxyactadecanoic acid.

More than 150 different PHA monomers have been described and different PHA polymers and
copolymers can be obtained through combinations of single monomers depending on the carbon
source used by the microorganism. Moreover, PHA show a wide diversity of characteristics and
properties, therefore, allowing a broad range of applications. Widely studied PHA include
polyhydroxybutyrate (PHB) which is one of the most abundant PHA homopolymers and; poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a copolymer obtained after the combination of

C. Hierro-Iglesias, PhD, Aston University 2023 45



3-hydroxybutyrate (3-HB) and 3-hydoxyvalerate (3-HV) [147,148]. PHA are divided into three
categories depending on the number of carbon units: (i) short-chain length (SCL-PHA), (ii)
medium-chain length (MCL-PHA), and (iii) long-chain length (LCL-PHA) (Figure 2.6B). The
above-described monomers can be combined to form both, homopolymers and copolymers [138].
Table 2.1 shows the main characteristics of each category such as the number of carbon monomer

units, the main properties, and potential applications.

Table 2. 1 Main characteristics of the three categories of polyhydroxyalkanoates (PHA).

Main Presence in Relevant
Category Carbon atoms . s
properties nature applications
. Packaging and
SCL-PHA 4-5 Thermoplastic Common textile [138,149]
. Biomedical
MCL-PHA 4-14 Elastomeric Common [149,150]
. Bioplastics
- - *
LCL-PHA >14 Non-specific Rare [151,152]

*LCL-PHA have been blended with SCL-PHA and mcl-PHA for application studies. SCL-PHA: short-
chain length polyhydroxyalkanoates; MCL-PHA: medium-chain length polyhydroxyalkanoates; LCL-
PHA: long-chain length polyhydroxyalkanoates.

PHA are only produced by microbes and they are stored as cytoplasmic granules which are
insoluble in water [138], with a diameter ranging from 0.2 to 0.5 um [138]. They can provide
carbon and energy to the cell, enhancing the cell lifetime under starvation conditions [98,99].
Additionally, PHA enhances stress resistance and robustness of microbes when exposed to diverse
environmental stressors, including but not limited to high or low temperature, freezing conditions,
oxidative stress, and osmotic pressure [153]. On the surface of those granules, a considerable
number of proteins are found. Although the function of some of these proteins has not been
defined yet, the supramolecular complex of protein-PHA interactions has exploitation potential.
Jendrossek proposed the designation “carbonosomes” to the complex organised structures

containing proteins on the surface of PHA [154].

PHB is one of the most abundant and common PHA, which belongs to the SCL-PHA group. It
consists of linear chains of (R)-3-hydroxybutyrate units. PHB has been divided into three groups
based on the number of monomer units: (i) high molecular weight storage PHB, (ii) low molecular
weight PHB and (iii) conjugated PHB (cPHB). Firstly, high molecular weight storage PHB
includes PHB polymers containing more than 10° units, and they are also known as “storage
PHB”. They are usually found in prokaryotes as inclusion bodies. Secondly, the low molecular
weight PHB group comprises PHB polymers containing between 100 and 200 units of (R)-3-
hydroxybutyrate. These types of polymers may be found in all organisms [138]. Lastly,
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conjugated PHB (cPHB) includes PHB polymers containing less than 30 units of (R)-3-
hydroxybutyrate covalently linked to proteins [155].

The biochemical pathway for PHB synthesis comprises three main steps: (i) the condensation of
two molecules of acetyl-Co A to acetoacetyl-CoA by a B-ketothiolase (PhaA); (ii) the acetoacetyl-
CoA reduction into 3-hydroxybutyryl-CoA (monomeric precursor of the biopolymer) by an
acetoacetyl-CoA reductase (PhaB) and; (iii) 3-hydroxybutyryl-coA polymerization to obtain
PHB, conducted by a PHB synthase (PhaC) (Figure 2.7) [156].

o] O o] (o]
)J\ i )L - M
SCoA SCoA ACoA
Acetyl-CoA Acetoacetyl-CoA PhaB

(R)-3-Hydroxybutyryl-CoA
Poly (3-Hydroxybutyrate)

Figure 2. 7 Schematic illustration of the enzyme-catalysed polyhydroxybutyrate (PHB) synthesis system.
Molecular structures created using ChemDraw.

2.4.2 Polyhydroxyalkanoates production

PHA are bio-based and biodegradable biopolymers that are entirely produced by various types of
microorganisms. It has been reported that PHA are produced in response to carbon oversupply,
resulting in carbon and energy reserves inside the cells. Nevertheless, carbon oversupply is not
the only stimulus for the microbes to produce PHA: the limited supply of other nutrients such as
nitrogen or oxygen restricts bacterial growth and leads to PHA synthesis [157,158]. PHA synthesis
requires a carbon source that the microorganism uptakes and subsequently transforms into PHA.
All PHA are synthesised from CoA-activated precursors by the action of PHA synthases that
catalyse the polymerisation [155]. Depending on the microorganism, different carbon sources can
be used such as glucose, fructose, maltose, or xylose. Nevertheless, not only sugars can be used
as feedstock in PHA production. Vegetable oil derivatives have also shown promising results in
lab-scale studies [13]. Despite the industrial production of PHA started in the 1980s, the interest

in biopolymer production has increased in the last decades. One of the main problems detected in
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PHA production is the high process cost compared to petrochemical-derived plastics. In 2017,
PHA cost was estimated to be $5-6.11/kg which is 3 to 4 -fold higher than their petrochemical
competitors, while polymers such as polypropylene (PP) or polyethylene (PE) cost approximately
$1.3-1.9/kg [22, 23]. One of the most limiting steps in PHA production is the feedstock price.
Commercial synthetic carbon sources are expensive hence, using cheaper carbon sources from
biomass resources has been proposed to improve the economic viability of the process [12]. Other
factors directly influencing the high cost of the process are the production yield and PHA recovery
efficiency in the downstream process [13]. PHA yield depends on different variables such as the
bacterial species, components of the culture media, and culture conditions [159]. The following
sections analyse two key variables of the PHA production process: the microbial cell factory, and

the raw material used as feedstock.

2.4.2.1 Microbial cell factories commonly used for the

production of PHA

PHA can be produced by many microorganisms natively whereas others can be genetically
modified in order to synthesise biopolymers. Most of the native producers accumulate PHA as
intracellular carbon and energy reserves [148]. A wide variety of microorganisms have been used
to date to efficiently produce PHA for industrial applications. Gram-positive and negative bacteria
and some eukaryotes have been reported to produce PHA [138]. Table 2.2 presents relevant
studies showing different carbon sources (feedstock) and cultivation strategies for PHA
production. As can be observed, PHA production can be as high as 95% of the bacterial dry cell
weight under optimised conditions [22]. Cuapriavidus necator (C. necator — formerly known as
Wautersia eutropha, Ralstonia eutropha, and Alcaligenes eutrophus) is a gram-negative
facultative chemolithoautotrophic bacterium widely studied for its ability to efficiently produce
PHA. C. necator produces PHA natively, mainly PHB, in the presence of an excess of carbon and
under nutrient stress [160]. C. necator exhibits a versatile metabolism capable of utilising various
carbon sources, including sugars, alcohols, and fatty acids. It possesses key metabolic pathways
such as the glycolytic pathway, the tricarboxylic acid (TCA) cycle, and the B-oxidation pathway
for lipid metabolism [161]. PHA production in C. necator unfolds through a series of intricate
biochemical steps. Commencing with substrate uptake and metabolic processing, precursor
molecules such as acetyl-CoA and synthesised and subsequently polymerised into PHA chains
within the bacterial cell as depicted in Figure 2.7 [162]. This particular PHA-producing
microorganism has three genes that are required for PHA synthesis which are clustered in a
transcriptional unit called phaCAB operon. PHA can be produced under autotrophic conditions

using H» as an electron donor and O, as an electron receptor thus, reducing CO, [155]. Although
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PHB is the most abundant biopolymer synthesized by C. necator, this bacterium can also produce
copolymers such as poly (3-hydroxybutyrate-co-3-hydroxyvalerate). The resulting biopolymer
composition depends on different variables such as the carbon source or the biochemical pathway
utilised [163]. Researchers have endeavoured to exploit the innate capabilities of C. necator for
the industrial- scale production of PHA. Strategic interventions encompassing optimisation of
growth conditions and genetic manipulation have been employed to enhance PHA yields,
fostering advancements in sustainable bioplastic production. C. necator plays a critical role in
promoting the search for environmentally viable plastics because of its innate metabolic
flexibility. The investigation into PHA production stands as a compelling area for further
exploration, as researchers delve into its intricate metabolism processes. Positioned at the
intersection of sustainability and biotechnology, these academic pursuits offer a propitious
pathway for pushing the boundaries of bioplastics production forward while adhering to the

principles of scholarly rigor and integrity [161].

Advances in genetic engineering have enabled the development of novel PHA-producing strains
[164]. An interesting example is E. coli, whereby genes from C. necator were inserted to produce
PHB [165]. Other microorganisms have also shown promising PHB production rates after genetic
manipulation. Remarkably, all the studies depicted in Table 2.2 were carried out in technologically
and industrially developed countries. In contrast, most countries in SSA have not developed the
technology to achieve similar production titres. Knowledge transfer from developed to developing
countries, as well as the need for advanced technology provision, can help to develop the SSA

economy and development.
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Table 2. 2 Relevant microbial systems used for the production of polyhydroxyalkanoates (PHA).

Cultivation PHA content

Cell factory Carbon source strategy (% (grs/gocw) Reference
NATIVE
Waste rapeseed oil +
C. necator whole cheese whey Batch 95.4 [166]
hydrolysate
B. sacchari Saccharose Fed-batch 72.6 [167]
P. putida Decanoic acid + glucose  Fed-batch 74 [168]
Ideonella sp. O-1 Syngas Batch 77.9 [104]
B. megaterium Sugarcane molasses Fed-batch 45.8 [169]
V. proteolyticus Fructose Batch 54.7 [170]
RECOMBINANT
E. coli Glycerol Fed-batch 67.9 [171]
. Crude corn extract
H. bluephagenesis liquid + glucose Fed-batch 79.5 [172]
M. extorquens Methanol Fed-batch 24.7 [173]

2.4.2.2 Use of cassava waste as feedstock for PHA production

Feedstock price is one of the major burdens in the process of PHA production [174]. With the
objective of reducing the total production cost of PHA, a wide range of feedstocks have been
tested as an alternative to synthetic commercial sugars (Table 2.3). The highest production values
(in terms of intracellular PHA accumulation) are generally achieved using pure sugars (i.e.,
glucose) followed by alternative feedstocks with high content of carbohydrates such as cassava
and sugarcane. The use of synthetic sugars as carbon sources results in high process costs and
therefore, researchers are working to find more efficient routes by using waste streams as carbon
sources [151]. Waste biomass has a high potential to be used as feedstock for the production of
PHA. For example, lignocellulosic biomass can be pre-treated to release fermentable sugars that
bacteria can use as the carbon source to grow and produce PHA [175]. On the other hand, starchy
materials from crops or wastewater are interesting resources because they are cheap, renewable,
and locally available [13]. Cassava waste has been seldom used as feedstock for PHA production

with limited published work (Table 2.3).

Table 2. 3 Production of polyhydroxyalkanoates (PHA) using relevant substrates and microbial systems.
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Process

Cultivation

PHA content (%

Substrate Cell factory limitation Polymer strategy (gPHA/gDCW)) Ref.

P(3HB/3H
C. eutrophus . V/4HB)

Glucose B.I 0646 Nitrogen and Batch 80.0 [176]
P(3HB/3H
V/3HHx)

Cassava Cupriavid

starch PTIAvIAUS Sp- Nitrogen PHB Batch 61.6 [15]

KKU38

hydrolysate

szzizva H. borinquense  n.a gg\l/{)B—co— Batch 44.7 [177]

Cassava

extract + P, oleovorans Oxygen PGHB-co- o oh 74.0 [178]

. . 3HV)

andiroba oil

Cassava P aeruginosa  na PHB Batch 57.7 [136]

starch

Paperboard Phosphorou

mill Actinobacteria s and n.a Batch 154 [179]

wastewater nitrogen

Acetate n.a n.a n.a Batch 342 [180]

Sugarcane

molasses g outerium  Nitrogen ~ PHB Batch 462 [181]

and corn

steep liquor

Acetate and

soft drinks n.a n.a n.a Fed-batch 79.0 [182]

wastewater

P(3HB): poly-3-hydroxybutyrate; P(3HV): poly-3-hydroxyvalerate; P(4HB): poly-4-hydroxybutyrate;
P(3HHXx): poly-3-hydroxyalkanoate.

2.5 Potential development of cassava waste biorefineries in

Sub-Saharan Africa

2.5.1 Market analysis

The current global market of plastics relies mostly (99%) on petroleum-based plastics [42].

Nevertheless, thanks to the properties and advantages of bioplastics, the biopolymers market is

expected to grow and diversify considerably in the following years. The global PHA market is

expected to grow at a compound annual growth rate (CAGR) of c.a 6.3% over the next decade to

reach approximately $119.15 million by 2025 [42,183]. The latest market data compiled by

European Bioplastics and the research institute Nova-Institute reports that bioplastics production

capacity will increase from 2.11 Mt in 2020 to 7.4 Mt in 2028 [184]. Some of the prominent areas

that are driving the increase in biopolymer demand are the healthcare industry, the renewable

materials market, and the recent advances in PHA manufacturing technologies [141]. Although
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the above reports show promising market data for the near future, they are mostly focused on
North America, Europe, and the Asia Pacific. Currently, Europe and North America are the two
largest biopolymers-producing areas and these regions are expected to continue leading the
ranking thanks to public and private investment in R&D. Nevertheless, the Asia Pacific market
is also likely to witness significant gains [185]. Although more than 150 polyhydroxyalkanoates
(PHA) have been identified to date, the high production cost hinders their commercialisation,
hence commercial production of bioplastics is currently limited to a few types of PHA. During
the 1970s, the oil crisis raised the interest in bioplastics and Imperial Chemical Industries (ICI,
UK) became the first company to commercialise PHA. Currently, the most produced PHA are
poly-3-hydroxybutyrate (P(3HB)) and poly-3-hydroxybutyrate-co-3-hydroxyvalerate (P(3HB-
c0-3HV)), and Metabolix (USA) is the largest market player, with an annual production capacity
of 50,000 tonnes and with facilities in the USA and Europe. Another large company that focuses
on P(3HB) and P(3HB-co-3HV) production is Monsanto (USA), which in 2004 rejected the idea
of microbial production and moved into PHA production using plants. Nevertheless, they have
not reported yet any plant-based PHA. Furthermore, PHA production using plants is
controversially linked to the use of genetically modified crops. Other companies are increasing
their production capacity of biopolymers, such as CJ CheilJedang (Korea), which acquired the
intellectual property on bioplastics production from Metabolix. However, P(3HB) and P(3HB-co-
3HYV) are not the only biopolymers with commercial interest. Kaneka (Japan), P&G (USA), and
Danimer Scientific (USA) are interested in Poly-3-hydroxybutyrate-co-3-hydroxyhexanoate
P(3HB-co-3HHXx) production. Other companies such as Tianjin Green Bio (China), Bluepha
(China), TianAn Biopolymer (China), BioCycle (Brazil), Biomer (Germany), Mango Materials
(USA), and Newlight Technologies (USA) are currently developing commercial-scale PHA
production facilities [164]. The above analysis shows that the biopolymers market is growing,
and it is likely to further grow at higher rates but with the same geographical distribution.
Furthermore, some countries such as China and India are expected to have a positive impact on
the biopolymers (mainly PHA) market in the near future. However, Africa does not have an
existing bioplastics market and limited growth projections in the near future [185]. Higher
investment in research and innovation will be needed to develop the global bioplastics market
opportunity for the SSA economy albeit, there is a clear market niche with huge potential in the

region.
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2.5.2 Techno-economic analysis: A case study of a cassava
waste biorefinery for the production of energy and

bioproducts

Cassava waste has been demonstrated to be a potential feedstock for PHA production. In the
biorefinery context, feedstock production and biopolymer manufacture should be co-located to
minimize costs associated with transport as exposed in Section 2.4.2.2 and therefore, realize the
potential and associated economic benefits [186]. SSA is the major cassava producer in the world,
but most countries have very limited technological and industrial resources, constraining the
biopolymers market development. Techno-economic analysis may be useful to evaluate the
feasibility of cassava biorefinery platforms; the few reports that have been carried out to date
focused on the feasibility of integrated biorefineries to co-produce bioproducts such as succinic
acid, glucose syrup, and bioethanol in combination with heat and power production [187]. Other
relevant works report the potential use of cassava-based industrial waste in biorefineries to
produce several products such as biofuels, biogas, or biosurfactants [50], and future perspectives

on the integration and use of cassava in the bioproducts industry [38].

In this section, the work published in 2020 by Padi and Chimphango [188] is showcased as a case
study. This work focuses on two major questions: “What are the opportunities of cassava waste
biorefineries to provide significant energy supply in SSA?” and “Is there potential for product
diversification in a cassava waste biorefinery?”. Different by-products can be obtained from
cassava waste [38]. Biogas, bioethanol, succinic acid, and glucose syrup are some of the products
with high commercial and industrial interest [188]. Consequently, succinic acid was chosen as the
main by-product of interest to study the techno-economic feasibility of a cassava waste
biorefinery [188]. This organic acid and its derivatives are used extensively in the plastic,
polymer, and pharmaceutical industries [189]. Padi and Chimphango studied the feasibility of
commercial waste biorefineries for cassava starch industries using South African fiscal conditions
as a model of cassava-producing regions in SSA. Five scenarios were considered for their
integration into a cassava starch plant. For each scenario, different cassava waste types were used,
and diverse by-products were obtained. All scenarios assumed cassava bagasse and cassava
wastewater are to be supplied by the plant, and cassava stalks are recovered from the fields. Figure
2.8 shows the process diagram of a cassava waste biorefinery that targets zero wastewater and
solids disposal. In this biorefinery platform, cassava bagasse, cassava wastewater, and 10% of
cassava stalks were used for the co-production of succinic acid and bioethanol combined with the
production of heat and power from the 90% of cassava stalks remaining [188]. The main
parameters and assumptions employed in this techno-economic analysis (TEA) study were (i) the

percentage of cassava stalks available for the biorefinery, (ii) models for obtaining mass and
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energy balances as well as (iii) equipment costing and sizing, and plant life. The analysis revealed
that the biorefinery plant has the potential to meet the energy demand for both, the biorefinery
and cassava starch process, showing a surplus of 121-200 MW of electricity, which is the net
power produced in the biorefinery plant minus the power needed by the starch process. The
potential surplus power for all scenarios suggests opportunities for energy self-sufficiency in
integrated waste biorefineries [188]. On the other hand, the annual production of succinic acid
projected in this integrated biorefinery is within the industrial scale capacities range (10-30 Gg
SA/ a). The outcome of this work shows that the exposed approach has realistic commercial
potential. The use of wastewater not only represents an advantage as a carbon source but also aids

in reducing the consumption of fresh water and thus, mitigating environmental problems [188]

Among the five scenarios, the model simulating the co-production of succinic acid, bioethanol,
heat, and power using 10% cassava stalks, cassava bagasse, and cassava wastewater as feedstock;
required higher total capital investment values than all the other four scenarios studied. The
biorefinery throughput was projected at 7.29 Mg/h, 377.83 Mg/h, and 450.89 Mg/h when using
cassava bagasse, cassava wastewater, and cassava stalks, respectively. The other four scenarios
were: scenario (I): the combination of cassava bagasse and cassava starch wastewater for biogas
production and cassava stalks for producing combined heat and power; scenario (II): the
combination of cassava bagasse and cassava wastewater for the production of bioethanol with all
cassava stalks used for production of combined heat and power; scenario (III): the combination
of 10% of cassava stalks, cassava bagasse and cassava wastewater for bioethanol production with
90% of the cassava stalks used for combined heat and power production and scenario (IV): the
combination of 10% of the cassava stalks, cassava bagasse and cassava wastewater for co-
production of glucose syrup, bioethanol with 90% of the cassava stalks used for combined heat
and power production, demonstrated promising profitability, thanks to the integration of the

succinic acid production in the process.

This work confirmed that feedstock price is a major determinant factor for a biorefinery process
as has been discussed in section 2.4.2.2. This study shows encouraging results for cassava waste
biorefineries in SSA. Although TEA will be key for a PHA production plant using cassava waste,
and such studies are still scarce for this particular bioproduct; the above-exposed case study paves
the way to develop further feasibility studies for the development of cassava waste biorefineries.
Due to the lack of techno-economic studies in this field, estimations of the capacity of the process
were performed by our research group (non-published results). Considering the total amount of
cassava waste generated in Africa in a year, 40 Mt [92], and based on previous data for the
production and extraction of PHA from biomass sources with similar starch composition, a
resulting quantity of 4 Mt of PHA could potentially be obtained annually in a biorefinery platform.

Such estimations were made based on 62%, 65%, and 25% recovery yields for the pre-treatment,
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fermentation, and downstream processes, respectively [7]. On the other hand, around 19.5 Mt of
petroleum-based plastics are currently being used every year in the African continent [41]. The
estimated production of PHA from cassava waste would represent 20% of the usage of total plastic
in Africa. This can potentially facilitate the replacement of a significant portion of petroleum-
based plastics for biodegradable and bio-based ones. In addition, this will contribute to reducing

plastic waste management needs, which is a current challenge in the continent.

Integration of the cassava processing plant with the biorefinery reduces costs, leading to a more
profitable process, and self-supply of energy contributes to substantial avoided costs, contributing
to financial viability where it displaces conventional fuel or electricity in an energy-intensive
process. This could e.g., be in traditionally high energy consumption systems such as wood
processing, sugar, or tea production, or growth sectors such as cement. While there are not
currently significant cassava-biopolymer industries in SSA, the rapid urbanisation of the continent
and economic development provides an opportunity for expansion, since obtaining products of
industrial interest enables a potential increase in profitability where market opportunities exist.
Thus, the development of cassava waste biorefineries producing not only PHA but also relevant
by-products such as succinic acid (which has an estimated market value of USD 6-9/kg [190] and
market size of USD 181.6 million [191]) or bioethanol (which has an estimated value of USD
0.9-1.1/L and a market size of USD 64.8 billion [192]) could support profitability [188].

C. Hierro-Iglesias, PhD, Aston University 2023 55



g
<
»n
0
<
151
uonsabip Wan e oqmIedo 50 05,080 R=
DigoseEUY Aunjs soipS sisow o )
wenjyo pinb +6pnis Jejem ues|d m
o
en
« 9]
pinbij uiy L ssed-Aq $O%06 =
- oBpnis joan o ’ 1.,
spuBwWwap -
P oo sojos— " fougeioq oo~ B
A - s> :
> Ao Buip (@umsiow %5¢) . Jojesauab pub o uodxa_ o=
.Au_w.w\ spilos ayiBugenys | oBpms popg |10 WS 11593 snjding £
Q
1 e6 ony JoH w
obesnig 6 - weols s v:nEou o
| I'AV'.»._ =
208 ||05" e susydsowny e..CEoE
wnpoid vs Aund %186 wseh_s_m 1 <
(Aue p) Aujoe; yosers o} m.m
HOEN— ne poj4aas snjding W
Bulupu N b “auey £80004d Youe)s 0} Bodx3 =3
Jonby onez|lesliy uonELawLS | PayLng g
oisem r 1sneyxe seb onjy Mm,
uondios
Eﬂrum_._n uﬂ:ﬂﬂ. . ( cue._og .oo..é..oe_c Bujuesp (salup ysey)) ..m.uv
..._n K501 N po1eAIOY) spllos seb enj4 onj4 Bullip youers Joj Jje Joy podx3 o
L% uoreayund £
)
Jonby| aeskjoipAH 0
BuBnjiyuod Buysem A A mu
SDIIOS POYSEA. pionesedes (esay =)
spies opow jou b=
'y {SL %¥8" n. ﬂ_wus ﬁ;.q_nv < )
wosq MMO+ED  gapsers don kS
0HID (Kunis sjoum) | sishjosphy ﬂ
ejesfjoipAH oqewizug E!.S...-:En S1 %0% vuou 2
POSZH m
: sowizug oy uc_ s s §99
zZ02 sonbry SO poysnud{ Buysnud :a S0%0L~—<> <
° : VOMNI TP %t F 3 nVa
Be.oig —_ Sueunu uonanpoud %
_ 1 sjeowoy) sowAzug 2
(%5'66) npoid Paas SIqOwW "Z / SJUBINN vids Q
jousye |ong Jonby) %8 (os0y I BAESSED «©
pajjepow jou) .
uopdiospe _ spjoy uoneAynd (o
0ADIS Je|NDO{OW 10q uoqeluowLe 1ds Jonbi) %26 eAEsSED (82) syje1s pasoacdas @
+ uonelnsig s|qeuEISng M
=1)]
- p—
€3

starch processing. Reproduced with permission from Padi & Chimphango [172].
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2.5.3 Life cycle analysis (LCA)

The interest in biopolymers has significantly increased in recent decades due mainly to the
environmental benefits they offer compared to their petrochemical-derived counterparts. In
particular, biopolymers which are both bio-based and biodegradable, such as PHA, are the most
interesting [193]. The production from renewable resources and biodegradability properties make
them an environmentally friendly alternative to petrochemical polymers [7]. However, farming
practices to produce those feedstocks often incur significant embodied energy and therefore, there
is a need to consider the environmental impacts based on the life cycle analysis (LCA) of PHA in
comparison to petrochemical polymers. Most LCA studies of PHA are based on simulations and
laboratory or small-scale production plants. Albeit there are several significant studies, the
pioneering LCA on PHA was published only in the early 2000 and concluded that PHA production
required more energy than the polymers obtained from petroleum [194]. However, the knowledge
and the technology available two decades ago have evolved [137]. Interestingly, an LCA of PHA
produced from corn grain revealed that PHA production offers environmental advantages both in
terms of GHG emissions and non-renewable energy consumption over petroleum-based plastics.
The residues generated in the study after the fermentation step to produce PHA and the recovery
process were used as fuel in a cogeneration power plant [ 195]. Another study compared PHA and
petrochemical polymers concluding that GHG emission from the production of 1kg of PHA was
0.25 — 0.5 kg of CO, whereas petroleum-based plastics production resulted in 2 — 3kg of CO,
emissions. The low CO; emissions from PHA production were attributed to the fixation of CO,
by the feedstock biomass and bacterial respiration during the fermentation process [47].
Furthermore, another recent study analysed the LCA of PHA obtained from two different
feedstocks — glucose and cheese whey — and PHA obtained using genetically engineered plants.
The study concluded that genetically modified plants do not show any advantages over the
microbial process using renewable resources. Although the PHA recovery process involves much
fewer energy requirements in genetically modified plants compared to microbial fermentation,
the global process using genetically modified organisms requires 4.5-fold more energy [196].
Although biopolymers have been considered to have a lower environmental impact than
petroleum-based plastics, a more recent study analysed different biopolymers, including PHA,
and concluded that none of the commercial biopolymers, including those currently under
development, were environmentally sustainable [197]. In contrast, the use of land for feedstock
production can contribute to an increase in competition due to the crops being harvested for food
use. Consequently, this can lead to an increase in poverty and issues related to food access. This
may be the case in SSA despite the SSA region offering large crop cultivation fields and capacities.
The use of waste crops can potentially contribute to promoting the production of biopolymers

without affecting the food supply [198]. Although the literature is scarce, some authors have
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already published studies analysing the LCA of PHA produced from waste. For example, Kedall
and co-workers showed that PHA production from the cellulosic fraction of residual materials,
that otherwise is disposed of in the environment, requires half of the energy needed for PHA
obtained from a dedicated agricultural feedstock [199]. Here, the key factor is whether the
feedstock is a dedicated crop or a waste by-product. Developing more sustainable processes for
biopolymer production may be supported by the development of more efficient practices in crop
cultivation, technological improvements during the production process, and the use of
fermentable residues, such as waste crops originating from different food industries [199,200].
This will not only contribute to bioplastics manufacturing sustainability but also, to a circular
economy by decreasing the energy demand for materials production and the reduction of waste,
thus, contributing to solving important environmental issues [54]. A key issue with most LCAs
of agricultural residues is devising a methodology that appropriately treats the residue and
allocates proportionate emissions from the main feedstock production. It is possible to obtain very
favourable results if it is assumed that emissions associated with the disposal of the waste residue
are avoided and thereby credited to the biopolymer; whereas higher emission intensities will result
if it is assumed that the agrochemical and other inputs associated with crop production should be
allocated to the cassava residues on a mass or energetic basis. These assumptions should be guided
by consideration of the overall production, markets, and trends and the methodology adapted

accordingly.

However, regardless of the methodology chosen further development of PHA obtained from
agricultural residues and cassava-based biorefineries must consider the life cycle and
environmental impacts to identify process hotspots, isolate preferred process schemes, and,

optimize these environmentally and economically.

2.6 Conclusions

A range of solutions can be implemented to reduce the cost of PHA production such as the use of
genetically modified strains (i.e., PHA-overproducing strains or strains capable of utilising
substrates more efficiently) by developing the use of waste biomass resources as low-cost
feedstock as an alternative to the use of synthetic sugars. The use of alternative substrates to
commercial sugars has attracted much attention because it contributes to the circular economy
principles. Waste crops and in particular, cassava waste, can be considered an adequate resource
for the development of integrated biorefineries for bioenergy and bioproducts in SSA, which is
the major cassava producer worldwide. The development of bioenergy strategies and policies in
SSA countries (particularly South Africa and Nigeria) will be key in the implementation of

biorefinery approaches alongside the utilization of key enabling technologies. Studies regarding
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the techno-economic feasibility of a cassava waste biorefinery in South Africa indicate that the
development of integrated biorefineries for the production of value-added products has great
potential to provide positive economic and social impact provided that self-supply of energy is
achieved. Although a promising and feasible scenario can be envisaged, technologies for
biopolymers production from waste crops must be further optimised to return both, environmental
and economic benefits. Nevertheless, the present study confirms the practical conversion

potential, enabling mass-energy balance and techno-economic assessments.

An important step toward this objective is the implementation of processing plants near the
production areas to avoid transportation and consequently, decrease associated costs. To achieve
this, a social analysis of cassava biorefinery mobilisation should be carried out to ensure
appropriate acceptance in SSA. Importantly, government-driven policies to promote cleaner
production systems and reduce plastic waste and pollution will be necessary to promote the
transition to a more sustainable bioeconomy. Knowledge transfer and capacity building between
countries with developed technologies and the SSA region will also be essential to realize the
potential of cassava waste biorefineries for PHA production. Ethical aspects and regulations are
to be considered: cassava is an edible crop representing one of the major sources of calories in
SSA but, the dietary driver remains constant in the face of climate change and urbanisation.
Finally, there is a need to consider a holistic perspective on sustainability: going beyond
environmental LCA to also consider the impact of cassava processing and biorefinery
establishment on livelihoods, farming practices, projects, and community scale economics to
establish the most appropriate development trajectories for appropriate demonstration and

innovation programs to stimulate the sector and its potential benefits.

Considering the potential of CP as feedstock for PHA production, and the limited existing research
on this subject, the following chapters of this thesis present an experimental approach designed

to assess the practical feasibility of this process.
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Chapter 3. Characterisation of
untreated and acid-hydrolysed

cassava peel

The content of this chapter has been adapted from the following manuscript:

“Process integration for efficient conversion of cassava peel waste into polyhydroxyalkanoates”
C. Hierro-Iglesias, C.O Fatokun, A, Chimphango, P. Thornley, P.H. Blanco-Sanchez, R. Bayitse,
A. Fernandez-Castane. Journal of Environmental Chemical Engineering (2024), 111815, 12 (1)
https://doi.org/10.1016/j.jece.2023.111815.

3.1 Introduction

Cassava cultivation in tropical and subtropical regions generates significant amounts of peel
waste. Around 40 Mt of cassava waste are generated annually in Africa [14]. CP is a valuable
biomass source for its high starch, cellulose, hemicellulose, and lignin concentrations. Previous
authors characterized CP, revealing starch content of 44.5%, cellulose content of 9.1%,
hemicellulose content of 7.5%, and lignin content of 9.2% [96].These polymers comprise a
diverse range of monomers, with starch and cellulose-containing glucose as the sole constituent,
while hemicellulose shows a more varied composition, containing also other monomers such as
xylose, mannose, and galactose. Additionally, lignin features aromatic and aliphatic structures
(Figure 2.4). However, the variety and cultivation conditions are examples of factors that can
affect the biomass composition. Therefore, biomass characterisation is essential for the optimum

conversion of biomass into the desired value-added products.

The utilisation of biomass derived-molecules for bioenergy and bioproduct production holds
significant potential, but pre-treatment methods are necessary to convert the polymers into

fermentable and available molecules [113]. Dilute acid hydrolysis stands out as a commonly used
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and cost-effective pre-treatment method for recovering sugars and other valuable molecules from
polymeric biomass. Some authors have previously performed acid hydrolysis on CP using various
acids, with H,SO4 and HCI being the most commonly used due to their effectiveness and
availability [127,201]. It is noteworthy that during acid hydrolysis of CP, the generation of
furfurals such as 5-hydroxymetylfurfural may occur, which are indicative of the breakdown of
polysaccharides [202]. In addition to chemical hydrolysis, pretreatment methods may also involve
mechanical processes such as particle size reduction and cleaning, optimising biomass
accessibility for subsequent conversion processes. Considering the holistic approach to
pretreatment methods ensures comprehensive biomass utilisation and enhances the overall

efficiency of bioenergy and bioproducts production [203].

Some studies have conducted physicochemical characterisation of CP using various techniques
such as FT-IR, SEM, XRD, proximate and ultimate analysis, and TGA, among others [204-208].
For example, Widiarto and co-workers analysed cellulose nanofibers from CP using FT-IR, TEM,
XRD, and TGA, after an alkaline and bleaching process [208]. Kayiwa and co-workers analysed
the bulk density, water-binding capacity, and lignocellulosic composition and performed a
proximate and ultimate analysis of CP [207]. Other studies, such as the one performed by Daud

and co-workers, used SEM to determine the morphological characteristics of CP [206].

While some studies have investigated the physicochemical properties of CP, there is limited
available research on the changes in these properties before and after acid hydrolysis. This chapter
aims to address this gap by examining the physicochemical properties of CP before and after an
acid treatment to extract sugars. Multiple characterisation techniques, including TGA, proximate
and ultimate analysis, FT-IR, and SEM, were employed to provide a comprehensive

understanding of biomass characteristics and its potential.

3.2 Materials and methods
3.2.1 Feedstock

Milled CP were kindly provided by Dr Richard Bayitse from Council for Scientific and Industrial
Research (CSIR) in Ghana. CP were collected from a cassava processing plant in Bawjiase,
Ghana, soaked in water for 30 min to ease the removal of the brown skin, and subsequently dried
overnight at 60 °C before being milled. Bayitse and co-workers previously characterised CP,

revealing a total carbohydrate composition of 88% (DM) [125].
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3.2.2 Pre-treatment of cassava peel

Acid hydrolysis of CP was performed using 0.6 M H>SO4 (>95%, CAS 7664-93-9) for 58 min at
107 °C, in 20 mL reaction volume containing 10% (w/v) of CP. Hydrolysis was performed in a
Starfish workstation (Radleys, Essex, UK) (Figure 3.1). Two-neck round bottom 50 mL pressure
flasks (Aldrich®, Merck, Darmstadt, Germany), were used to perform the reactions. Flasks were
sealed to maintain them pressurized and stirred at 280 rpm. After the reaction, samples were
cooled down and vacuum filtrated through a cellulose 11um filter paper (Whatman, Cytiva,
Washington D.C, United States). The solid portion (treated CP) was air-dried and stored at room

temperature until analysis.

Figure 3. 1 Starfish workstation (Radleys, Essex, UK) used for acid hydrolysis of cassava peel with fitted
condensers (A); and sealed flasks (B).

3.2.3 Thermogravimetric analysis

A thermogravimetric analyser TGA/DSC3+ STARe System (Mettler Toledo, Ohio, USA) was
utilised to assess the thermal degradation of both untreated and treated CP. Alumina crucibles
were loaded with 3 mg of each sample and subjected to a temperature range from 25 to 900 °C at
a heating rate of 10 °C/min under a nitrogen atmosphere (30 mL/min) to maintain an inert
atmosphere. The sample mass was recorded and used to determine the mass loss and mass loss

rate percentage as follows:

Mass of sample

Mass | 9 =
58 1088 (A)W/W) Mass sample 25°C

x 100 (Eq. 3.1)

Amass
Atime

Mass loss rate (%w/(w min))= x 100 (Eq. 3.2)
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3.2.4 Proximate analysis

Data obtained from the TGA was used for the proximate analysis to determine moisture and

volatile matter as follows [209]:

Mass of sample at 25 °C- Mass of sample dried at 105 °C
Mas of sample at 25 °C

Moisture (% (wW/w))= x 100  (Eq.3.3)

Mass of dried sample at 105 °C- Mass of sample dried at 900 °C

. o _
Volatile matter (A) (W/W)) Mass of dried sample at 105 °C

x100 (Eq.3.4)

Ash content was determined by the ignition of samples in a muffle furnace at 575 °C for 3 h
according to ASTM E-1755-01 standard method. The remaining residue after combustion of the

organic material represented the ash content and was calculated as follows [209]:

Mass of sample at 575 °C
Mass of sample at 105 °C

Ash content (Yow/w)= x 100 (Eq. 3.5)

The fixed carbon (FC) was calculated by difference as follows [209]:

FC(% (w/w))=100-(moisture (%)+ volatile matter (%)+ ash (%)) (Eq. 3.6)

3.2.5 Ultimate analysis

Ultimate analysis was carried out to determine the elemental composition. A FLASH 2000
CHNS/O analyser (ThermoFisher, Waltham, USA) was used to determine Carbon (C), Hydrogen
(H), Nitrogen (N), and Sulphur (S) content. The oxygen (O) content was determined as follows:

0 (%w/w))= 100 - (C (%)+ H (%)+ N (%) + S(%)) (Eq. 3.7)

3.2.6 Functional group analysis

Fourier Transform Infrared (FT-IR) spectroscopy was carried out using a NICOLET iS50
(ThermoFisher, Waltham, USA) equipped with attenuated total reflectance (ATR) to characterise
chemical functional groups. Spectra were recorded at a wavenumber range of 400-4000 cm™ with
a resolution of 4 cm !, Signals were assigned to specific functional groups based on the literature

[96,208,210,211].
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3.2.7 Surface morphology analysis

The surface morphology of the untreated and treated CP was evaluated using scanning electron
microscopy (SEM) (JSM-7800F Prime, JEOL, Japan). Images were acquired at 1200x

magnification at 5.0 kv.

3.3 Results and discussion

3.3.1 Thermal characterisation

Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) curves for
untreated and treated CP are shown in Figure 3.2. The main components of CP, starch, cellulose,
hemicellulose, and lignin exhibit different thermal degradation behaviours due to their distinct
chemical structures and compositions (Figure 2.4). According to previous research, the
degradation of starch initiates at 228 °C and extends up to 393 °C, while cellulose undergoes
degradation within the range of 300-400 °C. Hemicellulose, on the other hand, degrades within
the temperature range of 180-350 °C, whereas lignin undergoes degradation between 250 °C and
800 °C [212,213]. Hemicellulose, due to its amorphous structure, is readily susceptible to
degradation, leading to the lowest thermal degradation temperature [214]. Starch and cellulose,
both comprising elongated glucose polymers, exhibit a similar initial degradation temperature,
although the thermal degradation range of cellulose is wider than that of starch. The lower
degradation temperature of starch is attributed to the presence of branched amylopectin within its
molecular structure [214,215]. Additionally, cellulose presents hydrogen bonds, which increase
its thermal stability. Finally, lignin possesses high thermal stability due to its elevated molecular

weight and the presence of benzene-propane units [214].

The TGA results, as illustrated in Figure 3.2, reveal three primary stages of degradation, stage 1
(25-150 °C), stage 2 (150-450 °C), and stage 3 (450-900 °C). Stage 1 (25 — 150 °C) shows a 4%
mass loss in both samples, which can be attributed to the evaporation of humidity and degradation
of light compounds [216]. Notably, despite the use of dried biomass, a 4% mass loss was observed
in both samples within this temperature range [21]. The sharper peak emerging in the treated CP
at 100 °C (Figure 3.2B) may correspond to the degradation of light compounds, such as sulphur
groups, that appeared after the acid hydrolysis of the sample.
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Figure 3. 2 Thermogravimetric (black line) and derivative thermogravimetric (dotted line) curves of the
untreated (A) and treated (B) cassava peels. Td: degradation temperature.

Stage 2 (150 to 450 °C) corresponds to the degradation of volatile substances, such as
hydrocarbons, Hz, CO, CH4, and incombustible gases [217], including the major constituents of
cassava (starch, cellulose, hemicellulose, and lignin), showing a degradation temperature (Tq) of
310 °C [16,22]. Both samples exhibited a weight loss of approximately 60% in stage 2 (Figure
3.2). In Figure 3.2A, the presence of a single peak (150 to 450 °C) is likely due to overlapping
degradation temperatures of cassava constituents [22]. Given the overlapped temperature ranges
of thermal degradation for starch, cellulose, hemicellulose, and lignin, it is not possible to
differentiate these constituents in the untreated CP sample. This is evident from the presence of a
single peak at 310 °C (Figure 3.2A). As noted in previous research, the degradation peaks of the
major constituents of cassava may overlap in the TGA spectrum [218]. According to previous
authors, in order to distinguish among these molecules several steps should be performed. The
first step involves separating starch from the lignocellulosic material through enzymatic methods

[219]. Cellulose is usually quantified using acid hydrolysis, while hemicellulose is quantified
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using alkaline hydrolysis [220,221]. Furthermore, the neutral detergent fibre (NDF) method and
the acid detergent fibre (ADF) method are commonly used together to quantify both cellulose and

hemicellulose. Finally, lignin can be quantified using the Klason lignin method [222].

In contrast, the treated CP sample displayed two degradation temperatures (Tq), in Stage 2,
between 254 and 342 °C (Figure 3.2B). This can be explained by the presence of less thermally
stable components resulting from the acid hydrolysis whereby CP undergoes changes due to the
breakdown of complex carbohydrates into simpler sugars. For example, the appearance of a peak
at 254 °C might correspond to the degradation of simpler sugars, such as glucose, formed during
acid hydrolysis, whereas the peak at 342 °C might be related to the degradation of remaining
components, such as starch, cellulose or lignin, in the treated CP [223]. Furthermore, the potential
incomplete degradation of biomass cross-linkages between lignin and cellulose and hemicellulose
can affect the degradation temperature, causing a shift in the peaks towards higher temperatures

compared to the untreated sample [224].

Stage 3 (450 to 900 °C), is often associated with char formation. A biomass loss of 12% and 13%
was observed for untreated (Figure 3.2A) and treated (Figure 3.2B) CP, respectively. The loss of
mass corresponds to the degradation of the remaining lignin, and minerals, and the production of

char following devolatilization [225].

A remaining residue of 18% and 25% was observed for untreated and treated CP, respectively
(Figure 3.2). The increased residue in the treated CP may be due to the effect of the acid hydrolysis
on the CP constituents. Lignin has higher thermal stability than starch, cellulose, and
hemicellulose. Therefore, when the treated biomass is subjected to TGA, the remaining lignin
contributes to a higher overall residue than the untreated biomass and these observations are in

agreement with previous studies [226].

Overall, the primary organic materials in CP were decomposed below 450 °C and these findings
are consistent with the previous studies suggesting temperatures around 500 °C for the thermal

degradation of cassava [218,225].

3.3.2 Proximate analysis

Table 3.1 presents the proximate analysis of CP, including moisture content, volatile matter, ash
content, and fixed carbon composition of the biomass. The treated CP had a lower moisture
content (3.8%) than the untreated CP (7.4%). Idris et al. reported [15] similar moisture content as
the treated CP. Other works also reported comparable moisture contents for the untreated CP
[207,225,227,228]. The moisture content of biomass can be variable, as it depends on different

conditions such as storage, drying conditions, and variety of feedstock [229].
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The moisture content from the proximate analysis was compared to the TGA analysis (Figure 3.2)
results, showing 4% moisture content in both samples. The treated CP exhibited consistent
moisture content between TGA and proximate analysis. However, the untreated CP had a moisture

content of 7.4% in proximate analysis.

Table 3. 1 Proximate properties of untreated and treated cassava peels (CP) (n=3).

Volatile matter

Sample Moisture (%) (%) Ash (%) Fixed carbon (%)
Untreated CP 74+0.2 80.0+0.3 6.7+0.1 59+0.0
Treated CP 3.8+0.0 74.1+0.0 44+0.5 18.2+£0.0

The untreated and treated CP showed volatile matter concentrations of 80 and 74%, respectively.
TGA analysis estimated a volatile composition of approximately 60% for both samples (Figure

3.2). The variation is attributed to differences in the methodology used in each technique.

The volatile matter results presented in Table 3.1 align with most values documented in the
literature [93,207,218]. However, due to the influence of various factors, such as the origin and
processing, on volatile matter content, it is critical to characterise biomass to achieve its optimal

utilisation [229].

The ash concentration of untreated and treated CP was 6.7% and 4.4%, respectively, consistent
with previous studies [96,207,230-232]. Other studies found an 8-19% decrease in ash content
when the peels were subjected to hydrolysis [233,234].

The fixed carbon concentration of the untreated and treated CP was 5.9 and 18.2%, respectively.
The results of this study indicate that treated CP has higher fixed carbon than untreated CP. This
finding aligns with previous studies that found an increase in fixed carbon concentration following
biomass hydrolysis. The increase is attributed to the removal of inorganic materials, resulting in

a decrease in ash content [207,235].

3.3.3 Ultimate analysis

Table 3.2 displays the ultimate analysis of untreated and treated CP showing carbon, hydrogen,
nitrogen, sulphur, and oxygen abundances. The values observed in all elements (except hydrogen)
are consistent with previous literature. The carbon concentration has been reported in the range
0f 36.96% [236] to 54.9% [207], the hydrogen concentration in the range of 3.98 [236] to 10.19
[207], the nitrogen concentration in the range of 0.26 [207] to 3.32 [236], the sulphur

concentration in the range of 0.04 to 0.18 [228], and the oxygen concentration in the range of
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32.27[207] to 44.68 [228]. The presence of sulphur in the treated sample can be attributed to the
diffusion of sulphuric acid into the biomass during the acid hydrolysis process, as suggested
elsewhere [237]. Additionally, partial sulfonation may contribute to the observed sulphur content
in the treated sample [238]. Furthermore, the emergence of a new peak in the DTG spectra at 105
°C (Figure 3.2B), potentially associated with the degradation of light compounds, can be related
to the new sulphur groups in the sample. Furthermore, alongside the noted alterations in sulphuric
content, the detection of nitrogen within the CP could imply the existence of nitrogen-based
compounds, potentially encompassing proteins. Although the nitrogen levels within CP seem
comparatively elevated, it is imperative to acknowledge that CP harbours a multitude of
nitrogenous compounds aside from proteins, including amino acids, and nucleic acids.
Additionally, nitrogen content within CP may also emanate from alternative origins, such as
residual soils components or microbial processes. Therefore, the presence of nitrogen in the
treated sample may be attributed to various factors beyond just protein content. This nuanced
understanding provides a more comprehensive perspective on the nitrogen composition in the

treated biomass [239].

Table 3. 2 Ultimate properties of untreated and treated cassava peels (CP) (n=3).

Sample C (%) H (%) N (%) S (%) 0 (%)
Untreated CP~ 40.0 % 0.3 6.4+0.1 13401  0.0£0.0 524+04
Treated CP 462+ 0.1 6.3+0.0 22401  02+00  452+0.1

3.3.4 Functional group analysis

Untreated and treated CP were characterised by FT-IR to determine the alterations in functional
groups that occurred following acid hydrolysis. CP, being a biomass source with high amounts of
both starch and lignocellulosic material, is a rich source of functional groups, including but not
limited to alcohols, ketones, and aromatics (Figure 2.4.) [208]. Figure 3.3 displays the
corresponding spectra whereby the emergence of distinctive absorption peaks can be observed.
Some shifts in the peak position were also observed when comparing the untreated and treated

CP.
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Figure 3. 3 FT-IR spectra of untreated (black line) and treated (dotted line) cassava peels. a.u.: arbitrary
units (n=3).

The peak observed at 3279 cm™! corresponds to the O-H stretching, which is likely associated with
the hydroxylic groups present in both starch and cellulose [96,208]. The reduction in the peak
intensity in the treated sample might be linked to the reduced moisture content and is in line with
the results presented in Figure 3.2A. This result aligns with the moisture content results from the
proximate analysis presented in Table 3.1. It has been proposed that this peak may be a result of
sample dehydration [218]. The presence of a distinct peak at 2959 cm™! suggests the stretching
vibration of C-H in CH; and CH3 groups that are present in starch, cellulose, hemicellulose, and
lignin [210]. The intensified peak 2959 ¢cm™ in the treated sample indicates an increase in the
presence of C-H bonds, likely due to the solubilisation of starch, cellulose, and hemicellulose in
the form of fermentable sugars following acid hydrolysis. This process results in the release of
fermentable sugars from the biomass [210]. A small peak was observed at approximately 1700
cm’! in the treated sample. This peak may correspond to a conjugated aldehyde, suggesting the
presence of molecules such as furfural and 5-hydroxymetyl furfural [240]. The peak detected at
1619 cm! indicates the existence of C=0 bonds, and C=C functional groups, which are present
in lignin [208,211]. This peak may also be attributed to the carbonyl groups that may arise from
the oxidation of starch and hemicellulose [210]. The peak detected at 1369 cm™ may represent
the O-H bending vibration of starch and cellulose [241]. Additionally, it may also be associated
with the C-H bending vibration of the carboxylic groups [211]. The peak observed at 1222 ¢cm’!
may correspond to the C-O stretching of hemicellulose and lignin, as well as the deformation of
C-H in aromatic rings [211]. The increase of this peak may be due to the presence of pseudo-
lignin, which is formed through re-polymerisation of degradation products of polysaccharides.

The formation of pseudo-lignin is a characteristic phenomenon associated with dilute acid
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hydrolysis [96,242]. The signal detected at 995 cm!, which exhibits the greatest intensity in the
untreated CP disappears entirely following acid treatment, and might be associated with the C-O-
C stretching of the B-glycosidic linkage in cellulose and lignin. The absence of this peak in the
treated sample may be due to the breakdown of cellulose into reducing sugars during the acid

hydrolysis process.

Aruwajoye et al. conducted an analysis of the functional groups of CP before and after an acid
pre-treatment using 3.68% v/v HCI for 2.57 h and at 69.62 °C [96] and confirmed that acid
hydrolysis alters the structural composition and properties of CP. The acidic environment leads to
the cleavage of the chemical bonds in polysaccharides, resulting in an increased concentration of
smaller molecules, such as reducing sugars, and a reduced concentration of polysaccharides and
larger molecules such as starch, cellulose, hemicellulose, and lignin [243]. Furthermore, other
structures, such as pseudo-lignin, can be formed due to a repolymerization process. The impact
of different hydrolysis conditions (e.g., acid concentration, hydrolysis time, hydrolysis
temperature, etc.) on CP can result in differences in the biomass degradation, resulting for
example in the variable presence of reducing sugars hence, affecting the process yields whilst

affecting the structural integrity and properties of the resulting hydrolysate.

3.3.5 Surface morphology analysis

SEM was employed to characterise the surface of untreated and treated CP (Figure 3.4).

10 pm | -

Figure 3. 4 Scanning electron microscopy (SEM) characterization of (A) untreated, and (B) treated cassava
peel (CP). Red arrows indicate some of the starch granules.

Starch granules can be observed in the untreated CP, which contribute to the non-uniform surface

of the sample. This result is supported by previous authors, who observed globular starch granules
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covering the surface of cassava peel [244]. However, starch granules are less noticeable in the
treated CP, indicating the effect of the acid pre-treatment in breaking down the polysaccharides.
Aruwajoye et al. observed a similar effect upon acid and thermal pre-treatment of CP [96]. Our
results confirm the surface structural changes in polysaccharides resulting from acid hydrolysis,

as it offers detailed images of the surface morphology of biomass.

3.4 Conclusions

The study aimed to characterise untreated and treated CP through multiple and complementary
techniques. TGA was used to analyse the degradation stages of the sample, which were found to
correspond to moisture, volatiles, and biochar formation. While the three degradation stages were
identified in both untreated and acid hydrolysed samples, the treated CP exhibited additional
peaks at lower degradation temperatures, indicating that the hydrolysis process broke down the
constituents of the CP into smaller insoluble molecules. The ultimate and proximate analysis
revealed disparities between the two samples, thereby supporting the impact of the pre-treatment.
The functional group analysis provided evidence for the degradation of cellulose into reducing
sugars following the acid hydrolysis, and the SEM images demonstrated the breakdown of starch
granules, which were not discernible after the hydrolysis process. The findings presented in this
chapter agree with prior research on the characterization of CP. Nevertheless, some minor
differences were noted, emphasising the importance of employing multiple techniques to

characterise biomass both before and after treatment.

The results confirm the degradation of intricate polysaccharides into smaller, more readily
fermentable sugars after acid pretreatment. Consequently, acid hydrolysis enables the subsequent
conversion of these sugars into value-added products, thereby resulting in the valorisation of CP

waste.
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Chapter 4. Pre-treatment of
cassava peel waste: investigating
the potential of enzymatic and acid
hydrolysis for the release of

fermentable sugars

Part of the content of this chapter has been adapted from the following publication:

“Process integration for efficient conversion of cassava peel waste into polyhydroxyalkanoates”
C. Hierro-Iglesias, C.O Fatokun, A, Chimphango, P. Thornley, P.H. Blanco-Sanchez, R. Bayitse,
A. Fernandez-Castane. Journal of Environmental Chemical Engineering. (2024), 111815, 12 (1)
https://doi.org/10.1016/j.jece.2023.111815.

4.1 Introduction

Cassava peel (CP) contains approximately 45% of starch and 17% of cellulose and hemicellulose
[125]. Starch, cellulose, and hemicellulose can be hydrolysed to glucose and other sugars e.g.,
xylose, arabinose, or fructose, which can then be further used for the co-production of bioenergy
and a range of bio-based products such as biopolymers [15]. Several studies have reported the
hydrolysis of cassava into sugars using various techniques, among which enzymatic and dilute

acid hydrolysis stand out.

The enzymatic hydrolysis of starch into glucose is presented in Figure 2.5 [3]. Although the initial
step in the process involves the gelatinisation of starch, some authors have demonstrated that

while this step enhances the effectiveness of the process, it is not an absolute requirement to
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achieve high conversion values [245]. Conversion yields of 79% [246] and 75% [126] were

achieved using a mix of a-amylases and glucoamylases from cassava in previous studies.

The liquefaction and saccharification of starch can be performed simultaneously as a single step
or as two separate steps. In the simultaneous process, a-amylase and glucoamylase are added to
the substrate as a cocktail, which simplifies the process and reduces the overall reaction time
[247]. However, the separate liquefaction and saccharification of starch, where each enzyme is
added separately at their optimal conditions, is the most widely used approach as it offers better
control over the reaction conditions [128,201,245,247,248]. The choice between these strategies

depends on the specific requirements of the application and the available resources [249].

Previous studies have also utilised dilute acid hydrolysis as a pre-treatment technique for CP.
Conversion yields of CP into reducing sugars using dilute acid hydrolysis are comparable to
enzymatic hydrolysis. For example, conversions of 66% [126] and 95% [127] were achieved
using H2SO4 0.1 M and 1.5 M, respectively. HC1 0.25 M and 1.6 M was also tested reaching 63%
[126] and 93% [96] of conversion, respectively.

An appropriate experimental design is crucial for maximising information and optimising the
response of interest in a study. The experimental design allows assessing the interaction effects of
multiple factors on the response, ensuring precise and objective analysis. By selecting an
appropriate experimental design, the impact of non-significant variables can be minimised.
Ultimately, a valid, reliable, and reproducible study is guaranteed [250]. Although there are
numerous studies on the acid hydrolysis of CP, most of them only examined narrow ranges within
the studied variables, with limited attention given to the factor of time. Furthermore, the
interaction effects between more than two variables, including time, have not been
comprehensively studied, leading to an incomplete understanding of the factors that affect the

process [127,201].

Therefore, the main objective of this chapter is to develop a hydrolysis strategy aimed at
maximising the yield of reducing sugars obtained from CP. To achieve this, enzymatic and dilute
acid hydrolysis were compared and evaluated. Enzymatic loading, simultaneous and separate
liquefaction and saccharification steps, and different thermal pre-treatments were evaluated in the
enzymatic hydrolysis to maximise the recovery of the reducing sugars. The effect of two acids,
HCI and H»SO., was assessed for the acid hydrolysis. Furthermore, a design of experiments
(DoE) based on the response surface methodology (RSM) using a central composite design (CCD)

was used to determine the optimum conditions for dilute acid hydrolysis using H>SOs.
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4.2 Materials and methods
4.2.1 Feedstock

Milled CP were kindly provided by Dr Richard Bayitse from the Council for Scientific and
Industrial Research (CSIR) in Ghana. CP were collected from a cassava processing plant in
Bawjiase, Ghana, soaked in water for 30 min to ease the removal of the brown skin, and
subsequently dried overnight at 60 °C before being milled. Bayitse and co-workers previously
characterised cassava peels, revealing a total carbohydrate composition of 88% with starch

representing 42.3% of the sample [125].

4.2.2 Enzymatic hydrolysis

Enzymatic hydrolysis of CP was performed using a-amylase from Aspergillus oryzae (9000-90-
2, Merck KGaA, Darmstadt, Germany) for liquefaction and glucoamylase from Rhizopus sp.
(9032-08-0, Merck KGaA, Darmstadt, Germany) for saccharification.

The biomass loading used in this study was selected based on previous literature. Several studies
have reported CP concentrations ranging from 1.5 to 20% (w/v) (DW) [126,248,251]. However,
after conducting an extensive review of the literature, 10% (w/v) (DW) was found as the preferred
choice for reducing sugars recovery [125,247,252] and consequently adopted in this study.
Therefore, a concentration of 10% (w/v) (DW) of CP in 20 mL of sodium acetate buffer 16 mM
at pH 6 was used in this study.

Various enzyme concentrations (1-420 U/gguren), hydrolysis times (1-72 h), and hydrolysis
temperatures (25-50°C) were tested. Ranges of enzymatic concentrations and hydrolysis times
were chosen based on the literature. a-amylase and glucoamylase were used in a 1:1 ratio in all
cases. Enzyme concentrations were chosen based on the study conducted by Ruiz et al., who
demonstrated conversion yields of up to 86% using amylolytic enzyme concentrations from 5.9
U/g to 212 U/gsuach. This study was chosen as a benchmark for enzyme dosage for several reasons.
Firstly, the authors optimised the enzyme loading to achieve high conversions. Secondly, to the
best of our knowledge, this study provides the most comprehensive and detailed explanation of

the enzyme dosage used [245].

Following the determination of the best enzymatic concentration, two hydrolysis approaches were
examined. The first one involved simultaneous liquefaction and saccharification of CP, as
previously reported in the literature [245,247]. The second approach consisted of two distinct
steps, the liquefaction reaction, followed by saccharification. The latter method has been more

extensively used in previous research [128,201,245,247,248]. The reaction temperature was
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selected based on the manufacturer instructions for the enzymes used in the study. Given that a-
amylase and glucoamylase had distinct optimal temperatures of 25 °C and 50 °C, respectively,
these temperatures were applied during the separate liquefaction and saccharification phases of
the process. For the simultaneous liquefaction and saccharification process, an intermediate

temperature of 38 °C was selected as the operational temperature.

Reactions were performed in a Thermo Mixer HC (Starlab, Blakelands, UK) at 500 rpm. After
the reaction, samples were vacuum filtrated through a cellulose 11um filter paper (Whatman,
Cytiva, Washington D.C, United States) followed by another filtration step using a PVDF 0.45
pum filter (Whatman, Cytiva, Washington D.C, United States) and the CPH were stored at -20 °C.

4.2.3 Acid hydrolysis

Acid hydrolysis of CP was performed using a range of HCI and H>SOs. For the evaluation of HCI
and H,SO4, concentrations of 0.025, 0.05, and 0.25 M were tested at 120 °C for 60 min. For the
optimization of the acid hydrolysis using H.SOs, the range of acid concentrations, times, and
temperature tests is shown in Table 4.1. Reactions were performed in 20 mL containing 10% (w/v)
of CP. CP concentration was chosen based on the literature [128,253,254]. HCI and H2SO4
solutions were prepared from commercial stocks (HC1 37% (w/w) CAS 7647-01-0 Y) and (H,SO4
>95%; CAS 7664-93-9). The hydrolysis was conducted in a Starfish workstation (Radleys, Essex,
UK) (Figure 3.1). Hydrolysis reactions were performed in two-neck round bottom 50 mL pressure
flasks and stirred at 280 rpm (Aldrich®, Merck, Darmstadt, Germany). To avoid evaporation
sample loss, experiments below 100 °C were fitted into a condenser. Pressure was released by
inserting a needle in one of the necks of the flask. In order to achieve temperatures above 100 °C,
flasks were maintained pressurised. After the reaction, samples were vacuum filtrated through a
cellulose 11pm filter paper (Whatman, Cytiva, Washington D.C, United States) followed by
another filtration step using a PVDF 0.45 um filter (Whatman, Cytiva, Washington D.C, United
States) and the CPH were stored at -20 °C.

4.2.4 Experimental design

A design of experiments (DoE) based on the response surface methodology (RSM) was used to
determine the optimal conditions for hydrolysing CP with H,SO4. RSM is a useful tool comprised
of mathematical and statistical techniques commonly used to optimize one or several responses
of a process, in which different variables interact affecting the response of interest [255]. While
there exists various types of experimental designs, including factorial, fractional factorial, and

central composite designs (CCD), RSM with CCD is particularly suitable for this study due its
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ability to efficiently explore the response surface and identify optimal conditions within the
experimental range. Additionally, CCD allows for the construction of second-order (quadratic)
models and reduced third-order (cubic) models, which are essential for accurately modelling
complex relationships between variables [256]. A circumscribed CCD was used to assess the
effect of three variables (H,SO4 concentration (/H2504/, M); time (¢, min); and temperature (7,
°C)) on the responses total reducing sugars (7RS) concentration (g/L) and glucose concentration
(g/L). Since the optimisation of the model for the glucose concentration response was not reached

in this study, the DoE for the glucose concentration response is provided in Appendix Al.

CCD is frequently used to develop models whose behaviour can be explained by polynomial
equations. Generally, CCD consists of factorial, axial, and central points. The factorial points were
represented by [H>S0,] (0.6-2.4 M), ¢ (58-182 min), and T (72-108 °C) in the experimental setup.
Central points were repeated six times to obtain a close approximation of the experimental error.
Table 4.1 displays the independent variables and levels used in the design. The independent
variables and their ranges were chosen based on preliminary experiments (not published) and

literature data [126,127].

Table 4. 1 Independent variables and their levels used in the central composite design (CCD).

Factor level

Independent variables  Units  Notation

-1.68 -1 0 1 1.68
H,SO4concentration
M .01 . 1. 24 .
([H:S04]) (M) X 0.0 0.60 50 0 3.00
Time (t) (Min) X2 15 58 120 182 225
Temperature (T) (°O) X3 60 72 90 108 120

Experiments were conducted towards the construction of a mathematical model. The TRS

concentration (y) was predicted using the following polynomial equation (Eq. 4.1) [257]:
y:BO+ Z%(zl BiXi+ Zli(zl BiiXi2+ Z%(Zl ZE_] Binin (Eq~ 4~1)

where y is the response variable; x;, x;and x; are the corresponding actual values of the variables;
Lo is the regression coefficient of the fitted response at the centre point of the design; f;is the
linear term coefficient, f3; is the regression coefficient for quadratic effects and f; and f;; are the

interaction terms coefficients.

Subsequently, non-significant factors were removed from the equation using the backward
elimination methodology, followed by the addition of higher degree factors to the polynomial
equation [258].
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The effect and regression coefficients of individual linear, quadratic, and interaction terms were
determined using analysis of variance (ANOVA). The RSM was applied to the experimental data
using a commercial statistical package, Design-Expert version 11.1.2.0. A confidence interval of

95% was chosen, hence p-values lower than 0.05 were considered statistically significant [255].

4.2.3 Analysis of total reducing sugars (TRS) and glucose

concentration

Glucose concentration in CPH was measured using a YSI 2500 biochemical analyser (Xylem Inc.,
Nottingham, UK). Prior to the analysis, samples were filtered using a PVDF 0.45 um filter
(Whatman, Cytiva, Washington D.C, United States).

TRS concentration in CPH was determined using the DNS (Di-nitrosalicylic acid) test, adapted
from Miller (1959) [259]. The DNS reagent composition was as follows (% (w/v)): 0.63 DNS;
0.5 NaOH; 18.2 KNaC4H4Os - 4 H>O; 0.5 NaxS»0s and 0.5 % (v/v) CeHsO. 0.5 mL of sample was
mixed with 0.5 mL of DNS reagent. Samples were then boiled in water for 5 min and subsequently
cooled down to room temperature. The absorbance was measured at 575 nm using a Jenway 6310
Spectrophotometer (Keison Products, Chelmsford, UK). The choice of wavelength for
absorbance measurements was based on its optimal sensitivity for detecting the colour change
associated with the formation of reducing sugars in the DNS reaction. This wavelength has been
widely used in similar studies due to its compatibility with the absorbance spectra of reaction
products [259]. To calculate sample concentrations, absorbance values were interpolated based
on a calibration curve prepared using pure synthetic D-(+)-glucose (CAS 2280-44-6). A
calibration curve and a picture presenting 4 samples containing different sugar concentrations are

presented in Appendix A2.

4.3 Results and discussion
4.3.1 Enzymatic hydrolysis of cassava peel

4.3.1.1 Evaluation of enzymatic loading

The present study assessed the effect of a-amylase and glucoamylase in the enzymatic hydrolysis
of CP under different conditions. One of the objectives was to determine the optimal amount of
enzyme to maximise the hydrolysis process. Despite conducting an exhaustive review of existing
literature on enzymatic hydrolysis of cassava (Table 4.2), no clear information was found

regarding the quantity of enzyme employed in most of the studies. While most research indicates
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the volume of the enzymatic cocktail utilized, there is no information available on the specific
enzymatic activity units. Furthermore, most suppliers provide minimal information about their
enzyme products. Also, prior research investigating the enzymatic hydrolysis of CP commonly
used enzymatic cocktails provided by Novozymes, which include thermostable enzymes. This
study initially aimed to use the same enzymatic cocktails provided by Novozymes, which were
Liquozyme supra 2.2X and Extenda peak 1.5 extra. However, due to the COVID-19 pandemic,
the company was unable to provide these products, leading us to explore alternative options. The
alternative enzymatic products used were a-amylase and glucoamylase, separately. It is important
to note that these enzymes were not thermostable, unlike most of those used in previous research.
Due to the lack of information available on the enzymatic activity and the limited availability of
enzymatic products, our study evaluated a wide range of enzymatic loadings, specifically within

the range of 1 to 420 U/g.

Table 4. 2 Summary of enzymatic hydrolysis studies on cassava: reaction conditions and conversion yields.

Feedstock Catalyst ;l;ecn)lperature Time (h) Conversion (%) Reference
a-amylase + 90 2 754
Glucoamylase 50 24 '
CP Cellulases 50 24 43 [126]
Xylanase 50 9 2.6
Pectinase 40 3 9
a-amylase + 90 1
B Glucoamylase 60 24 97.3 [128]
cs a-amylase + 90 1 96 248)
Glucoamylase 60 48
a-amylase + 80
CS Glucoamylase 70 0.75 86 [245]
CP Cellulase + f3- 50 120 88 [260]
glucanase
a-amylase +
CPU Glucoamylase + B- 50 24 62 [261]
glucanase
Pectinase + a- 45 1
CS amylase + 95 1 98 [262]
Glucoamylase 60 4
Cellulase + B-
CP glucanase + 54.75 43.15 5448 [249]
amyloglucosidase
+ o-amylase

Cassava peels (CP); Cassava bagasse (CB); Cassava starch (CS); Cassava pulp (CPU)
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Figure 4.1 presents the results of the glucose concentration and conversion of starch into glucose
obtained after the simultaneous liquefaction and saccharification of CP using enzymatic loadings
of 1, 4, 8, and 13 U/gsarcn at 38 °C for 24 h. The results shown in Figure 4.1 indicate that a
maximum glucose conversion of 8.4% was attained after 24 h of hydrolysis using 13 U/gstarcn of
our enzymatic cocktail, which is significantly lower than the values reported in the literature by
various authors. As illustrated in Table 4.2, studies using a-amylase and glucoamylase have
reported conversion efficiencies from 75 to 97% [126,245,247,248,251]. However, it should be
noted that these investigations employed different initial cassava sources, such as cassava starch,
peels, and bagasse, which may have impacted the overall conversion efficiency. The studies that
yielded the highest conversions, ranging from 86% to 97, employed cassava starch and bagasse.
Conversely, investigations that utilised CP, which are more analogous to our study, resulted in
lower conversion rates, ranging from 75% to 88%. Despite this, the results of our study, 8.4% of

conversion, exhibit 10 times lower conversion than those reported in previous studies using CP.
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Figure 4. 1 Glucose concentration (g/L) (black bar) and starch conversion into glucose (%) (grey bar) after
enzymatic hydrolysis of cassava peel (CP) using a-amylase and glucoamylase (1:1 ratio) after 24 h (n=1)
Temperature: 38 °C; pH 6; sodium acetate buffer 16 mM

Although the conversion obtained in the experiment was low, Figure 4.1 shows that a higher

enzymatic loading led to a greater conversion. Specifically, increasing the enzymatic loading from
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1 to 13 U/g resulted in a 39.7% increase in the conversion of starch to glucose. Ruiz and co-
workers investigated a wider range of enzymatic loadings to achieve high conversions, identifying
130.5 U/gstarch of a-amylase and 81.5 U/gsarch of glucoamylase as the optimal enzymatic loadings
[245]. Building on this work, the present study tested enzymatic dosages of 40, 80, 210, and 420
U/gstarch, and the results are presented in Figure 4.2. Given that very low conversion values were
obtained after 24 h (Figure 4.1), and previous studies reported longer enzymatic hydrolysis
durations of 43h [249] and 48h [248], the enzymatic hydrolysis using 40, 80, 210, and 420 U/gstarch
was evaluated at 48 h. As illustrated in Figure 4.2, an increase in enzymatic loading and hydrolysis
time was found to be positively correlated with higher glucose concentration and conversion. In
an enzymatic assay without substrate limitation, the reaction rate is expected to increase with an
increase in enzyme concentration. However, it is important to consider other factors that could
affect the reaction rate, such as the interactions between the enzyme and substrate or products,
pH, or temperature [249]. Other researchers have reported a positive correlation between the
reaction rate and enzymatic dosage. For example, Barati and co-workers conducted a CCD and
confirmed that increasing the hydrolysis time and enzyme dosage had a positive effect on the
glucose content extracted from CP [263]. The maximum glucose concentration of 19.6 g/L
corresponding to a 46.4% conversion were obtained using an enzymatic loading of 210 U/garch
for 48h. However, the maximum glucose conversion achieved using 420 U/ggurch of enzymes was
37.7%, indicating that the highest enzyme concentration did not result in the highest conversion.
An explanation for this may be that although the reaction rate can be accelerated by increasing
the enzyme concentration, when all substrate molecules are bound to enzymes, the reaction rate
will no longer increase despite a further increase in enzyme concentration, due to the lack of
available substrate molecules [264]. Furthermore, kinetics based on initial rates can overlook the
effects that accumulate over long reaction times. A process with lower initial enzyme activity may
have a shorter duration of effectiveness and result in lower ultimate yield. Therefore, it is
important to consider not only the initial rate of enzyme activity but also the yield achieved over

time when evaluating the productivity of a process [265].
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Figure 4. 2 Glucose concentration (g/L) (black bar) and starch conversion into glucose (%) (grey bar) after
enzymatic hydrolysis of cassava peel (CP) using a-amylase and glucoamylase (1:1 ratio) after 48 h (n=1)
Temperature: 38 °C; pH 6; sodium acetate buffer 16 mM.

After testing various enzyme concentrations, we determined that the most efficient concentration
was 210 U/g, which consisted of 105 U/g of a-amylose and 105 U/g of glucoamylase. These
findings were higher than those reported by Ruiz et al. and Virunanon et al., who reported
maximum enzymatic dosages of 130.5 U/g [245] and 50 U/g [261], respectively. The differences
can be attributed to several factors such as the chemical characteristics of the substrate, the
reaction conditions, and the origin of the enzymes [266,267]. Moreover, certain authors have
noted that variations in the morphology of the substrate may contribute to differences in
hydrolysis [268,269]. Increasing the duration of the hydrolysis process from 24 to 48h and
increasing the enzyme loading from 13 to 210 U/g led to an important improvement in conversion,
which rose from 8.5% to 46.3%. Nevertheless, despite this significant increase, the highest
conversion achieved in the study (46.3%) remained lower than the rates reported in the studies

outlined in Table 4.2.

However, it is crucial to take the practical consequences of these conclusions into account.

Increased enzyme dosages can result in higher conversion rates, but they also increase the cost of
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operation. In contrast, reducing enzyme loading may result in slightly lower conversion rates but

substantially improves the overall cost-effectiveness of the process [270].

Drawing from our data, it is evident that there exists a trade-off between conversion efficiency
and cost-effectiveness in enzymatic hydrolysis procedures. The optimisation of enzyme dosages
necessitates finding a delicate equilibrium between attaining satisfactory conversion rates and

guaranteeing economic feasibility and scalability.

In practical terms, achieving a slightly lower conversion efficiency may be acceptable if it leads
to significant cost savings in enzyme usage. This approach resonates with the practicalities of
industrial-scale bioprocessing, where the overarching goal is to maximise productivity while

simultaneously maximising operational expenses.

After evaluating various enzyme dosages in enzymatic hydrolysis processes, our study reveals
that enzyme quantity significantly influences conversion efficiency. While higher enzyme
dosages result in higher conversion rates, they also incur higher operational costs. Conversely,
reducing enzyme loading may lead to slightly lower conversion rates but substantially improves

cost-effectiveness.

Based on our data, we conclude that the optimal conditions for enzymatic hydrolysis of our
substrate involve using 80 U/gsrch 0f enzyme, which resulted in a conversion efficiency of 36.9%.
This finding demonstrates that achieving a balance between conversion efficiency and cost-

effectiveness is essential for practical implementation in industrial-scale processes.

Our results, which defy initial predictions, indicate that using greater enzyme concentrations, 210
U/gstarcn, Which produce 46.4% conversion efficiency, might not be the most financially viable
choice because of the significant rise in operating expenses. As a result, selecting an enzyme
dosage of 80 U/guarch offers a more economical option without appreciably lowering conversion

efficiency.

As illustrated in Figure 2.5, the hydrolysis of starch involves several steps. Liquefaction results
in dextrin and maltose molecules that are then hydrolysed to glucose monomers during the
saccharification step. Since all dextrin, maltose and glucose are reducing sugars and to evaluate
the effect of each enzyme, a DNS test to quantify the total amount of reducing sugars in samples
hydrolysed using different concentrations of enzymes (40, 80, 210, and 420 U/gsarcn) Was

conducted after 48h of hydrolysis and results are presented in Figure 4.3.
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Figure 4. 3 Black column, cassava peel starch conversion into glucose (%); and grey column, cassava peel
starch conversion into total reducing sugars (TRS) concentration (%) after enzymatic hydrolysis of cassava

peel using a-amylase and glucoamylase (1:1 ratio) (n=1) Temperature: 38 °C; pH 6; sodium acetate buffer
16 mM.

Figure 4.3 shows that glucose accounted for 63% to 97% of the TRS. As a-amylase and
glucoamylase are enzymes specifically utilised for starch degradation, the hydrolysis of starch
should only produce glucose monomers. The presence of a higher concentration of TRS in
comparison to glucose may imply that dextrin and maltose were not fully hydrolysed into glucose.
This observation suggests that the use of both enzymes in a 1:1 ratio may not be optimal. Although
a-amylase appears to have a significant effect resulting in a high percentage of reducing sugars,
the concentration of glucoamylase may not be optimal, leading to the accumulation of dextrin and
maltose molecules that remained undegraded [271]. However, due to time constraints and enzyme
availability, further experiments were not conducted to determine the optimal ratio of a-amylase
and glucoamylase. This should be the focus of future work, as a thorough investigation of the
effect of varying enzyme ratios on the degree of hydrolysis, provides valuable insights for
improving the efficiency of the process. Increasing the amount of glucoamylase used during the
hydrolysis process might result in the complete hydrolysis of dextrin and maltose. These results

are not in agreement with those reported by Ruiz et al., who observed that the ratio of amylase
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and glucoamylase needed was 1:0.6, implying that glucoamylase should be added at lower
concentrations. This discrepancy can be attributed to variations in experimental conditions, such

as the starch content of the feedstock and the origin of the enzymes [266,267].

4.3.1.2 Evaluation of simultaneous and separate liquefaction

and saccharification

Simultaneous liquefaction and saccharification of CP has previously been reported, and
conversion rates of 79% [247] and 86% [245] were achieved using cassava as feedstock.
However, the separation of the liquefaction and saccharification steps has been more commonly
used, showing conversion rates of over 75% [128,201,245,247,248]. To compare the effectiveness
of the two methods, liquefaction and saccharification were performed separately using 105 U/g
of each enzyme. Specifically, a-amylase was added at 25 °C, and glucoamylase was added at 50
°C, as recommended by the supplier’s specifications. The outcomes of this experiment, presented
in Table 4.3, demonstrated that the maximum conversion of starch to glucose after 48 h of
hydrolysis using the separate liquefaction and saccharification method only reached 11.2 g/L of
glucose, representing 26.5% of conversion. This value is lower than the glucose yield obtained
using simultaneous liquefaction and saccharification, which resulted in a conversion of 46.3%
after the same hydrolysis time and using the same enzymatic concentration. Based on the results
of'this study, it can be concluded that the simultaneous process of liquefaction and saccharification
was more effective in converting starch into glucose compared to conducting each step separately
at their respective optimum temperatures. Our findings are consistent with those reported by
Virunanon and co-workers, who demonstrated that the simultaneous liquefaction and
saccharification of cassava pulp and wastewater utilizing o-amylase, glucoamylase, and [-
glucanase resulted in higher concentrations of reducing sugars than the stepwise sequential

hydrolysis using the same enzymes [261].

Table 4. 3 Glucose concentration (g/L) and conversion (%) of starch into glucose carrying out simultaneous
and separate liquefaction and saccharification using 210 U/g of a-amylase and glucoamylase for 48 h.
Temperature: Simultaneous 38 °C, Separate: Liquefaction: 25 °C, Saccharification 50 °C; pH 6; sodium
acetate buffer 16 mM.

Liquefaction and Glucose concentration Conversion (%)
saccharification (g/L) ?
Simultaneous 19.6 46.3
Separate 11.2 26.5
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4.3.1.3 Evaluation of thermal pre-treatment

Numerous studies have reported the positive impact of thermal pre-treatment on the enzymatic
hydrolysis of starchy feedstocks [272,273]. Cassava starch was reported to have a gelatinization
temperature of 66-73°C [248], and some studies report the use of such temperature as the thermal
pre-treatment for cassava enzymatic hydrolysis [245]. However, other studies have conducted the
pre-treatment at higher temperatures of 95°C [247] and 100°C [128], which also led to high
conversions. Thus, following the determination of the optimal enzyme loading of 210 U/g during
simultaneous liquefaction and saccharification, the impact of two different pre-treatment
temperatures was examined. Hence in order to promote the effectiveness of a-amylase, CP were
incubated at 66 °C and 99 °C for 30 min. Table 4.4 shows that the hydrolysis process did not
improve with the incubation of cassava peels at 66 °C. This pre-treatment method resulted in a
reduced conversion rate in comparison to the conversion achieved without any pre-treatment.
Conversely, pre-treatment at 99 °C resulted in a higher conversion. After 48 h of hydrolysis, a
glucose concentration of 29.6 g/ was achieved, representing a conversion of 70%. The obtained
results in this study validate that thermal pre-treatment-induced gelatinization of starch improved

the enzymatic access to the substrate and conversion rate.

Table 4. 4 Glucose concentration (g/L) and conversion (%) of starch into glucose doing simultaneous
liquefaction and saccharification using 210 U/g of a-amylase and glucoamylase for 48 h with different pre-
treatment methods. Temperature: 38 °C; pH 6; sodium acetate buffer 16 mM.

Pre-treatment method Glucose concentration (g/L) Conversion (%)
Untreated 19.6 46.3
66 °C 10.6 25.1
99 °C 29.6 70.0

The hydrolysis process here presented using o-amylase and glucoamylase was enhanced to
achieve a final conversion of 70%. This result falls within the range of the study previously
conducted by Yoonan and Kongkiattikajorn, who reported a conversion of 75.4%. Although most
of the studies reported higher conversions than the present investigation, this may be due to the
use of thermostable enzymes. As shown in Table 4.1, most studies achieving yields greater than
80% used hydrolysis temperatures between 60 and 100 °C. Those studies explicitly specified the
use of thermostable enzymes in the process. Despite our effort to acquire thermostable enzymes
(Liquozyme supra 2.2X and Extenda peak 1.5 extra) from Novozymes, due to the impact of the
COVID-19 pandemic it was not possible. Consequently, utilizing the aforementioned enzymes

outlined in the 4.2 Materials and methods section was the alternative option selected.
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While other enzymes have been evaluated in the literature to hydrolyse cassava, a-amylase, and
glucoamylase are the most commonly utilized enzymes. Yoonan and Kongkiattikajorn
investigated the effect of cellulases, xylanases, and pectinases, achieving conversions of 43%,
2.6%, and 9%, respectively. These values were considerably lower compared to the use of a-
amylase and glucoamylase, which resulted in 75.4% of conversion [126]. Since the major
polysaccharide present in cassava peels is starch, the utilization of individual enzymes such as
cellulases, pectinases, xylanases, and [-glucanases alone is not likely to produce higher
conversions than those achieved using amylolytic enzymes. Notwithstanding, some studies have
reported that combining different enzymes can lead to high conversions. For example, a
combination of amylolytic enzymes and pectinases yielded a conversion of 98% [262].
Additionally, Bayitse and co-workers achieved a conversion of 88% using cellulases and (-
glucanases [125]. Although the glucose recovery in our study represented 70% of the initial starch,
it only represented 29.6% of the CP weight. Therefore, future studies could explore the use of a
combination of amylolytic enzymes with cellulases and B-glucanases, considering the presence

of cellulose and hemicellulose in CP.

4.3.2 Acid hydrolysis of cassava peel
4.3.2.1 Evaluation of HCI and H2SOy4 effect on the hydrolysis

of cassava peel

An extensive literature review was conducted to examine previous works on the acid hydrolysis
of cassava, and these are presented in Table 4.5. Table 4.5 illustrates that various acids have been
used for the hydrolysis of cassava, with H,SO4 and HCI being the preferred options, achieving
conversions up to 94.5% [127,128]. Nonetheless, other acids, such as H;POsand CH;COOH, have
also been used, resulting in conversions of 35.4% and 30.4%, respectively [126,254]. The
hydrolysis process has been conducted at temperatures ranging between 69 °C and 135 °C, with

reaction times ranging from 3 to 154 min.
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Table 4. 5 Summary of acid hydrolysis studies on cassava: reaction details and conversion yields.

Temperature Time Conversion

Feedstock Catalyst °C) (min) (%) Reference
CP 1.5 M H2S04 110 120 94 [127]
CP 1.1 M H3PO4 121 3 35.5 [254]
CP 0.5 M H>SO4 100 60 38 [274]

0.1 M H,SO4 66.3
CP 0.025 M HCI 135 90 63.3 [126]

0.25M 304

CH3;COOH
CB 0.4 M HCI 120 10 94.5 [128]
CP 0.6 M H,SO4 90 30 25 [269]
69 5

CP 1.2 M HCI 121 70 93 [96]
CP 0.4 M H>SO4 121 70 22 [275]

Cassava peel (CP); Cassava bagasse (CB)

Based on the information provided in Table 4.5 and to reduce the scope of our experiment, HCI
and H,SO,4 were chosen to hydrolyse CP at 120 °C for 60 min and results are shown in Figure 4.5.
Figure 4.5 shows that the glucose concentration obtained using HCI at the tested concentrations
resulted in approximately 25 g/L, corresponding to a conversion efficiency of 25%. This observed
glucose release is attributed not only to the hydrolysis of starch, as discussed earlier, but also to
the effective breakdown of cellulose and hemicellulose within the CP. The hydrolysis process
demonstrates its capability to liberate glucose from both starch, cellulose, and hemicellulose
present in the biomass [276]. Conversely, using the same concentrations of H,SO4, the conversion
efficiencies were 51, 52, and 53%, respectively. The results showed that H,SO4 was more effective
than enzymatic hydrolysis and HCI in converting CP into glucose. Specifically, using 0.25 M
H>SOy4 at 120 °C for 60 min resulted in a 2-fold increase in glucose conversion compared to HCI
and a 45% increase compared to the best enzymatic hydrolysis condition presented in 4.3.1.3
Evaluation of thermal pre-treatment. Therefore, H,SO4 was chosen as the catalyst for further

optimization of the hydrolysis of CP.
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Figure 4. 4 Glucose concentration and cassava peel conversion into glucose after hydrolysis using HCI
(black column), and H,SO4 (grey column) at 120 °C for 60 min (n=3).

While some studies have been conducted on the acid hydrolysis of cassava, most of them do not
perform a systematic optimization of the process. Additionally, studies that investigate the
interaction between more than two variables or the effect of the hydrolysis time in the process,
are scarce. To the best of our knowledge, the study conducted by Aruwajoye et al. is the most
comprehensive. The authors investigated five factors on the hydrolysis of CP using HCI as the
catalyst. However, this study required a thermal pre-treatment of the CP in the presence of the
acid followed by the reaction in an autoclave [96]. Our aim is to develop a simpler system with a

unique hydrolysis step for high sugar recovery using H>SOs.

4.3.2.2 Acid hydrolysis optimisation using response surface

methodology

To reduce the number of experimental trials, a CCD was performed to determine the optimum

conditions for the hydrolysis of CP. The effect of three variables on the TRS concentration in the
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hydrolysate was investigated: H,SO4 concentration, hydrolysis time, and hydrolysis temperature.

Experimental results and independent factors are shown in Table 4.6.

Table 4. 6 Central Composite Design (CCD) used in this study for the optimization along with experimental
values of the response total reducing sugars (TRS) concentration.

Run Factor x; Factor x; Factor x; Response TRS
[H2SO4] (M) Time (min) Temperature (°C) concentration (g/L)
1 0.6 182 72 17.1
2 0.6 182 108 62.0
3 0.6 58 108 82.1
4 0.6 58 72 14.2
5 2.4 58 108 72.1
6 2.4 58 72 37.9
7 2.4 182 72 82.1
8 2.4 182 108 60.0
9 0.01 120 90 3.5
10 3 120 90 85.7
11 1.5 15 90 77.0
12 1.5 120 60 12.4
13 1.5 120 120 72.9
14 1.5 225 90 78.3
15 1.5 120 90 66.4
16 1.5 120 90 65.0
17 1.5 120 90 54.6
18 1.5 120 90 73.4
19 1.5 120 90 66.3
20 1.5 120 90 72.1

Results from Table 4.6 were analysed by Design Expert using analysis of variance (ANOVA) and
the fitted equation model was obtained. Table 4.7 shows the results of the ANOVA test, which
indicate that the model is highly significant, with an F-value of 28.6 and a p-value lower than
0.0001. Such values imply that an F-value of this magnitude is only 0.01% likely to occur due to
noise. Furthermore, the F-value of 0.94 and p-value of 0.51 of the lack of fit imply that this is not
significant relative to the pure error. Since the fit of the model is desirable, the insignificance of
the lack of fit means that the model has good predictability. A coefficient of variation (CV) of
13.1% was obtained, which lies below an acceptable limit of 15% [277]. The fitness of the model
was also assessed by the coefficient of determination R2. In this case, an R? of 0.97 was obtained,
indicating that the variables account for more than 96% of the variation and that the model cannot
explain less than 3% of the total variance. Adequate precision measures the signal-to-noise ratio

and values greater than 4 are desirable. The ratio of 16.2 indicates that the signal is adequate for
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the model which can be used to navigate the design space. The adjusted R? (0.91) is in reasonable

agreement with the predicted R? (0.80), showing a difference lower than 0.2 [255].

Table 4. 7 Analysis of variance (ANOVA) for the central composite design reduced cubic model. x;: H>SO4
concentration; X»: time; X3: temperature.

Source Sum of squares df Mean square F-value p-value
Model 12442.36 10 1244.236 28.6 <0.0001
X1 3406.78 1 3406.78 78.2 <0.0001
X3 3787.83 1 3787.83 86.9 <0.0001
X1X2 303.32 1 303.32 7.0 0.027
X1X3 1267.06 1 1267.06 29.1 0.0004
X2X3 789.63 1 789.63 18.1 0.002
X2 890.83 1 890.83 20.4 0.001
X3? 1047.60 1 1047.60 24.0 0.0008
XiX2” 759.42 1 759.42 17.4 0.002
Residual 692.21 9 76.91 - -
Lack of fit 168.38 4 42.1 0.94 0.51
Pure error 223.83 5 44.77 - -
Cor Total 12834.57 19 675.5 - -

C.V=13.1%; R*=0.97; Adj R?= 0.91; Pred R?= 0.80; Adeq Precision = 16.2

Table 4.7 also shows the statistics of the individual factors and the interactions between them. To

obtain an improved model, backward elimination of the insignificant factors of the quadratic

model was performed. Although the backward elimination technique slightly improved the model,

an enhanced model was achieved by adding a higher degree term to the polynomial equation, x;
2

x2°, thus, resulting in a reduced cubic model. Equation 4.2 (Eq. 4.2) shows the enhanced

polynomial model for the estimation of TRS concentration:
y=69.49+24.85x,+16.69x5+6.16XX2-12.59x1X3-9.94x:x3-8.39x,2-8.96x32-15.25x:x2% (Eq. 4.2)

The coefficient sign (%) defines the direction of the relationship between each of the factors and
the response. A positive coefficient means that as the value of the independent variable increases,
the dependent variable will also increase. A negative coefficient indicates that as the independent

variable rises, the dependent variable falls [278].

In conclusion, the ANOVA analysis confirms the significance and good predictability of the fitted
equation model. The obtained results, indicate that the variables accounted for a significant

proportion of the variation and the model can be reliably used for navigating the design space.
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The predicted versus actual values plot (Figure 4.5A) shows that the predicted values are in
agreement with the experimental results. All points are very close to the line, indicating an
excellent fit where x=y. The strong fit of this model confirms that the reduced cubic model can

be used to estimate and optimise the TRS concentration in the CPH.

Table 4.7 shows that the factors H,SO4 concentration and temperature had significant linear,
quadratic and interactive effects on the model. Nevertheless, the linear (x2) and quadratic (x5°),
effects of time were removed from the model due to their insignificance. However, the
interactions of time with H,SO4 concentration and temperature (x;x, x2x3, and x;x,°) produced p-
values below 0.05 indicating their significance to the model. Figure 4.5B, which examines the
single effect of the three factors involved in the design, further supports these findings. The
increase in H,SO4 concentration and temperature results in an increase in TRS concentration.
However, time shows a reduced effect at all ranges, confirming its non-significance in the model

as a single factor.

100 100+ B

80

60

Predicted

40 -

TRS concentration (g/L)

20 - 20

T T T T
-1 -0.5 0 0.5 1

Deviation from Reference Point (Coded Units)

Figure 4. 5 (A) Total reducing sugars (TRS) concentration predicted vs. actual values plot; (B) Perturbation
plot over the total reducing sugars (TRS) concentration (g/L). (x1) H2SO4 acid concentration; (x») time;
(x3) temperature.

The analysis of the interactions between variables was further investigated based on the contour

and 3D response surface plots presented in Figure 4.6.
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Figure 4. 6 Contour plots (1) and 3D response surface plots (2) representing the effect over total reducing
sugars (TRS) concentration (g/L) of (A), H.SO4 concentration (M) and time (min); (B), H2SO4
concentration (M) and temperature (°C) and (C), time (min) and temperature (°C).

Each pair of plots (A, B, and C) depicts the response as a function of two parameters while

maintaining the third parameter at a fixed central level. As can be seen, TRS concentrations
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exceeding 80 g/L can be achieved through various combinations of the independent variables.
Figure 4.6A illustrates the interaction between H,SO4 concentration and time, where the highest
TRS concentrations were obtained by using H>SO4 concentrations from 2 M for a range of time
between 90 and 175 min. Figure 4.6B shows the interaction between H,SO4 concentration and
temperature, where H>SO4 concentrations from 2M and temperatures ranging from 80 °C and 105
°C resulted in TRS concentrations higher than 83 g/L. Finally, Figure 4.6C shows the interaction
between temperature and time, indicating that the maximum TRS concentration was achieved by
using hydrolysis temperatures exceeding 99°C within 90 min. Overall, our results indicate that
increasing H>SO4 concentration and temperature leads to higher TRS concentration. Therefore, it
can be concluded that the duration of the hydrolysis reaction, in combination with the other two
independent variables, has a significant impact on the TRS concentration, and this finding is
supported by both graphical (Figure 4.6) and statistical analyses (Table 4.7). Onyelucheya and
co-workers used H3PO4 to hydrolyse CP and found that increasing the acid concentration led to a
reduction in the required hydrolysis time [254]. However, their study did not provide a systematic
approach to optimise the hydrolysis of CP nor explore optimal conditions. In contrast, our study,
employing a DoE approach, revealed a more intricate interaction between acid concentration and
hydrolysis time. The analysis of the 3D and contour plots presented in Figure 4.6 revealed that
H>SO4 concentrations from 2 M, time between 70 and 175 min, and hydrolysis temperatures from

85 °C yield over 80 g/L of TRS.

We carried out an independent experiment to validate our model employing 2.2 M H2SO4, 150
min reaction time, and 102 °C, achieving 80.3 g/L of TRS. The predicted TRS concentration was

80.7 g/L, being an acceptable error of 0.5% between the experimental and the predicted value.

Considering the initial carbohydrate concentration of 88% in the CP [125], a maximum
conversion of 97% of carbohydrates into reducing sugars was achieved in the CPH in this study.
Upon comparison with other studies (Table 4.5), hydrolysis with H,SO4 has been reported to yield
66 to 94% TRS conversion from CP at 110 °C [127] and 135 °C [126]. Nevertheless, these works
show disparities in the optimal concentration of acid and did not conduct a systematic study. Our
research shows that H>SO4 concentrations higher than 2 M and temperatures around 85 °C led to
conversion yields of 97%. Ajala and co-workers reported an optimum H>SO4 concentration of 1.5
M to achieve 94% conversion, being in close agreement with our findings [127]. In contrast,
Yoonan and Kongkiattikajorn report 0.1 M of H,SO4 as the optimal concentration for the
hydrolysis of CP. However, the authors only achieved 66% conversion [126], significantly lower

than our results.

Focusing on the reaction time, we found that conducting the hydrolysis between 70 and 175 min

led to conversions up to 97%. The aforementioned studies used hydrolysis times of 120 min and
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90 min respectively [126,127]. Nevertheless, the optimisation of the process variable time and the
interaction of the three different factors was not described. While our process requires slightly
higher concentrated H,SOs, theirs employs a higher temperature. The interest in using lower
temperatures and times is not only due to the lower energy demand but also to the mitigation of
sugar degradation. High temperatures and prolonged reaction times can lead to the degradation
of sugars, which may lead to lower conversion yields [254]. Furthermore, our study employs a
systematic optimisation approach, considering three variables simultaneously, whereas the study

performed by Ajala and co-workers employed a fixed time [127].

The present study was optimised to hydrolyse CP using H,SOs as the catalyst. However, other
acids can be used to show similar conversion rates. Table 4.5 shows a number of relevant studies
on the acid hydrolysis of cassava. Various authors report HCI of various concentrations to achieve
conversions of 94.5 and 93% [96,128]. It is important to consider that the variations in the findings
of different studies may be attributed to the variations in the properties of cassava, as well as
differences in the acid used, acid concentration, reaction time, and reaction temperature used in
the hydrolysis process. For example, due to its chemical structure, starch is more easily digested
than cellulose. This is because the a-1,4 and a-1,6 glycosidic bonds of starch are not as strong as
the B-1.4-glycosidic bonds of cellulose and hemicellulose, hence they are more resistant to dilute
acids. Therefore, the hydrolysis of cellulose and hemicellulose usually requires more severe
conditions than starch [279]. Some authors have suggested that the total conversion of cellulose
and hemicellulose into reducing sugars is not possible [280], which may explain the presence of
3% undegraded carbohydrates in our study. To the best of our knowledge, our study yielded the
highest conversion from cassava to reducing sugars achieved to date, while also presenting an

optimised hydrolysis process.

4.4 Conclusions

The aim of this research was to assess and compare the effectiveness of enzymatic and acid
hydrolysis techniques for the conversion of CP into reducing sugars. The optimal enzymatic
conditions were determined using a thermal pre-treatment of the CP at 99 °C for 30 min, followed
by simultaneous liquefaction and saccharification at 38 °C, using a combination of a-amylase and
glucoamylase at a concentration of 210 U/g in a 1:1 ratio for 48 h. This condition yielded a
conversion of 70% of starch into glucose. However, it is important to note the practical
considerations of the process. While this high conversion is promising, it must be balanced against
the associated operational costs, particularly regarding the high enzyme dosage required.
Therefore, while this optimal condition demonstrates the potential for high conversion efficiency,

further analysis is warranted to explore cost-effectiveness alternative. In conclusion, our study
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underscores the importance of optimising enzymatic conditions for efficient glucose production
from CP. Moving forward, future research should focus on refining these conditions to strike a
balance between conversion efficiency and cost-effectiveness, ultimately facilitating the

implementation of enzymatic hydrolysis processes on a industrial scale.

Conversely, the optimisation of the acid hydrolysis yielded a conversion of 97% from CP to
reducing sugars using 3 M H>SOj4 for 120 min at 90 °C. Further optimization indicated that minor
alterations in hydrolysis conditions, such as using 2.6 M H>SO4 for 133 min and 90 °C could result

in a complete conversion of polysaccharides to reducing sugars.

Overall, acid hydrolysis demonstrated a higher degree of efficiency compared to enzymatic
hydrolysis. Despite achieving a Pyr-546 for conversion with enzymatic hydrolysis, the final
concentration of glucose in the CPH was only 29.6 g/L. In contrast, acid hydrolysis yielded a TRS
concentration of 85.7g/L. This significant difference can be attributed to the specificity of each
catalyst. The amylolytic enzymes used in the study only act on the a-1,4 and a-1,6 glycosidic
bonds of starch, releasing glucose monomers, whereas H.SOj cleaves all bonds present in starch,
cellulose, and hemicellulose, allowing higher conversion and a wider range of reducing sugars.
However, it is important to note that the optimisation was only performed for the acid hydrolysis,
which likely contributed to the better results obtained with this method. Therefore, a more
complete comparison of the two hydrolysis methods will require the optimisation of both

techniques and further investigation into the factors that affect their respective efficiencies.

While the addition of other enzymes such as cellulases and B-glucanases may potentially improve
the conversion yields of acid hydrolysis by breaking down cellulose and hemicellulose, they were
not utilised in the present study due to economic considerations. The choice of amylolytic
enzymes was based not only on the starch content of CP but also on the efficiency of the different
enzymes. As previously reported, 40 to 100 times higher enzymatic concentration is needed to
break down cellulose than starch [281]. The combination of both methodologies should also be

further investigated.

When considering large-scale biomass conversion processes, it is essential to take into account
the cost and environmental impact of the methodologies. Although acid hydrolysis is typically
less expensive than enzymatic hydrolysis, it has environmental impacts, mainly due to the
generation of acid waste. However, the results of this study suggest that acid hydrolysis should
be considered as the preferred method for the conversion of CP into reducing sugars. The ease of
operation of scalability of acid hydrolysis make it a practical option for industrial applications,

where high yields and efficiency are critical factors for consideration.
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To the best of our knowledge, our study has documented the highest TRS recovery observed to
date. While our results closely align with the 94% recovery achieved by Ajala and co-workers
[127], our study slightly enhanced the process. This improvement was achieved by incorporating
a more comprehensive DoE, which introduced the variable time into the study, thus contributing

to the improvement of the TRS recovery process.
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Chapter 5. Screening of the
potential of Cupriavidus necator tor
cassava peel valorisation into

polyhydroxyalkanoates

Part of the content of this chapter has been adapted from the following manuscript:

“Process integration for efficient conversion of cassava peel waste into polyhydroxyalkanoates”
C. Hierro-Iglesias, C.O Fatokun, A, Chimphango, P. Thornley, P.H. Blanco-Sanchez, R. Bayitse,

A. Fernandez-Castane. Submitted to Journal of Environmental Chemical Engineering.

5.1 Introduction

The valorisation of waste-biomass into value-added products has significant importance in the
context of sustainable development and resource management [88]. Cassava, as elaborated on
earlier and in more depth within Chapters 2, 3, and 4 of this thesis, is one of the most important
crops in tropical and subtropical countries, resulting in high volumes of cassava waste. Employing
cassava waste in biorefinery platforms to produce value-added products offers the potential to
address challenges in cassava waste management, while simultaneously substituting non-
renewable resources in energy and product manufacturing [24]. The production of several
products, including ethanol [100], flavour and aroma compounds [101], methane [102], biogas

[103], and biopolymers [15] from cassava has been previously documented.

Polyhydroxyalkanoates (PHA) are biopolymers with great potential as an alternative to
petroleum-based plastics [5]. They can be produced from renewable resources and biodegraded
by microorganisms [145]. PHA are produced exclusively by microbes and stored as cytoplasmic
granules [282], providing carbon and energy to the cell, enhancing cell viability, e.g., during

starvation [283,284]. PHA show diverse properties and finds applications in packaging,
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agriculture, and medicine [7,11,45,46]. Cupriavidus necator (C. necator) is the model organism

for producing PHA, under conditions of excess carbon and nutrient stress [160].

An important barrier in the commercialisation of PHA is their high manufacturing cost in
comparison to petrochemical-derived plastics [11], with PHA cost estimated at 3 to 4-fold higher
than their petrochemical counterparts [285]. Slow microorganism growth, energy costs, and
downstream strategies impede cost-effective PHA production [286,287], with carbon sources
constituting 40% of total annual operating cost [288]. The utilisation of sugar cane molasses and
corn cob, has yielded PHA concentrations of 46% and 52% (gpus/gpcw), respectively [12,289],
indicating potential for PHA production from various types of waste biomass, including cassava

waste.

Another challenge in PHA production is the absence of rapid and reliable techniques for
quantifying PHA [290]. Gas chromatography coupled to mass spectrometry (GC-MS), the
prevailing method, requires laborious sample preparation, which is time-consuming and involves
hazardous chemicals [291]. Given that real-time monitoring is essential for process optimisation,
it hinders the development of optimized PHA production strategies [292]. Flow cytometry (FCM),
offers a rapid and comprehensive approach for monitoring PHA production. It provides a real-
time analysis of single cells, utilising different lasers to generate diverse signals that inform about
several characteristics of the cell, including size and complexity [293]. By using specific
fluorophores, such as Nile-red, which binds to intracellular lipidic compounds, PHA detection
becomes efficient [294-297]. While Nile-red accelerates analysis compared to GC-MS, it requires
centrifugation and 30 min fluorophore incubation, contributing to time consumption [294]. As an
alternative, pyrromethene-546 (Pyr-546), is a lipophilic dye that enters bacteria and stains PHA
green [298]. Pyr-546 offers a compelling substitute for Nile-red, avoiding sample preparation and
prolonged incubation. Although not widely adopted and requiring further optimisation, some

studies have employed Pyr-546 for PHA detection [283,298].

This chapter builds upon the work presented in Chapter 4, where the optimisation of the acid
hydrolysis of CP was conducted resulting in 15 different CPH of varying composition. This
chapter focuses on evaluating the ability of C. necator to utilise the reducing sugars from CPH to
grow and produce PHA. A screening of the 15 CPH from Chapter 4 was conducted to culture C.
necator at small scale (1 mL). The optimal condition determined during the screening was
subsequently applied to flask scale, where baffled and non-baffled flasks were tested. Moreover,

the optimisation of the staining protocol using Pyr-546 was performed.

The utilisation of different types of tanks, particularly baffled and non-baffled configurations,
plays a crucial role in microbial growth and biotechnological processes, notably impacting the

availability of oxygen in the medium. The design of the cultivation flasks, including the presence
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or absence of baffles, significantly influences oxygen transfer rates, mixing efficiency, and
ultimately, microbial growth dynamics. Baffled tanks are characterised by the presence of internal
baffles or impellers, which promote better mixing within the culture medium [299,300]. On the
other hand, non- baffled tanks lack these internal structures, leading to less efficient mixing and
potentially stratified oxygen distribution. Gaining understanding of how tank designs affect
oxygen availability is essential to optimising culture efficiency and efficiently grow microbial

processes for industrial use [300].

5.2 Materials and methods

5.2.1 Feedstock and feedstock pre-treatment

Milled CP were kindly provided by Dr Richard Bayitse from the Council for Scientific and
Industrial Research (CSIR) in Ghana. CP were collected from a cassava processing plant in
Bawjiase, Ghana, soaked in water for 30 min to ease the removal of the brown skin, and

subsequently dried overnight at 60 °C before being milled.

CP were pre-treated with varying H,SO.4 concentrations (0.01, 0.6, 1.5, 2.4, and 3 M) (>95%,
Fisher Scientific, Loughborough, UK, CAS 7664-93-9), times (15, 58, 120, 182, and 225 min),
and temperatures (60, 72, 90, 107 and 120 °C) as shown in Table 4.1. Reactions were performed
in a 20 mL reaction volume containing 10% (w/v) of CP. Hydrolysis reactions were conducted in
a Starfish workstation (Radleys, Essex, UK) using two-neck round bottom 50 mL pressure flasks
and stirred at 280 rpm (Aldrich®, Merck, Darmstadt, Germany) (Figure 3.1). To avoid sample
loss due to evaporation, experiments below 100 °C were fitted with a condenser. Pressure was
released by inserting a needle in one of the necks of the flask. In order to achieve temperatures
above 100 °C, flasks were maintained pressurised. After the reaction, samples were vacuum
filtrated through a cellulose 11pm filter paper (Whatman, Cytiva, Washington D.C, United States)
followed by another filtration step using a PVDF 0.45 pum filter (Whatman, Cytiva, Washington
D.C, United States).

5.2.2 Strain and cultivation strategies

C. necator H16 was used to perform the biotransformation from sugars to PHA. C. necator H16
was originally a fructose consumer. However, for the purposes of this research, it was mutated to
obtain a glucose-utilising strain via adaptive evolution. Bacteria and mutation protocol were

kindly provided by Dr Katalin Kovacs from the University of Nottingham.
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For the control experiment, C. necator was cultivated in defined media (DM) consisting of
mineral salt media (MSM) containing (g/L): 10 glucose; 1 (NH4)2SOs; 1.5 KH,PO4; 9 Na,HPO,
2H,0; 0.2 MgSO04 - 7TH>0; 9 citric acid; and 1 ml/L trace element solution [12]. The pH of the
medium was adjusted to 7 with NaOH and the media was sterilised by autoclaving at 121°C for
20 min in a Priorclave® autoclave (Priorclave Ltd, London, UK). Glucose and phosphates were
autoclaved separately to avoid the Maillard reaction. Trace element solution was added after
autoclaving and sterilised by filtration through 0.22 pm cellulose filters (Sartorius Stedim UK
Ltd, Surrey, UK). Trace element solution had the following composition (g/L): 10 FeSO4 - 7H,0;
2.25 ZnSOy - TH>0; 1 CuSO4 * 5H»0; 0.5 MnSO4 - 5H>0; 2 CaCl, - 2H20; 0.23 Na;B4O7 - 10H,0;
0.1 (NH4)sM07024; and 10 ml/L 35% HCI [12].

Screening of microbial growth was performed using the 15 CPH described in Chapter 4 as the
sole source of nutrients. 1 mL cultures using DM and CPH were performed in triplicates using
24-well microplates (Figure 5.1A). CPH were neutralised to pH 7 using NaOH and sterilised by
filtration through 0.22 um cellulose filters (Sartorius Stedim UK Ltd, Surrey, UK) and cultured
for 72 h at 30 °C and 250 rpm in a shaker incubator (Incu-Shake MAXI®, SciQuip Ltd, Newtown,

UK). Cultures were performed in triplicates.

Figure 5. 1 Cultures performed at (A) plate scale (1mL); (B) baffled flasks (100 mL); and (C) non-baffled
flasks (100mL).
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Following the evaluation of the CPH composition for C. necator growth and PHA production, the
scale-up to shake flask was performed. DM and CPH obtained under the hydrolysis conditions of
0.6 M H»SO4, 58 min, and 107 °C were used as culture media. CPH was diluted to a glucose
concentration of 10 g/L and sterilised by filtration through 0.22 um cellulose filters (Sartorius
Stedim UK Ltd, Surrey, UK). Furthermore, considering the ability of C. necator to enhance the
production of PHA under O»-deprived conditions, baffled (Figure 5.1B) and non-baffled (Figure
5.1C) flasks were used in the study. 100 mL volume cultures were performed in 500 mL flasks
and cultured for 72 h at 30 °C and 250 rpm in a shaker incubator (Incu-Shake MAXI®, SciQuip

Ltd, Newtown, UK). Cultures were performed in triplicates.

All cultures were inoculated at an ODggo of 0.1 using an inoculum culture and incubated for 72 h,
30 °C, and 250 rpm in a shaker incubator. For the inoculum cultures, one loop of cryostock, stored
at - 80 °C in 15% (w/w) glycerol, was aseptically added into 10 mL of inoculum culture media
containing (g/L): 10, peptone; 10, beef extract and 5, NaCl [12]. The pH of the medium was
adjusted to 7 using NaOH and subsequently sterilised by autoclaving at 121 °C for 20 min.
Inoculums were cultured overnight at 30 °C and 250 rpm in a shaker incubator. Inoculum cultures

were used for the optimisation of the Pyr-546 staining protocol in C. necator.

5.2.4 Microbial growth and PHA production

Microbial growth was analysed by optical density at a wavelength of 600 nm using a Jenway 6310
Spectrophotometer (Keison Products, Chelmsford, UK). Bacterial concentration determined in
cell/mL was quantified using a flow cytometer BD Accuri™ C6 Plus Flow Cytometer (Becton,
Dickinson and Company, Oxford, UK) in the screening experiments and a first-order correlation
between ODsoo and bacterial concentration was established. Biomass dry cell weight (DCW) was
determined in one of the flask experiments. For this purpose, 2 mL of bacterial culture underwent
centrifugation at 13,000 g for 2 min using an AccuSpin Micro 17 centrifuge (Thermo Fisher
Scientific, Massachusetts, USA). The resulting pellet was subsequently resuspended in 2 mL of
distilled water to remove impurities, followed by another round of centrifugation using the same
conditions, and this step was repeated twice. Subsequently, the supernatant was discarded and
pellets were transferred to pre-dried and pre-weighted weighting boats. Samples were then
subjected to 24 h drying at 100 °C in an oven (Memmert, Schwabach, Germany). Following this,
samples were weighted to establish the DCW. A correlation curve between DCW and ODggo was

calculated, and this curve is provided in Appendix B1.

PHA optimisation from microtiter samples was adapted from the method used by Fernandez-

Castane et al. [283]. The optimization of the staining protocol for C. necator using pyrromethene-
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546 (Pyr-546) was performed. Concentrations of 0/100, 20/80, 40/60, and 60/40 % (v/v, Ethanol
(EtOH)/Dimethyl sulfoxide (DMSO)) were tested. Furthermore, pyr-546 concentrations of 0.05,

0.1, and 0.2 mg mL"" were also tested, resulting in 12 conditions.

Briefly, bacterial samples were resuspended in phosphate-buffered saline (PBS) and stained with
pyr-546 (Exciton, Lockbourne, USA). Pyr-546 stocks were stored at 4 °C in 20/80% (v/v,
EtOH/DMSO) and added to the bacterial solution at a concentration of 5 pg/mL. Stained samples
were incubated for 1 min and analysed using a flow cytometer BD Accuri™ C6 Plus Flow
Cytometer (Becton, Dickinson and Company, Oxford, UK) using a 488 nm solid-state laser and

fluorescence was detected using the 533/30 BP filter (FL1-A).

PHA quantification was performed by acid propanolysis followed by GC-MS analysis, adapted
from elsewhere [301]. Briefly, the bacterial pellet was freeze-dried in a Lablyo benchtop freeze
dryer (Frozen in Time Ltd, York, UK) at -50 °C and 1-5 Pa, overnight. Propanolysis was
performed using 5 mg of lyophilized bacteria in 1 mL of chloroform and 1 mL of 1-propanol
containing 15% of 37% (v/v) HCl in an 8 mL glass tube (Duran®, Mainz, Germany). 50 puL of 1
mg/mL solution of benzoic acid in 1-propanol was added as the internal standard. The mixtures
were incubated for 2 h at 100°C in an oven (Memmert, Schwabach, Germany). After cooling to
room temperature, 2 mL of distilled water was added followed by vortexing for 30 s, and left
standing for 5 min to allow for phase separation. The upper aqueous phase was discarded, and the
washing step was repeated to eliminate impurities. 1 mL of the organic phase containing
derivatised PHA was filtered with 0.2 um nylon filters (Fisher Scientific, Loughborough, UK)
and transferred to a GC-MS vial. The standard sample of poly (3-hydroxybutyric acid-co-3-
hydroxyvaleric acid) (PHBYV, 80181-31-3, Merck, Darmstadt, Germany) was used to prepare the
standard calibration curves for PHB and PHV. These calibration curves and a representative GC-
MS chromatogram of a standard sample and a culture sample are included in Appendix B2.
Analysis was performed using a Single quadrupole gas chromatograph-mass spectrometer
GCMS-QP2010 (Shimazu, Milton Keynes, UK). One pL was injected into an analyser with a 30
m SH-Rtx-5MS column (Shimazu, Milton Keynes, UK) at 280°C. The flow rate was set at 1.25
ml/min and the ionization detector at 240 °C. Column temperature was programmed from 40 to
250 °C at a rate of 5 °C/min. The total measurement time for each sample was 40 min. PHBV
was identified using the internal libraries NIST17s and NIST17-1 available in GC-MS Postrun
Analysis Software (Shimazu, Milton Keynes, UK). PHBV amount of each sample was normalised
by the weight of the lyophilised bacteria and expressed as a percentage of polymer weight/cell
dry weight.

A correlation between PHA concentration (%) assessed through GC-MS and fluorescence values

obtained from Pyr-546-stain cells was conducted to calculate the concentration of PHA from FCM
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data. This experiment was carried out using flask-scale cultures and employed DM. The

correlation curve is available in Appendix B3.

5.2.5 Optical microscopy images

Bacteria stained with Pyr-546 were observed and imaged using a Zeiss Axiolab microscope (Carl
Zeiss Ltd., Cambridge, UK) fitted with a Zeiss AxioCam ICm1 camera, and the images were
processed in auto-exposure mode with the aid of Zeiss ZEN Lite 2012 software. Samples were
excited with a Zeiss VHW 50f-2b ultraviolet light source and a 520 LP filter was employed for

detection of fluorescence.

5.2.6 Analysis of total reducing sugars (TRS) and glucose

concentration

Total reducing sugars (TRS) concentration was determined using the DNS (Di-nitrosalicylic acid)
test, which was adapted p-from Miller (1959) [259]. The reagent composition was as follows (%
(W/v)): 0.63 DNS; 0.5 NaOH; 18.2 KNaC4H4Os - 4 H0; 0.5 NaxS,05 and 0.5 % (v/v) C¢HeO. 0.5
mL of sample were mixed with 0.5 mL of DNS reagent. Samples were placed in boiling water for
5 min and cooled to room temperature. The absorbance was measured at 575 nm using a Jenway
6310 Spectrophotometer (Keison Products, Chelmsford, UK). A calibration curve (Appendix 4.1)
was prepared using pure synthetic D-(+)-glucose (Fisher Scientific, Loughborough, UK, CAS
2280-44-6), and absorbance values were interpolated to calculate sample concentrations

(Appendix A2).

Glucose concentration was measured using the YSI model 2500 biochemical analyzer (Xylem
Inc., Nottingham, UK). Samples were previously filtered through a PVDF 0.45 pum filter
(Whatman, Cytiva, Washington D.C, United States).

5.3 Results and discussion

5.3.1 Optimisation of bacterial polyhydroxyalkanoates
staining
In order to detect PHA present in the bacteria, samples were stained with Pyr-546, and

fluorescence was measured by FCM. To determine the optimal conditions for the staining process,

a unique sample of C. necator was consistently analysed throughout the study.
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Figure 5.2 depicts the fluorescence intensity corresponding to the different staining conditions
examined within the experiment and FCM histograms can be found in Appendix B4. As shown
in Figure 5.2, the different staining preparations yielded varied fluorescence values, from 373.8
AU for the sample stained with 0.05 mg/mL of Pyr-546, diluted in 40/60 (%v/v EtOH/DMSO)
without incubation time, to 3305.5 AU for the sample stained with 0.05 mg/mL of Pyr-546 diluted
in 20/80 (%v/v EtOH/DMSO) and incubated for 5 min. This difference represents a 9-fold

increase between the aforementioned samples.

Despite achieving the highest fluorescence intensity using 0.05 mg/mL of Pyr-546 diluted in
20/80 (%v/v EtOH/DMSOQ), and incubated for 5 min, a remarkably similar result was obtained
using the same staining parameters but with an incubation time of 1 min (Figure 5.2B). The
difference in fluorescence intensity between these two conditions is 5%. Given this low
difference, and in order to minimise data acquisition timeframe, 1 min incubation time was chosen
as the preferred incubation time using 0.05 mg/mL of Pyr-546 diluted in 20/80 (%v/v
EtOH/DMSO). Furthermore, this staining condition represents a 46-fold increase over the control

sample, which indicates the presence of lipid-like molecules, such as PHA inside the bacteria.

Although the fluorescence intensity was not as high as with the use of 0.05 mg/mL of Pyr-546
diluted in 20/80 (%v/v EtOH/DMSOQ), and incubated for 1 min, comparable intensity values were
obtained using 0.2 mg/mL of Pyr-546 diluted in 100 (% v/v DMSO), and incubated for 1 min.
However, it is important to note that this condition required higher fluorophore concentration,
resulting in increased process costs. Consequently, 0.05 mg/mL of Pyr-546 diluted in 20/80 (%ov/v
EtOH/DMSO), and 1 min incubation time was chosen as the optimal staining condition to detect
PHA in C. necator using Pyr-546. This choice provides a balance between fluorescence intensity,

economy, and time efficiency.
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Figure 5. 2 Fluorescence of Cupriavidus necator H16 stained with Pyrromethene-546 (A) 0/100
EtOH/DMSO (%v/v); (B) 20/80 EtOH/DMSO (%v/v); (C) 40/60 EtOH/DMSO (%v/v); (D) 60/40
EtOH/DMSO (%v/v). AU: Arbitrary Units. n=1.

5.3.2 Screening of Cupriavidus necator growth and
polyhydroxyalkanoates production from cassava peel

hydrolysate

5.3.2.1 Determination of microbial growth

The 15 resulting CPH obtained from the CCD presented in Chapter 4, with different TRS and
glucose concentrations were tested to assess the growth of C. necator and its ability to produce
PHA. Results are shown in Figure 5.3 together with a control experiment using DM. As depicted,
C. necator was able to metabolise all the CPH after 48h of culture to different extent. However,
significant differences can be observed. Growth varied from as little as ODsoo 0.69 using the CPH
obtained under the hydrolysis conditions of 1.5 M H,SO4, 15 min, and 90°C, to ODego 15.8 using
the CPH obtained under the following conditions: 0.6 M H,SO4, 58 min, and 107 °C. The highest
growth obtained in this study using CPH was compared to the culture using DM, which reached
an ODgo 8.6 after 48 h of cultivation. As depicted in Figure 5.3, among the 15 cultures conducted
using CPH, three exhibited higher growth compared to the culture using DM. This increased
growth might be attributed to the presence of additional reducing sugars, such as fructose, xylose,

mannose, and arabinose, within the CPH.
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In order to understand what factors might be affecting microbial growth, the inhibitory effect of
glucose concentration on the growth of C. necator was investigated. To the best of our knowledge,
there have been no previous studies addressing this question. However, previous research has
examined substrate inhibition using other sugars in C. necator. Notably, Dey and Rangarajan
conducted a study revealing that concentrations exceeding 20 g/L of sucrose in the culture media
adversely affected the growth of C. necator [302]. However, after contrasting Figures 5.3A and
B, substrate inhibition was disregarded in our study. Figure 5.3B shows that the culture that
produced the greatest growth corresponds to the CPH containing 75.2 g/L of TRS. However, the
initial sugar concentration in the culture had no beneficial impact on the growth either. The culture
presenting an ODgoo of 14.4 had a starting TRS concentration of 27.6 g/L. Nevertheless, the CPH
obtained under 1.5 M H>SO4, 15 min and 90°C resulted in ODgoo lower than 1 with an initial sugar
concentration of 66.4 g/L. These findings demonstrate that the glucose concentration does not

negatively affect C. necator growth.

The sugar composition of CP has been previously reported in the literature, with glucose
accounting for approximately 95% of the TRS and xylose and arabinose representing the
remaining amount [125]. However, as shown in Figure 5.3C, the glucose concentration over the
TRS of the CPH in the present study was in the 14-89% range. Despite obtaining a wide range of
glucose concentrations, no clear correlation was found between the TRS composition and
microbial growth. When Figures 5.3A and C are compared, it is clear that the CPH containing
66.5% glucose resulted in the highest microbial growth (ODsoo 15.8). A CPH containing 66.9%
of glucose, on the other hand, resulted in the least amount of growth (ODsgo 0.69). Although only
glucose was identified and quantified from all the potential sugars in the CPH, the results show

that the sugar composition of the CPH is not a critical factor in the growth of C. necator.

Figure 5.3A shows the quantified amount of alkali used to neutralise the culture media. All the
CPH obtained using 0.6 M presented the highest growth results. All these experiments required
NaOH concentrations lower than 2 M to be neutralised. Cultures that needed less alkali grew more
on average. CPH produced under 0.01 M H,SO4, 120 min, and 90 °C did not require a
neutralisation step. However, the growth only reached ODggo 5.2. This might be a result of the low
availability of sugars in the media, 3.5 g/L (Figure 5.3B). When more alkali is added to an acidic
solution, salt is likely to form in the media, and high salt concentrations may prevent bacterial

growth [303].
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Figure 5. 3 Utilisation of CPH by C. necator. (A) Grey column, ODggo; (®) residual glucose concentration
(g/L) after 48 h of culture (n=3); and (0) NaOH (M) used for pH neutralization. (B) Black column, Total
reducing sugars (TRS) concentrations and; grey column, glucose concentrations obtained from each
hydrolysis condition. (C) Glucose as a percentage of total reducing sugars from each hydrolysis condition
from the DoE matrix. DM: defined media (*) Average and standard deviation values are given for the central
point (1.5M, 120min, and 90 °C) (n=6).
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5.3.2.2 Determination of polyhydroxyalkanoates production

FCM was used to rapidly assess relative PHA content within the individual bacteria. The
lipophilic fluorophore Pyr-546 was used to stain bacteria and the fluorescence intensities are
shown in Figure 5.4. As shown in the correlation between PHA concentration (%) quantified using
GC-MS and fluorescence values from FCM, higher fluorescence values mean higher PHA content

(Appendix B3).

Figure 5.4 reveals that the lowest H,SO4 concentrations tested, specifically 0.01 M and 0.6 M,
yielded the highest PHA production. 0.6 M H>SO4, 58 min, and 107 °C was the best CP hydrolysis
condition for the further production of PHA by C. necator, which aligns with the optimal
hydrolysis condition for microbial growth. Similar to the findings from the previous growth study,
the results indicate that the H,SO4 concentration used in the hydrolysis process had a direct effect
on the production of PHA, which might be also due to the salts availability in the media. However,
no correlation was observed between hydrolysis time and temperature with the PHA production.
As depicted in Figure 5.4, PHA concentration obtained in the experiment using DM are in line
with some values obtained using CPH. However, the disparity in PHA concentration among
samples might be attributed to different compositions of the respective culture media, leading to
differential fluorescence outcomes, and therefore different PHA concentrations. Therefore, the
application of FCM represents a valuable technique, enabling efficient assessment of PHA

production when employing identical culture media.
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Figure 5. 4 Polyhydroxyalkanoates (PHA) concentration (% gpua/gpcw) from cassava peels hydrolysates
(CPH) using Cupriavidus necator. X axes corresponds to the hydrolysis conditions from the DoE matrix
and defined media (DM) (n=3). (*) Average and standard deviation values are given for the central point
(1.5 M, 120 min, and 90 °C) (n=6).

Figure 5.5 Al and B1 exhibit fluorescence microscope images showing representative samples
with low and high fluorescence values from Pyro-546-stained bacteria grown on CPH (0.01 M,
120 min, and 90 °C) and CPH (0.6 M, 58 min, and 107 °C), corresponding to PHA accumulation
of 10 and 31 % PHA (gpua/gpcw), respectively (Appendix B3). Vega-Castro and co-workers
reported the production of 0.064 g/L of PHA using acid-hydrolysed CP [275]. Our work whereby
31% PHA corresponds to 1.5 g/L of PHA, clearly shows improved yields than the previously
published.

C. Hierro-Iglesias, PhD, Aston University 2023 109



b= o
& 8
Bl & Jhon staine pyr-546 stained B2 & Jnon stained yr-546 stained
l31,5% ine 4‘6,5% 5.7% 84.3%
g 8 -
(o] o4
E g
38. 3§.-
o - o
WD Wl 2 W3 Wt S B 2 D o 2 B N S P J2
Pyr-546-A Pyr-546-A
b=
B3 « 4non-staineq yr-546 stained
100,0% 8,0%
=]
=
o4
-
2
S8
S 4
Q —

W TTTINT T TTTO0T 1T |
P U R S e T T
Pyr546-A

Figure 5. 5 Fluorescence microscopy images (A) and fluorescence flow cytometry (FCM) plots (B) of
Pyro-546-stained Cupriavidus necator (C. necator) showing polyhydroxyalkanoates (PHA) production
from cassava peels hydrolysate (CPH) obtained under hydrolysis conditions of 0.01 M, 120 min and 90 °C
(B1); and 0.6 M, 58 min and 107 °C (B2); and non-stained sample used as control for Pyr-546 fluorescence
(B3).

Furthermore, figure 5.5 A2 and B2 display the corresponding FCM plots of the fluorescence

intensity of each sample. The FCM fluorescence plots of all 15 samples can be found in Appendix
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BS5. As depicted in Figure 5.5, higher fluorescence values obtained using FCM correspond to
higher fluorescence observed in the fluorescence microscope images. Additionally, Figure 5.5 B1,
which corresponds to the lowest fluorescence value, shows a heterogeneous distribution of
fluorescence among the bacteria, indicating that only 48.5% of the bacteria contained PHA.
Conversely, Figure 5.5 B2, corresponding to the highest fluorescence value, displays a unique and
sharper peak, indicating a homogeneous distribution of fluorescence among the cells.
Remarkably, in this sample 94.3% of the bacteria contained PHA. As can be observed in Appendix
BS5, with the exception of the sample hydrolysed using 0.01 M H,SOs, all other samples presented
between 75 and 99% of bacteria containing PHA. Therefore, we have employed FCM analysis as
a rapid and high-throughput method to screen the formation of PHA in C. necator grown on CPH.
Although some studies have reported the production of PHA from CP, to the best of our
knowledge, only Vizcaino and co-workers have used pyr-546 to relatively assess the production
of PHA in C. necator from an alternative feedstock. The use of FCM in this study confirmed the
ability of C. necator to produce PHA from CPH and the suitability of FCM as a rapid and high-
throughput method to rapidly assess PHA production.

After analysing Figures 5.3 and 5.4, the CP hydrolysis conditions of 0.6 M, 58 min, and 107 °C
were determined to be the optimal ones for C. necator growth and PHA production. Under these
conditions, an ODsoo of 15.8, equivalent to a biomass concentration of 4.6 g/L. was achieved, and
the fluorescence values corresponded to the maximum PHA formation of 31% PHA (gpna/gpcw),

equivalent to 1.5 g/L of PHA.

5.3.2.3 Analysis of Cupriavidus necator morphology

The analysis of bacterial morphology using FCM with forward scatter (FSC) and side scatter
(SSC) measurements was employed to track the size and shape of C. necator cultured with CPH.
FSC and SSC, which collect light scatter at different angles, provide valuable information about
bacterial size and granularity, respectively. The granularity of a population is defined by the
optical complexity caused by particulate material within the cell [283]. The results of this study
(Figure 5.6) reveal clear distinctions in population composition within the examined cultures.
Specifically, cultures grown with CPH obtained using 0.6 M H,SO4 showcased a uniform and
homogeneous population regarding size (Figure 5.5 A1). However, a diverse range of complexity
is evident within this condition. Figure 5.6 B1 shows a smaller and less complex population,
accounting for less than 2% of the total bacteria and labeled as P2. Conversely, the principal and
larger population, labelled as P1, displays considerable complexity, manifested by the elongated
shape in the plot. On the other hand, the utilization of CPH obtained using higher H,SO4

concentrations (2.4 M and 3 M) exhibited more heterogencous growth with two separate
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populations regarding both size and complexity (Figure 5.6 A2 and B2). Remarkably, the only
condition that displayed three different populations was the one using 0.01 M H>SO4 (Figure 5.5
A3 and B3). These results suggest that the CPH samples examined in this study led to three
distinct growth patterns. Figure 5.6 presents representative samples illustrating each growth
pattern, and FCM plots of all samples can be found in Appendix B6. Notably, the growth patterns
were primarily influenced by the H>SOs concentration used during the hydrolysis process.
However, no clear correlation was observed between bacterial growth and either the time or

temperature used to recover the reducing sugars from CP.
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Figure 5. 6 Analysis of Cupriavidus necator (C. necator) morphology using flow cytometry (FCM). (A)
Relative cell size using forward scatter (FSC) and (B) FSC vs and granularity through side scatter (SSC) of
cultures grown using cassava peels hydrolysate (CPH) obtained under hydrolysis conditions of 0.6 M, 58
min, 107 °C (1); 2.4 M, 182 min, 72 °C (2); and 0.01 M, 120 min, 90 °C (3) (n=3).

Given that SSC provides information about the complexity of bacteria, and considering that PHA
accumulation influences light scatter, thus affecting SSC values, a linear correlation between SSC
and Pyr-546 fluorescence values was performed, as illustrated in Figure 5.7. The correlation

discerns that the higher fluorescence values correspond to increased cell complexity, confirming
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that PHA accumulation enhances bacterial complexity. Although with a different microorganism,

this observation has been previously highlighted by Fernandez-Castane and co-workers [304].
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Figure 5. 7 Correlation between Pyrromethene-546 (Pyr-546) and side scatter (SSC). (AU: arbitrary units).

5.3.2.4 Correlation of ODgoo and microbial concentration

measurements

FCM has previously been reported in the literature as a valuable technique for the quantification
of bacterial concentrations [283]. Therefore, FCM was used in this study for the absolute counting
of bacteria and the subsequent calculation of bacteria concentration expressed as cell/mL. The
analysis was conducted using the cultures derived from the screening experiment using CPH. This
approach enabled the comparison of bacterial concentration data obtained with FCM with ODego
measurements, thereby establishing a correlation between these two analytical techniques. As
depicted in Figure 5.8, a strong correlation (R>>0.9) between ODgoo and FCM cell count was
observed for C. necator, with 1 ODggo equivalent to 3.25 x 10® cell/mL. This correlation is higher
than Nicolaisen and co-workers’ correlation of 1 x 103 CFU/mL [305]. Notably, FCM offers
advantages over CFU counting methods, as mentioned by previous researchers, due to the ability

of FCM to detect viable but not culturable cells [283]. Furthermore, these variations could
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potentially be attributed to fluctuations in the intracellular PHA concentration. Although no study
was found for C. necator, previous authors have observed that the accumulation of PHA within
Burkholderia thailandensis can influence the optical density readings of the culture [306].
However, it remains an unexplored aspect whether this effect leads to an overestimation or
underestimation of the ODsoo measurements. Limited investigation has been undertaken in this

context and ODggo remains the preferred methodology to assess C. necator growth.
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Figure 5. 8 Correlation of ODeoo values and cell/mL concentration obtained by spectrophotometry and by
flow cytometry (FCM), respectively; 1 ODgoo= 3.25 x108 cell/mL.

5.3.3 Flask scale cultivation

Acknowledging the importance of scaling up processes in bioproduction, we initiated this study
by assessing the effect of the CPH composition on C. necator growth and PHA production at plate
scale. This preliminary experiment is crucial for transitioning laboratory findings to practical,
flask-scale applications. Flask and bench bioreactor-scale cultures bridge the gap between small-
scale experimentation and potential industrial use, ensuring that processes can be adapted to

larger-scale productions [307].

Therefore, having established the hydrolysis reaction using 0.6 M H>SOa, 58 min, and 107 °C, as
the optimal CP hydrolysis conditions for the growth of C. necator and production of PHA at plate

scale, flask scale experiments with a 100-fold volume increase were performed. Baffled and non-
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baffled flasks were used to evaluate the influence of aeration on the production of PHA by C.

necator and results are presented in Figure 5.9.
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Figure 5. 9 Cupriavidus necator (C. necator) growth (solid line) and glucose concentration (dashed line)
in baffled (black) and non-baffled (grey) flask cultures using defined media (A) and diluted cassava peel
hydrolysate (B).

As depicted in Figure 5.9, the utilization of DM resulted in ODgoo of 13, equivalent to 3.8 g/L of
DCW, using both baffled and non-baffled flasks. Conversely, using CPH led to ODsgo values of 9
and 12, equivalent to 2.6 and 3.5 g/L of DCW, in baffled and non-baffled flasks, respectively. The
shift from plate to flask yielded a 5-unit ODsgo increase when using DM, whereas CPH exhibited
a reduction of 3 ODggo units under the same conditions. Given that the screening experiment
showed a glucose concentration of 32 g/L after 72 h of culture (Figure 5.3A), indicating the
utilization of only 15 g/L, a decision was made to dilute the CPH. This dilution aimed to match
the glucose concentration employed in DM, which was 10 g/L. Therefore, despite only

approximately half of the available glucose being consumed at flask scale (Figure 5.9), the
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reduction in growth might be attributed to the dilution of other potentially unidentified nutrients

present in the CPH.

The comparison between baffled and non-baffled flasks revealed no differences when using DM,
while 3 ODgo units difference was observed using CPH. An improved growth was expected using
baffed flasks because limited oxygen availability might result in the reduction of microbial
metabolism [308]. However, higher growth was obtained using the non-baffled flasks. This
observation indicates that the non-baffled flasks may offer sufficient aeration capabilities for C.
necator growth. The number of reports evaluating the glucose consumption behaviour of non-
native C. necator glucose-consuming strains is scarce. A study conducted by Sen and co-workers
reported a maximum ODsgo of 10 after 80 h of culture [12]. Our findings, in contrast, demonstrate
improved growth within a shorter timeframe using the same initial glucose concentration. Despite
the similarity in culture media composition between the two studies, there were slight variations
in the culture set-up. In our study, 500 mL conical flasks with a 100 mL working volume were
used, whereas the aforementioned study employed a working volume of 400 mL. This difference
in working volume might account for the enhanced growth observed in our study, suggesting that
400 mL working volume in a 500 mL flask may not provide sufficient aeration for the culture. In
another study, a DCW of 4.28 g/ was achieved [15], surpassing our ODsoo of 13, which
corresponds to a DCW of 3.8 g/L. However, their utilization of 20 g/L of glucose represents a 2-
fold increase in the carbon source concentration compared to our study. Despite their higher final
biomass concentration, their substrate-to-biomass yield (Yxs) was 0.22 gpcw/Eelucose, Whereas ours
reached 0.38 gpcw/gglucose. Although both studies employed similar working volume and culture
media composition, there were differences in agitation levels. They conducted shaking at 150
rpm, while our study employed a higher agitation rate of 250 rpm. This disparity in agitation
intensity may explain the increased substrate-to-biomass yield observed in our study, as higher
shaking rates facilitate the aeration and mass transfer within the culture [309]. Therefore, subtle
variations in culture setup, such as working volume and agitation intensity, can significantly

influence biomass yield and growth kinetics.

More limitations regarding the availability of studies are encountered when utilizing CPH as the
carbon source for C. necator growth. In the study conducted by Poomipuk and co-workers, they
used cassava starch hydrolysate (CSH) produced under enzymatic hydrolysis, resulting in a DCW
of 5.97 g/L. Their approach started from 20 g/L of glucose in the CSH, obtaining a Y 0f 0.318
gpcw/Eglucose- I contrast, our higher Yy using CPH reached 0.740 gpcw/gtucose. It is important to
note that our Y calculation is exclusively based on glucose consumption, whereas we
acknowledge that our sample’s composition included approximately 30% of different sugars

which C. necator might also have utilised for growing. To the best of our knowledge, this is the
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only study in which a waste product from the cassava industry has been used for the cultivation

of C. necator at flask scale using C. necator.

5.3.3.1 Determination of polyhydroxyalkanoates production

by Cupriavidus necator in baffled and non-baffled flasks.

Polyhydroxyalkanoates, specifically poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
were quantified through GC-MS and results are presented in Figure 5.10.
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Figure 5. 10 Polyhydroxyalkanoates production by Cupriavidus necator measured using GC-MS in baffled
(black) and non-baffled (grey) flask cultures using defined media (A) and cassava peel hydrolysate (B).

The use of DM yielded a final concentration of 69.8% and 56.2% of PHA (gpua/gpcw), equivalent
to 2.7 and 2.1 g/L, in baffled and non-baftled flasks, respectively. In contrast, the use of CPH led
to PHA concentrations of 22.2% and 28.8% of PHA (gpua/gpcw), equivalent to 0.58 and 1 g/L, in
baffled and non-baftled flasks, respectively. Although according to the literature a higher PHA
production was expected when an O limitation is present in the culture, our experimental

observations are contradicting. This discrepancy highlights the complexity of PHA production
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dynamics and its response to varying sources and aeration conditions. However, upon joint
analysis of Figure 5.9 and Figure 5.10, a potential explanation emerges: while baffled flasks
enhance aeration, the lack of O, limitation conditions in non-baffled flasks is also noticeable. This
deduction is based on the absence of any effects on both growth and PHA production that would
be indicative of true O, limitation. Therefore, based on our findings, the use of baffled flasks
would be more suitable when using DM. Conversely, non-baffled flasks appear to be the optimal
choice for PHA production by C. necator from CPH. To the best of our knowledge, no prior
research has explored these particular conditions, and the existing studies in this field lack

specifications regarding the type of flasks used.

Table 5.1 summarises ODgoo values, biomass concentration (g/L), PHA content within the bacteria
(grua/gnew), and PHA concentration (g/L) in the shake-flaks cultures presented in this section, as

well as the best condition obtained in the screening experiment in plate.

Table 5. 1 Biomass concentration (ODgoo and dry cell weight (g/L)), and polyhydroxyalkanoates
concentrations (PHA% (gpua/gpcw) and PHA (g/L)) in varying culture strategies.

Culture oD Biomass PHA% PHA concentration
6800 concentration (g/L) (gpua/gocw) (g/L)

Plate DM 8.6 2.5 18 0.45

Plate CPH 15.8 4.6 31 1.5

Baffled flask DM 13 3.8 69.8 2.7

Non-baffled flask DM 13 3.8 56.2 2.1

Baffled flask diluted CPH 9 2.6 22.2 0.58

Non-baffled flask diluted 12 35 3.8 10

CPH

PHA: polyhydroxyalkanoates; DCW: dry cell weight; DM: defined media; and CPH: cassava peel
hydrolysate.

Our results using DM align with the findings of Sen and co-workers, who achieved around 60%
of PHA (gpua/gpcw), equivalent to 1.5 g/L [12], and Poomipuk and co-workers, who obtained a
final PHA concentration of 73.9% [15], equivalent to 3 g/L using glucose as the sole carbon
source. The latter study also employed CSH as the carbon source for PHA production, achieving
a final concentration of 61.6% of PHA (gpna/gpcw), equivalent to 2.4 g/L. This result represents
a 2-fold increase compared to our results. However, it is noteworthy to consider that while they
used CSH as the carbon source, they enriched the media with all the essential nutrients to support
C. necator growth. In contrast, our study exclusively employed CPH to minimise process costs.
No other study was found at flask scale that specifically addresses the biotransformation of any
cassava waste type into PHA by C. necator. However, other microorganisms, such as

Halogeometricum borinquense, have been used for similar objectives, achieving a final
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concentration of 44.7% of PHA (gpua/gpcw), equivalent to 1.6 g/L [177]. Although this result
surpasses our findings, it is important to acknowledge that the authors of that study also
supplemented the cassava waste with essential nutrients to support microbial growth.
Furthermore, the use of a different microorganism for the bioconversion makes direct
comparisons challenging. This underscores the importance and novelty of our study, wherein we
demonstrate PHA conversions of up to 28.8% (gpua/gncw), equivalent to 1g/L, solely using CPH
as the carbon source at flask scale. This approach contributes to cost reduction, addressing one of

the major limitations in the industrial PHA production process.

5.4 Conclusions

The screening of C. necator growth and PHA production using the different CPH samples
examined in this study demonstrated the ability of this microorganism to effectively utilise the
available reducing sugars to grow and produce PHA. The H»>SOs concentration used in the
hydrolysis reaction showed a direct influence on bacterial growth and PHA production, likely
influenced by the presence of potential inhibitors generated during acid hydrolysis. However,
hydrolysis time and temperature did not show any clear effect on growth and PHA production.
The impact of H2SO4 concentration could be attributed to variations in osmotic pressure caused
by the neutralisation of the CPH. In addition, the H>SO4 concentration used in the hydrolysis
reaction also influenced the morphology of C. necator. Specifically, the hydrolysates obtained
using 0.6 M H>SO4 not only yielded the highest results in terms of growth and PHA production
but also resulted in the most homogenous populations regarding morphology and PHA

concentration within the bacteria.

Furthermore, this study highlights the efficiency of FCM as a valuable and rapid technique to
assess bacterial morphology and PHA production. The utilisation of 0.6 M H>SO4 in the
hydrolysis process led to more than 75% of the bacteria presenting PHA. Among the various
hydrolysis conditions tested, the optimal combination to enhance C. necator growth and PHA
production was determined to be 0.6 M H>SO4, 58 min, and 107 °C. Based on these findings, this

specific hydrolysis condition was used to explore PHA production in C. necator at flask scale.

At flask scale, there were no discernible differences between the use of baffled and non-baffled
flasks. This suggests that non-baftled flasks supplied adequate aeration for C. necator to grow,
and O, limiting conditions, which could have enhanced PHA production, were not attained. The
flask scale cultures reached similar growth to previous studies and achieved up to 28.8%
(gpua/gpew) of PHA, equivalent to 1g/L, using CPH as the unique carbon source. To the best of

our knowledge, this is the first study that employs CPH as the sole carbon source, without nutrient

C. Hierro-Iglesias, PhD, Aston University 2023 119



enrichment, for the production of PHA at flask scale. Furthermore, this study represents a
benchmark for future optimisation of PHA production, paving the way for further enhancements
in the process. The addition of supplementary components to the media and the scaling-up of the
production process will contribute to improve PHA production. These advancements will

contribute to the development of more efficient and sustainable PHA production strategies.

C. Hierro-Iglesias, PhD, Aston University 2023 120



Chapter 6. Process scale-up:
polyhydroxyalkanoates production
from cassava peel hydrolysate by
C. necator in stirred-tank

bioreactors

6.1 Introduction

The transition from laboratory assays to industrial implementation involves a significant shift
from flask-scale experiments to bioreactor-scale production. This transition offers numerous
advantages, including the continuous regulation of operating conditions, improved process
reproducibility, and increased cultivation efficiency [310]. However, the scale-up process entails
numerous challenges that are to be addressed. For example, parameters like agitation, aeration,
and pH, play crucial roles in microbial fermentation and need to be adapted to the specific process
requirements. While agitation can be regulated at flask scale, bioreactors are preferred for their
enhanced and continuous control of process parameters. However, the increased shear stress that
can arise during bioreactor operation can lead to a decrease in productivity. Therefore, an

optimisation of process conditions at bioreactor-scale needs to be performed [311].

A diverse array of bioreactor types exists, including bubble column bioreactors, continuous stirred
tank bioreactors, fluidized bed bioreactors, packed bed bioreactors, and photobioreactors. Stirred-
tank bioreactors are among the preferred choices for many microbial fermentations of industrial
products such as bioethanol [312] and enzymes [313], due to their ability for effective fluid

mixing, oxygen transfer capabilities, and ease of maintaining homogeneous conditions [314].
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Moreover, various process strategies, including batch, fed-batch, and continuous processes, can
be performed based on the ultimate aim of the process. The batch process, wherein all nutrients
are introduced at the beginning of the cultivation, is suitable e.g., for optimising process
parameters such as agitation, aeration, temperature, and dissolved oxygen concentration.
However, this approach is associated with limitations on product yields [315]. Conversely, the
fed-batch strategy, entailing a continuous supply of nutrients throughout cultivation, facilitates
the achievement of higher product yields [316]. Finally, continuous strategy, characterised by the
constant supply of medium and the concurrent removal of culture, offers advantages such as
reducing product inhibition and facilitating a deeper comprehension of the process through the

establishment of a steady state [317].

The scaling up of microbial cultures poses a variety of challenges, with aeration emerging as a
significant component determining process performance. As reactor capacities increase, the
effective delivery of oxygen to the microbial culture becomes more complex and may lead to
oxygen gradients and dissolved oxygen level restrictions. These difficulties may have a major
effect on the metabolism, product production, and growth dynamics of microorganisms. This, it
is crucial to understand the dynamics of aeration in bioreactors in order to maintain ideal process

conditions and produce the targeted product yields [318].

As mentioned in Chapter 5, limited research has been conducted on the production of PHA from
cassava waste using C. necator at flask scale. Furthermore, to the best of our knowledge, no
studies have been published addressing larger-scale production in bioreactors. Some authors have
explored different waste feedstocks for PHA production using C. necator at bioreactor scale. For
example, 51.2 g/L. of PHA were achieved using waste glycerol [319], and 11.7 g/L of PHA were
achieved from sugarcane vinasse and molasses [320]. Conversely, cassava waste has been
employed for PHA production using other microorganisms, however, final PHA productions are
significantly lower. Pseudomonas aeruginosa produced 0.94 g/L of PHA from cassava starch
hydrolysate [136]. This underscores a notable gap in the research involving C. necator for PHA

production from cassava waste.

This chapter aims to scale up the shake flask cultures presented in Chapter 5 to bench-scale 1-L
bioreactor experiments to enhance the production of PHA from CPH using C. necator. To achieve
this, different parameters such as culture media, pH regulation strategies, aeration, as well as

various operation (batch and fed-batch) strategies are explored.
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6.2 Materials and methods

6.2.1 Feedstock and feedstock pre-treatment

Milled CP were kindly provided by Dr Richard Bayitse from the Council for Scientific and
Industrial Research (CSIR) in Ghana. CP were collected from a cassava processing plant in
Bawjiase, Ghana, soaked in water for 30 min to ease the removal of the brown skin and

subsequently dried overnight at 60 °C before being milled.

CP were pre-treated with 0.6 M H.SO4 (>95%, Fisher Scientific, Loughborough, UK, CAS 7664-
93-9), for 58 min at 107 °C. The reaction was performed in 20 mL reaction volume containing
10% (w/v) of CP. The hydrolysis was conducted in a Starfish workstation (Radleys, Essex, UK)
(Figure 3.1). Hydrolysis reaction was performed in two-neck round bottom 50 mL pressure flasks
(Aldrich®, Merck, Darmstadt, Germany) and stirred at 280 rpm. In order to achieve the
temperature above 100 °C, flasks were maintained pressurised. After the reaction, samples were
vacuum filtered through an 11 pum cellulose filter paper (Whatman, Cytiva, Washington D.C,
United States). Liquid fraction was neutralized to pH 7 using 12.5 M NaOH.

6.2.2 Microbial fermentation: culture media and cultivation

strategies

Microbial fermentations were performed in 1-L bioreactors containing 700 mL as the starting
working volume. A Biostat B (Sartorius Stedim UK Ltd, Surrey, UK) automated laboratory 1-L
jacketed bioreactor equipped with four baffles and an agitator with two six-bladed Rushton
turbines was used. Dissolved oxygen in the medium (pO;) was measured online using an
OxyFerm FDA VP 160 probe (Hamilton, Bonaduz, Switzerland). pH was measured online using
an Easyferm plus PHI VP 160 Pt100 Probe (Hamilton, Bonaduz, Switzerland. Agitation was
maintained between 300 and 1200 rpm.

Bioreactors were inoculated at ODgoo of 0.2 from a seed culture. Seed culture media composition
was as follows (g/L): 10 glucose; 1 (NH4)2SO4; 1.5 KH,PO4; 9 Na,HPO4 2H>0; 0.2 MgSO, -
7H,0; 9 citric acid and 1 ml/L trace element solution. The pH of the medium was adjusted to 7
and the media was sterilised by autoclaving at 121 °C for 20 min in a V60-BASE Priorclave®
autoclave (Priorclave Ltd, London, UK). Glucose and phosphates were autoclaved separately.
Trace element solution was added after autoclaving and sterilised by filtration through 0.22 pm
cellulose filters (Sartorius Stedim UK Ltd, Surrey, UK). Trace element solution had the following
composition (g/L): 10 FeSO4 - 7TH20; 2.25 ZnSO4 - 7TH20; 1 CuSOs4 - 5SH20; 0.5 MnSO4 - SH,0;
2 CaCl; - 2H,0; 0.23 Na;B4O7 - 10H,0; 0.1 (NH4)sM07024 and 10 mL/L of 35% HCI [148]. Seed
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cultures were inoculated at ODggo 0.2 from an inoculum culture and cultivated for 8 h at 30 °C
and 250 rpm in a shaker incubator (Incu-Shake MAXI®, SciQuip Ltd, Newtown, UK). For the
inoculum cultures, one loop of cryostock, stored at - 80 °C in 15% (w/w) glycerol, was aseptically
added into 10 mL of inoculum culture media containing (g/L): 10, peptone; 10, beef extract and
5, NaCl [12]. The pH of the medium was adjusted to 7 using NaOH 1 M and subsequently
sterilised by autoclaving at 121 °C for 20 min. Inoculums were cultured overnight at 30 °C and

250 rpm in a shaker incubator.

Three batch experiments were performed. The first batch, named B20DM, was used as a
benchmark culture. Defined media (DM) with synthetic glucose as the carbon source was used as
the culture media. The DM composition was as follows (g/L): 20 glucose; 4.5 KH,PO4; 4
(NH4)2S04; 1.2 MgSOy4 - TH,0; 1.7 citric acid and 10 mL/L trace element solution [321]. Culture
media was sterilised by autoclaving. Glucose and phosphates were autoclaved separately to avoid
the Maillard reaction. The trace element solution was added after autoclaving and sterilised by
filtration using 0.22 pum cellulose filters (Sartorius Stedim UK Ltd, Surrey, UK). The pH was
maintained at 7 through the addition of 2 M ammonia and 1 M HCl. Ammonia was selected as
the pH regulator due to its dual role as an alkali pH regulator and a nitrogen source, to avoid
nitrogen limitation in the culture. The pO. was maintained above 20% using a cascade control for
the aeration using compressed air at 1 vvm. The second batch, named BSOCPH, exclusively
comprised the neutralised CPH containing 75 g/L of TRS, with 50 g/L accounting for glucose
content. CPH was sterilised by filtration using 0.22 pm cellulose filters (Sartorius Stedim UK
Ltd, Surrey, UK). The initial pH was 7 and no pH control was performed. The pO. was maintained
above 20% using a cascade control for the aeration using compressed air at 1 vvm. In the third
batch, named B20CPH, the CPH was diluted to a glucose concentration of 20 g/L, aligning with
the glucose concentration in the benchmark batch. B2OCPH culture media comprised 30 g/L of
TRS, of which 20 g/L were glucose. The pH was maintained at 7.00 through the addition of 2 M
NaOH and 1 M HCI. Yeast extract at a concentration of 10% (w/v) was added to the culture after
21 h, when the microbial growth rate decreased. pO, was maintained above 20% using a cascade

control for the aeration using compressed air at 1 vvm.

Three fed-batch experiments were performed. For the first fed-batch, named FBDM20PO, DM
was used throughout the batch phase until complete glucose consumption, when a feeding
containing CPH was added. CPH feeding contained 75 g/L of TRS, with 50 g/L being glucose.
The feeding addition rate was 0.09 mL/min. The pH was maintained at 7 through the addition of
2 M NaOH and 1 M HCI. The pO- was maintained between 0 and 20% via intermittent air pulses.
The second fed-batch, named FBDM3PO, replicated the parameters of the prior fed-batch,
FBDM20PO, with the exception of pO, regulation. In FBDM3PO, the pO, was maintained

between 0 and 3% using a cascade control for the aeration using compressed air at 1 vvm. The
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final fed-batch, named FB20CPH, replicated the previous experiment, FBDM3PO, with the
exception of the culture media during the batch phase. In this case, CPH diluted to 20 g/L of

glucose was used. Table 6.1 summarises all the varying parameters employed among the cultures.

Table 6. 1 Fermentation parameters of the batch and fed-batch cultures performed

. Batch culture . pH o pO:
Fermentation media Feeding regulator pO: (%) control
2M
B20DM DM n.a Ammonia >20 Cascade
1 M HCl1
B50CPH CPH n.a n.a >20 Cascade
. Yeast 2 M NaOH
B20CPH Diluted CPH extract 1 M HCI >20 Cascade
2 M NaOH )
FBDM20PO DM CPH 1 M HCI 0-20 Air pulses
2 M NaOH
FBDM3PO DM CPH 1 M HCI 0-3 Cascade
. 2 M NaOH
FB20DM Diluted CPH CPH 1 M HCI 0-3 Cascade

Defined media (DM); Cassava peel hydrolysate (CPH)

Representative pictures of the bioreactor containing different culture media are presented in

Figure 6.1.

Figure 6. 1 Bioreactors containing defined media (DM) (A); DM and cassava peel hydrolysate (CPH) (B);
and CPH (C).
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6.2.3 Microbial growth and polyhydroxyalkanoates

concentration

Microbial growth was analysed by optical density at a wavelength of 600 nm using a Jenway 6310

Spectrophotometer (Keison Products, Chelmsford, UK) in all experiments.

The Pyr-546-staining protocol developed in Chapter 5 was employed for PHA determination in
FCM. Briefly, bacterial samples were resuspended in phosphate-buffered saline (PBS) and stained
with Pyr-546 (Exciton, Lockbourne, USA). Pyr-546 stocks were stored at 4 °C in 20/80% (v/v,
EtOH/DMSO) and added to the bacterial solution at a concentration of 5 pg/mL. Stained samples
were incubated for 1 min and analysed with a flow cytometer BD AccuriTM C6 Plus Flow
Cytometer (Becton, Dickinson and Company, Oxford, UK) using a 488 nm solid-state laser and

fluorescence was detected using the 533/30 BP filter (FL1-A).

PHA quantification was performed by acid propanolysis followed by GC-MS analysis, adapted
from elsewhere [301]. The bacterial pellet was freeze-dried in a Lablyo benchtop freeze dryer
(Frozen in Time Ltd, York, UK) at -50 °C and 1-5 Pa, overnight. Propanolysis was performed
using 5 mg of lyophilised bacteria in 1 mL of chloroform and 1 mL of 1-propanol containing 15%
0f 37% (v/v) HCl in an 8 mL glass tube (Duran®, Mainz, Germany). 50 pL of 1 mg/mL solution
of benzoic acid in 1-propanol was added as the internal standard. The mixtures were incubated
for 2 h at 100 °C in an oven (Memmert, Schwabach, Germany). After cooling to room
temperature, 2 mL of distilled water was added followed by vortexing for 30 s, and left standing
for 5 min to allow for phase separation. The upper aqueous phase was discarded, and the washing
step was repeated to eliminate impurities. 1 mL of the organic phase containing derivatised PHA
was filtered with 0.2 um nylon filters (Fisher Scientific, Loughborough, UK) and transferred to a
GC-MS vial. The standard sample of poly (3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
(PHBY, 80181-31-3, Merck, Darmstadt, Germany) was used to prepare the standard calibration
curves for PHB and PHV. These calibration curves and representative GC-MS chromatograms of
a standard sample and a culture sample are included in Appendix 5.2. Analysis was performed
using a Single quadrupole gas chromatograph-mass spectrometer GCMS-QP2010 (Shimazu,
Milton Keynes, UK). One puL was injected into an analyser with a 30 m SH-Rtx-5MS column
(Shimazu, Milton Keynes, UK) at 280°C. The flow rate was set at 1.25 mL/min and the ionization
detector at 240°C. Column temperature was programmed from 40 to 250°C at a rate of 5°C/min.
The total measurement time for each sample was 40 min. PHBV was identified using the internal
libraries NIST17s and NIST17-1 available in GC-MS Postrun Analysis Software (Shimazu,
Milton Keynes, UK). PHBV amount of each sample was normalised by the weight of the

lyophilised bacteria and expressed as a percentage of polymer weight/cell dry weight.
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6.2.4 Process productivity parameters determination

Specific growth rate (n), biomass yield coefficient (Ys), product yield coefficient (Yyss), and
volumetric productivity of PHA (Ppua) were calculated for the six fermentations presented in this

chapter.

u is defined by equation 6.1 (Eq 6.1)

p = d(In(X))/dt

Where X is the biomass concentration and t is time.

The Yy of the exponential growth phase of the cultures is defined by equation 6.2 (Eq. 6.2). The

slope of its integrated form, as shown in equation 6.3, represents the Y s value.
Yus (gbiomass/gsubstrate) =- (dx/ds) (Eq 62)
Ys (gbiomass/gsubstrate): (X - Xo) / (So's) (Eq 63)

Where X is the biomass concentration; X, is the initial biomass concentration; S is the substrate

concentration; and S, is the initial substrate concentration.

The Y5 of the stationary growth phase of the cultures is defined by equation 6.4 (Eq. 6.4). The

slope of its integrated form, as shown in equation 6.5, represents the Y value.
Yp/s (gPHA/ gsubstrate) =- (dp/ ds) (Eq 64)
Yp/s(gPHA/gsubstrate) = (P - Po) / (SO-S) (Eq 65)

Where P is the PHA concentration; P, is the initial PHA concentration; S is the substrate

concentration; and S, is the initial substrate concentration.

The volumetric productivity of PHA (Ppua), is given by the ratio between the amount of PHA
produced in g/L and the fermentation time. Therefore, it is calculated by establishing a correlation

between the PHA concentration versus time.

Linear regression analyses were performed using Microsoft Office Excel 2021.

6.2.5 Optical microscopy images

Bacteria stained with Pyr-546 were observed and imaged using a Zeiss Axiolab microscope (Carl
Zeiss Ltd., Cambridge, UK) fitted with a Zeiss AxioCam ICm1 camera, and the images were

processed in auto-exposure mode with the aid of Zeiss ZEN Lite 2012 software. Samples were
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excited with a Zeiss VHW 50f-2b ultraviolet light source and a 520 LP filter was employed for

detection of fluorescence.

6.3.6 Transmission electron microscopy (TEM)

Bacterial samples were deposited onto lacey carbon-supported 300-mesh copper grids coated with
graphene oxide (GOLC300Cu50, EM Resolutions, Sheffield, UK) and subsequently subjected to
vacuum drying prior to analysis. Transmission Electron Microscopy (TEM) images were acquired
using a JEM-2100F microscope (JEOL, Herts, UK) operating at 200 kV, which was equipped
with a Gatan Orius CCD camera (Pleasanton, USA).

6.2.7 Analysis of total reducing sugars (TRS) and glucose

concentration

Total reducing sugars (TRS) concentration was determined using the DNS (Di-nitrosalicylic acid)
test, which was adapted from Miller (1959) [259]. The reagent composition was as follows (%
(w/v)): 0.63 DNS; 0.5 NaOH; 18.2 KNaC4H4Os - 4 H>0; 0.5 Na»S,0s and 0.5 % (v/v) C¢HeO. 0.5
mL of sample were mixed with 0.5 mL of DNS reagent. Samples were placed in boiling water for
5 min and cooled to room temperature. The absorbance was measured at 575 nm using a Jenway
6310 Spectrophotometer (Keison Products, Chelmsford, UK). A calibration curve (Appendix 4.1)
was prepared using pure synthetic D-(+)-glucose (Fisher Scientific, Loughborough, UK, CAS
2280-44-6), and absorbance values were interpolated to calculate sample concentrations

(Appendix A2).

Glucose concentration was measured using the YSI model 2500 biochemical analyzer (Xylem
Inc., Nottingham, UK). Samples were previously filtered through a PVDF 0.45 um filter
(Whatman, Cytiva, Washington D.C, United States).

6.2.8 Gases analysis

Oxygen and carbon dioxide concentrations (%) in the exhaust gas were measured by BlueInOne
Ferm Gas analysers and monitored through the BlueVis software (BlueSens gas sensor GmbH,
Herten, Germany). Gas concentrations were used to calculate the carbon dioxide evolution rate
(CER) (Eq.6.5) and the oxygen uptake rate (OUR) (Eq. 6.6). These parameters were then used to
calculate the respiratory quotient (RQ) (Eq. 6.7).
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CER (IE—‘;I) =

Fgas x P ( 1-0,% in-CO,%in
VixRxT 1-0,%0ut-CO,%out

x CO%out-CO»%in) (Eq. 6.5)

1-0,% in-CO,%in

mol\  FgsxP .
OUR (ﬁ) SVaRRTY (02%in - T0h0ut.CO%om X 0,%out) (Eq. 6.6)
_ CER
RQ= OUR (Eq. 6.7)

Where Fg is the inlet gas flow rate (L/h); P is the normal pressure (bar); Vris the working volume
in the bioreactor (L); R is the gasses constant (bar L/K mol); T is temperature (K); 02% in is the
oxygen composition in the inlet gas (%); CO2%in is the carbon dioxide composition in the inlet
gas (%); Ox%out is the oxygen composition in the outlet gas (%); and CO,%out is the carbon

dioxide composition in the outlet gas [322].

6.3 Results and discussion

This chapter focuses on the examination of the scalability of the process to bench-scale bioreactor
after conducting an initial screening to evaluate the potential of C. necator to grow and produce
PHA from CPH, which was presented in Chapter 5, at both plate and flask scales. Various
parameters, including the cultivation strategy, aeration, CPH concentration, and pH regulation,
are assessed in the following sections to evaluate C. necator growth, PHA biosynthesis, and

cellular physiology.

6.3.1 Assessment of Cupriavidus necator growth in bioreactor

Three batch bioreactor cultures were performed, and the results are shown in Figure 6.2. Figure
6.2A shows the results of the benchmark culture, B20DM, in which synthetic glucose at 20 g/L
was used as the carbon source without any nutrient limitation. Figure 6.2B presents the results of
the BSOCPH batch, where CPH containing an initial concentration of 50 g/L of glucose and 75
g/L of TRS was used as the sole carbon source. This culture operated without any additional
nutrients throughout fermentation, including pH regulation. Finally, figure 6.2C shows the
B20CPH batch, wherein CPH was diluted to a concentration of 20 g/L. of glucose and 30 g/L. of
TRS. Nutrient limitations might have occurred prior to the addition of yeast extract. As can be
observed, the three batches reached a maximum ODsp of 12, equivalent to a microbial
concentration of 3.5 g/l of DCW. While the benchmark culture exhibited complete glucose
consumption by the end of the fermentation, residual glucose and TRS concentrations of 36.1 of
63.8 were detected in BSOCPH. In the case of B20CPH, there were 7.7 g/L of glucose and 13.9
g/L of TRS remaining in the culture. These results indicate that 13.9 and 12.3 g/L of glucose were
consumed in BSOCPH and B20CPH, respectively. The cessation of growth before the complete
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consumption of sugars might suggest that C. necator utilised all the essential nutrients available
in the media, or potential inhibitor byproducts were accumulated in the culture. Examples of these
inhibitors include organic acid (e.g, acetic acid, formic acid), furan derivatives (e.g., furfural, 5-
hydroxymetylfurfural), phenolic compounds (e.g., sytingaldehyde, vanillin), ammonia, amines,
aldehydes (e.g., formaldehyde), and ketones (e.g., acetone). These compounds can be generated
during biomass pretreatment or microbial metabolism and have been shown to inhibit microbial

growth and interfere with the fermentation process [323].
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Figure 6. 2 Comparison of the growth and PHA (polyhydroxyalkanoates) production by C. necator
(Cupriavidus necator) and sugars concentration in batch experiments using different culture media: (A)
B20DM (Defined media, 20 g/L of glucose); (B) BSOCPH (cassava peels hydrolysate, 50 g/L of total
sugars); and (C) B20CPH (cassava peels hydrolysate, 20 g/L of total sugars). (—e—) ODggo; (--0--)
cell/mL; (—m—) fluorescence Pyr-546 (pyrromethene 546)-stained cells; (--0--) PHA
(polyhydroxyalkanoates) %; (— A —) glucose (g/L) and (--A--) TRS (total reducing sugars) (g/L). AU:
arbitrary units; YE: yeast extract (n=3).

After achieving a maximum growth of ODeoo 12, equivalent to 3.5 g/L, using both DM and CPH
in batch cultures, and with the aim of increasing the productivity of the process [324], three fed-

batch cultures were conducted. The results of these fed-batch cultures are presented in Figure 6.3.
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Figure 6.3A shows the results of FBDM20PO, where DM was used during the batch phase, and
CPH was added as the feeding when the growth rate began to decline. The culture achieved an
ODggo of around 30, equivalent to 8.8 g/L, at the end of the batch phase. Notably, the growth in
this culture surpassed that observed in the batch experiment performed using DM (Figure 6.1A),
where an ODgo of 12 was achieved. However, some differences between the two experiments are
noteworthy. In the previous batch, ammonia was used to regulate pH and ensure nitrogen surplus,
whereas in this case NaOH was selected as the pH regulator to limit nitrogen availability.
Additionally, the pO» concentration in this culture was maintained between 0 and 20% while in

the previous batch, pO, was consistently over 20%.

After the addition of CPH in FBDM20PO, the ODso reached 39.5, equivalent to 11.6 g/L of
DCW. However, it is important to note that the growth rate markedly decelerated during this
phase, reaching 0.012 h™!, in contrast to the batch phase, which exhibited a growth rate of 0.14 h-
!, While the batch phase in FBDM20PO extended to 46 h, compared to the 27 h duration observed
in B20DM, it is noteworthy that the restriction of oxygen and nitrogen availability resulted in
more than a 3-fold increase in microbial growth. Hence, a decision was made to undertake another

fed-batch culture, further constraining oxygen availability to 3%.

In this fed-batch, FBDM3PO (Figure 6.3B), the batch phase extended for 38 h, achieving an ODgo
of 23.9, equivalent to 7 g/LL od DCW. Although the growth in FBDM3PO was lower than that
obtained with higher oxygen availability (FBDM20PO), the addition of the feeding resulted in an
ODgoo 0f 48.7, equivalent to 14.3 g/L of DCW, after 95 h of culture. Specifically, during the batch
phase, a growth rate of 0.16 h'! was observed, whereas a growth rate of 0.015 h™! was attained
post-feeding. Remarkably, this alteration led to a 1.2-fold enhancement in growth, underscoring

the impact of reduced oxygen concentration.

A final fed-batch, FB20CPH, was conducted and is presented in Figure 6.3C. For this experiment,
diluted CPH was utilised during the batch phase, and CPH was incorporated as the feeding.
During the batch phase, which extended for 29 h, an ODsoo of 15.2, equivalent to 4.5 g/L of DCW
was achieved. This fermentation can be compared to the B20CPH fermentation (Figure 6.2C),
where an ODgoo of 7.8 was accomplished within 20 h, before the addition of yeast extract,
representing a growth rate of 0.23 h''. Although this growth rate was higher than a growth rate of
0.15 h! obtained during the batch phase of FB20CPH, it led to a lower final microbial growth.
Consequently, it can be concluded that the reduction of the oxygen concentration in the media

enhanced microbial growth using both DM and CPH.

While in FBDM20PO and FBDM3PO nearly all the glucose was consumed by the end of the
batch phase (Figure 6.3 A2 and B2), in FB20CPH, 15.6 g/L and 21 g/L. of glucose and TRS,

respectively, remained in the culture, meaning that only 4.7 g/L of glucose were consumed. In
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this case, the addition of the CPH feeding did not improve microbial growth, indicating that
essential nutrients for microbial growth were depleted after 41 h of culture, or byproduct inhibitors
were accumulated in the culture. Therefore, the addition of CPH did not enhance growth in

FB20CPH.
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Figure 6. 3 Comparison of the growth and PHA (polyhydroxyalkanoates) production by C. necator
(Cupriavidus necator) and sugars concentration in fed-batch experiments using different culture media and
dissolved oxygen concentration (pO): (A) FBDM20PO (Batch with defined media (DM), 20 g/L of
glucose; fed-batch with cassava peel hydrolysate (CPH); pO2: 0-20%); (B) FBDM3PO (Batch with DM,
20 g/L of glucose; fed-batch with CPH; pO»: 3%); and (C) FB20CPH (Batch with diluted CPH, 20 g/L of
glucose; fed-batch with CPH; pO2: 3%). (—e—) ODeoo; (--0--) cell/mL; (—m—) fluorescence from the
fluorophore Pyr-546 (pyromethene 546); (--0--) PHA (polyhydroxyalkanoates) %; (— A —) glucose (g/L)
and (--A--) TRS (total reducing sugars) (g/L). AU: arbitrary units; YE: yeast extract. (n=3).

Although the batch cultures in this study achieved comparable growth to the flask cultures
detailed in Chapter 5.3.3.1 Determination of Cupriavidus necator growth in baffled and non-
baffled flasks, the improvement of the aeration and the implementation of feeding strategies in

the fed-batch experiments yielded a 4-fold increase in C. necator growth. This enhancement
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resulted in an ODggo 0f 48.5, equivalent to 14.3 g/L. of DCW, specifically when DM was employed
in the batch phase and, CPH feeding containing 43 g/L of glucose was used.

Figure 6.4 illustrates, as an example, the time profile of the process parameters for the FBDM3PO

fermentation.
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Figure 6. 4 Evolution of the fermentation parameters in FBDM3PO fermentation. Acid (pink); base
(purple); pH (dark blue); pO. (light blue); stirring (dark green); and temperature (light green).

6.3.2 Assessment of Cupriavidus necator

polyhydroxyalkanoates production in bioreactor

6.3.2.1 Polyhydroxyalkanoates quantification using GC-MS

The quantification of PHA using GC-MS in the batch and fed-batch cultures is presented in Figure
6.2 and 6.3, respectively.

Figure 6.2 reveals that, as previously reported in the literature, nutrient limitation in the culture
enhances PHA production [158]. Notably, B20DM fermentation resulted in negligible PHA. This
benchmark experiment aligns with prior findings in the literature, where the utilisation of glucose
under non-limiting conditions yielded only around 1% of PHA [325]. In contrast, BSOCPH
achieved a PHA production of 10% (geua/gncw), equivalent to 0.3 g/L of PHA, under conditions
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that potentially restricted nutrients availability, as no additional nutrients were supplemented to
the culture (Figure 6.2 B1). Figure 6.2 C1 shows the results of the B20CPH fermentation, wherein
the PHA concentration increased up to 28.6% (gpua/gocw) after 48 h of culture, corresponding to
1 g/L of PHA. In this culture, yeast extract was added to the media after 21 h, when a cease in
microbial growth was detected. However, no previous nutrient addition was performed. Before
the addition of yeast extract, around 20% (gpua/gocw) of PHA was accumulated within the
bacteria, confirming that nutrient limitation promotes PHA production. Following the yeast
extract addition, a slight decrease of the PHA production was observed, coinciding with an
increase in microbial growth. However, 12 h after the addition of yeast extract, the PHA
concentration slightly increased. Nevertheless, the PHA production rate was slower than during
the initial stages of the culture. While the addition of nutrients did not entirely halt PHA
production, it was confirmed that the production rate decreased in comparison to the nutrient-
limitation phase. B20CPH fermentation shows similar results as those obtained in Chapter 5.3.3.2
Determination of polyhydroxyalkanoates production by Cupriavidus necator in baffled and non-
baffled flasks, where a PHA concentration of 28.8% (gpra/gncw), equivalent to 1 g/L of PHA was

achieved after 72 h of culture.

On the other hand, FBDM20PO (Figure 6.3 Al) achieved a PHA concentration of 53.6%
(grua/gncw), at the end of the batch phase, using DM. This result is similar to the result of the
non-baffled flask culture using DM presented in Chapter 5.3.3.2 Determination of
polyhydroxyalkanoates production by Cupriavidus necator in baffled and non-baffled flasks.
However, this concentration was increased up to 86.3%, equivalent to 9.7 g/L, at 80 h of culture,
following the addition of the CPH feeding. The reduction of pO; performed in FBDM3PO led to
a slightly lower concentration of PHA within bacteria of 84.7% (grua/gocw) (Figure 6.3 B1).
However, this reduction in pO; also resulted in an enhanced microbial growth, hence yielding a

PHA concentration of 12.1 g/L within the culture after 95 h.

In the case of FB20CPH (Figure 6.3 C1), a maximum PHA concentration of 31.7% (gpra/gbcw),
equivalent to 1.5 g/L of PHA, was obtained at the end of the batch phase. This result is in
agreement with the PHA production observed in the B20CPH batch (Figure 6.2 C1) and flask-
scale cultures presented in Chapter 5. However, the addition of a CPH feeding did not improve
the production. As previously discussed, the addition of CPH did not promote microbial growth,
suggesting that a significant nutrient deficit emerged within the culture, or high inhibitors
concentration was accumulated. These inhibitors could originate from the CPH itself, such as
lignin-derived compounds or byproducts of the acid hydrolysis process, or they could be formed
by the bacteria during the fermentation process, including organic acid or metabolic products

[326]. Further analysis is warranted to elucidate the specific nature and origin of these inhibitors,
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as well as their impact on PHA production dynamics. These potential limitations might have

hampered both bacterial growth and PHA production in FB20CPH.

Table 6.2 provides a concise overview of the ODgoo, PHA concentration inside bacteria (%), and

PHA concentration in the culture (g/L) for all the fermentations presented in this chapter.

Table 6. 2 Growth and polyhydroxyalkanoates (PHA) production by Cupriavidus necator produced under
different fermentation strategies.

Fermentation  ODgy PHA % (gpua/gpcw) PHA (g/L)

B20DM 12.2 0.5 0.01
B50CPH 12.1 9.6 0.30
B20CPH 12.1 32.9 0.90
FBDM20PO 39.5 89.6 9.7
FBDM3PO 48.7 84.7 12.10
FB20DM 15.6 31.7 1.36

In this study, the maximum PHA concentration reached among the cultures was 12.1 g/L of PHA,
equivalent to 84.7% (geua/gncw). This peak PHA production was achieved through a sequential
approach, performing a batch phase with DM followed by the introduction of a feeding phase
comprising CPH containing a glucose concentration of 43 g/L. Furthermore, the impact of oxygen
restriction on bacterial metabolism and its consequential enhancement of PHA production
underscore the importance of understanding the metabolic responses of C. necator to varying
oxygen concentrations. This observation aligns with findings from previous studies where
enhanced PHA production under oxygen limitation conditions has been demonstrated, indicating
the potential for further optimisation of PHA production processes through oxygen control
strategies [327].

In the metabolic dynamics of C. necator, oxygen assumes a fundamental role, intricately
modulating a sophisticated interplay of biochemical pathways. This metabolism is highly
dependent on oxygen availability, as oxygen-limiting circumstances encourage the synthesis of

PHA [327].

For the production of ATP and the upkeep of cells, C. necator depends on oxygen as the terminal
electron acceptor during respiratory activities in aerobic settings [328]. On the other hand, when
oxygen is not present, bacterial metabolic pathway shift to produce PHA, since PHA is a better
carbon and energy storage than other molecules. The suppression of aerobic respiratory pathways
and the activation of genes encoding essential enzymes required for PHA production pathways

are examples of this metabolic adaptation [327].
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Consequently, oxygen limitation not only prompts metabolic reprogramming but also enhances
carbon flux towards PHA accumulation. This adaptive response highlights the versatile metabolic
capabilities of C. necator, underscoring its potential for efficient PHA production under varying

conditions [329].

A thorough comprehension of the metabolic modifications manifested by C. necator in oxygen-
limited environments will provide significant understanding of the control of PHA production
pathways. This understanding will facilitate the development of customised strategies aimed at

enhancing PHA production in various biotechnological applications.

Samples from this experiment were analysed using TEM microscopy and Figure 6.5 shows the

accumulation of PHA granules in C. necator cells using TEM and fluorescent microscopy.
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Figure 6. 5 Cupravidus necator cells containing PHA granules produced from cassava peel hydrolysate:
(A) TEM image and (B) Fluorescent microscopy image of Pyr-546-stained cells.

While specific bioreactor-scale research on PHA production from cassava waste using C. necator
is negligible, our findings can be compared with studies utilising various waste sources and
microorganisms. Concentrations of 14.5 g/L of PHA (95.5 % (gpua/gncw)) were obtained using
waste rapeseed oil and cheesy whey with C. necator [22]. Additionally, the use of sugarcane
vinasse and molasses yielded 11.7 g/L. of PHA (56% (gpua/gocw)) [320]. The result of these

studies closely aligns with our findings.

When cassava waste was used as a substrate, PHA concentrations of 2 g/L of PHA (74%) [178]
and 0.035 g/L of PHA (58% (gpua/gpcw)) [136] were reported using P. oleovorans and P,
aeruginosa, respectively. Although using a different microorganism, our results yielded a 6-fold

increase from previous results using cassava waste as feedstock for the production of PHA.
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To the best of our knowledge, Cavalheiro and co-workers achieved the highest reported PHA
production to date at bioreactor scale using waste sources with C. necator. They accomplished
51.2 g/L of PHA (95% (gpua/gpcw)) of PHA from waste glycerol by C. necator [319]. While PHA
content per bacteria was lower in their study, the final concentration of PHA in the culture was 4
times higher than the result obtained in our study. However, it is important to acknowledge that a
key factor contributing to this variation might be the substantial difference in the feedstock used

between the two studies.

Additionally, 100 g/L of PHA (79.5% (gpua/gncw)) was achieved from crude corn extract liquid
using H. bluephagenesis [330], and 10.5 g/L of PHA (88.7% (gpua/gncw)) was obtained from palm
oil effluent using B. licheniformis [331]. However, due to the utilisation of different feedstocks

and microorganisms, drawing comparisons between these results can be challenging.

6.3.2.2 Polyhydroxyalkanoates assessment using flow

cytometry

FCM was employed to assess Pyr-546 fluorescence, enabling the relative detection of PHA
concentration inside bacteria. The fluorescence values are presented in Figures 6.2 and 6.3.
Additionally, Figure 6.6 depicts the Pyr-546 fluorescence histograms for the highest fluorescence

value observed in each fermentation experiment.

Figures 6.2 and 6.3 depict a broad range of fluorescence values observed across the fermentations,
reflecting variations in PHA accumulation within the bacterial populations, reaffirming our earlier
hypothesis regarding the influence of culture media and cultivation conditions on the fluorescence
values. Furthermore, in Figure 6.6, the histograms display distinct peaks, each representing

different levels of PHA accumulation within the bacteria.

A sharp, singular peak, as observed in Figure 6.6A for the B20DM culture, indicates uniform PHA
accumulation among all bacteria within the culture. Although 99.5% of the bacteria in this culture
were stained, the fluorescence values were residual, a finding that is consistent with the GC-MS

results, which revealed PHA content below 1%.

On the other hand, Figure 6.6B, C, and F, which corresponds to the cultures employing CPH in
both the batch and feeding phases, exhibit multiple sharp peaks, suggesting distinct
subpopulations of bacteria with varying PHA concentration. Although in these cases most of the

bacteria (94%) were stained, the PHA content per bacteria was around 30%.

Furthermore, Figure 6.6D and E, representing fermentation experiments using DM in the batch

phase and CPH in the feeding, display broader peaks, indicating heterogenous PHA accumulation
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among the bacterial population. This variability suggests that different groups of bacteria within
the culture harbour varying concentrations of PHA. This variability might be attributed to the
addition of CPH during the feeding phase. Although these cultures resulted in the highest PHA

content per bacterium, Figure 6.6 illustrates that less than 80% of the cells were stained.

In summary, the fluorescence peaks in the histograms provide insights into the homogeneity of
PHA accumulation within the bacterial populations. Sharp, singular peaks indicate uniform PHA
distribution, while multiple sharp peaks suggest distinct subpopulations with varying PHA
concentrations. Broader peaks signify heterogeneous PHA accumulation, reflecting varying

concentrations of PHA among the bacteria in the culture.
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Figure 6. 6 Analysis of polyhydroxyalkanoates (PHA) production by Cupriavidus necator (C. necator)
after Pyr-546 staining in B20DM (A); BSOCPH (B); B20CPH (C); FBDM20PO (D); FBDM3PO (E); and
FB20CPH.

The investigation of the relationship between PHA concentration measured using GC-MS and
Pyr-546 fluorescence, as illustrated in Figures 6.2 and 6.3, provides significant insights. A clear
correlation between the two techniques is observed in B20DM, where no PHA were produced.
Conversely, Figure 6.2 Bl and Cl1 illustrate a similar behaviour of both methods during the
exponential growth phase, with fluorescence declining as the culture progressed into the
stationary phase. In contrast, the fed-batch experiments (Figure 6.3) show no discernible

correlation in results between the two methods. This discrepancy can be potentially attributed to
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the diverse culture media and cultivation strategies employed, resulting in a broad range of
fluorescence values. Prior experiments conducted by our research group have demonstrated that
varying media composition can result in a wide range of fluorescence values. Additionally, to the
best of our knowledge, the mechanisms governing the entry of the fluorophore into the bacteria
have not been thoroughly explored. Therefore, it remains uncertain whether damage to the
bacterial membrane might influence the binding of the fluorophore. Consequently, a universal
correlation between these techniques is not feasible, necessitating individual analyses for each
experiment. However, under consistent parameters, a specific correlation for a given experiment
can be established and used as a reference. It is important to acknowledge that while these
techniques may not present a perfect correlation, Pyr-546 can serve as valuable tool for
preliminary and on-line assessments of PHA production progression within a culture, facilitating
real-time assessments without compromising the precision and reliability offered by established

quantification techniques such as GC-MS.

6.3.3 Correlation between ODgoo and flow cytometry cell

counting

Following the discussion regarding the correlation between ODsgo and cell counting in FCM
presented in Chapter 5.3.2.4 Correlation of ODgsy and microbial concentration measurements,
the bioreactor experiments in this chapter were employed to establish a similar a correlation.
Previous literature has highlighted that the production and accumulation of PHA within the
bacteria can affect light scattering properties, thereby influencing ODeoo values [306]. In this
context, given that B20DM yielded no PHA production (Figure 6.2A), a correlation analysis was
carried out for this experiment and compared with all other fermentations in which PHA were

produced. The outcomes of this analysis are depicted in Figure 6.7.
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Figure 6. 7 Correlation of ODgo values obtained by spectrophotometry and cell/mL counting by flow
cytometry (FCM) in non-producing polyhydroxyalkanoates (PHA) culture (A); and producing PHA
cultures (B).

Figure 6.7A shows a robust correlation (R>> 0.95) between ODgoo and bacterial concentration for
the non-PHA producing culture. Hence, it can be established that 1 ODggo corresponds to 4.06 x
10% cell/mL. In contrast, Figure 6.7B, displays a less robust and more dispersed correlation
(R?=0.8), albeit acceptable. This lower correlation may be attributed to the fact that it was
computed using data from five different fermentation experiments, each employing varied
cultivation conditions and strategies. Additionally, the PHA concentration of the sampled points
used in this correlation ranged from 5% to 86%, having a different effect on light scattering. In
this scenario, 10Deoo equates to 4.71 x 10® cell/mL. While the disparity between the PHA-
producing and non-PHA-producing experiments is relatively low, it can be inferred that the
accumulation of PHA within the bacteria leads to a subtle overestimation of the growth of the

culture when assessed using ODsoo values. However, slopes are very similar and to the best of our
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knowledge, there is no prior research addressing this phenomenon. Consequently, further research

would be required to compare and validate the data presented in this thesis.

6.3.4 Determination of process productivity parameters

The six fermentation experiments presented in this chapter were utilised to compute various
process parameters (Uxi, Yxss, Yess, and Peua), the outcomes of which are outlined in Table 6.3.

These parameters offer valuable insights into the efficiency and productivity of each experiment.

Table 6. 3 Comparison of process productivity parameters from fermentation experiments

. Mbatch  Mreeding  Yxis Yris Ppha
Fermentation (h—1) (h-1) (gbiomass/gsubstrate) (gPHA/gsubstrate) (gPHA/Lh)
B20DM 0.18 n.a 0.22 0.000 0.000
B50CPH 0.12 n.a 0.18 0.004 0.005
B20CPH 0.23 n.a 0.27 0.03 0.017
FBDM20PO 0.14 0.012 0.41 0.35 0.11
FBDM3PO 0.16 0.015 0.39 0.49 0.16
FB20DM 0.15 0.006 0.26 0.03 0.03

Specific growth rate (u), a fundamental parameter in microbial fermentation, serves as a vital
indicator of the rate at which microorganisms multiply and proliferate. Table 6.3 reveals slight
variations in growth rates, ranging from 0.12 h™! in the batch containing non-diluted CPH to 0.23
h'! in the batch containing diluted CPH. The observed highest growth using CPH compared to
DM might be attributed to the presence of various sugars in the media and additional nutrients
derived from the CP hydrolysis, which could favour microbial growth. Conversely, the lowest
growth rate in BSOCPH could be explained by the nitrogen limitation and a more concentrated
media. Non-diluted CPH resulted in higher sugar content but elevated salt amounts [303] and
potential growth inhibitors produced after the CP hydrolysis [332]. The concentration of these
inhibitors decreased in B2OCPH after media dilution, potentially resulting in a higher growth rate.
Furthermore, when comparing results in Table 6.3, it becomes evident that while the reduction in
pO- favoured the PHA production, it led to lower growth rates. Previous studies using glucose as
substrate to grow C. necator have reported specific growth rates of around 0.2 h™!' [333], which

are comparable with the findings presented in this study [28].

The Y5 quantifies the efficiency of the microorganism in converting the substrate into biomass.
The results ranged from 0.18 g/g in BSOCPH to 0.41 g/g in FBDM20PO. Notably, despite the
lower growth rate, the Yy was higher for the two fed-batch experiments that used DM in the batch

phase compared to those using CPH. These variations in Yy across the experiments can be
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attributed differences in nutrient composition, oxygen availability, and the presence of potential
inhibitors and byproducts in the culture. The yields obtained in this study are consistent with
previous research using C. necator, where Y s values up to 0.47 g/g were achieved using fructose

[334,335].

Efficiency in PHA production was assessed through the Y, and Ppua coefficients, with results
presented in Table 6.3. Notably, two fermentation experiments stand out for their high Y values,
indicating their efficiency in PHA production. These are the two fed-batch experiments that
employed DM during the batch phase and CPH as the feeding. With a value of 0.49 g/g, the
experiment with the lowest pO, (FBDM3PO) proved to be the most efficient strategy for PHA
production. These findings are in line with previous studies using C. necator to convert various
substrates into PHA, where Ypss values over 0.4 g/g were achieved using substrate like fructose

[335] and sesame seed oil [336].

The highest Ppua value obtained in our study, 0.16 g/L, also corresponds to the FBDM3PO
fermentation. Notably, this value is slightly higher than the results obtained in the aforementioned
studies using fructose and sesame seed oil, where values of 0.12 and 0.11 were achieved,
respectively [335,336]. However, it is important to acknowledge that different substrates are

expected to yield varying results in PHA production processes.

Therefore, our findings, while in line with existing literature, offer valuable insights due to the
utilization of CPH, a relatively unexplored feedstock for the production of PHA. The efficiency
and productivity coefficients here presented suggest that FBDM3PO emerged as the most

promising fermentation to enhance PHA production.

6.3.5 Morphology analysis using flow cytometry

The evaluation of bacterial morphology was conducted using FCM and the results are presented
in Figure 6.8. The depicted samples correspond to the final stage of each fermentation process.
As illustrated in Figure 6.8, the samples exhibiting the less uniformity in terms of size (FSC)
correspond to BSOCPH and FB20CPH, which employed non-diluted CPH, and the diluted CPH
in the batch phase along with non-diluted CPH as the feeding, respectively. Conversely, the
fermentations using DM and diluted CPH presented a more homogeneous growth pattern,
characterised by a predominantly uniform population and a small, less complex residual

population.
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Figure 6. 8 Analysis of Cupriavidus necator (C. necator) size through forward scatter (FSC-A axis) (1)
and complexity through size scatter (SSC-A axis) (2) using flow cytometry (FCM) of B20DM (A); BSOCPH
(B); B20CPH (C); FBDM20PO (D); FBDM3PO (E); and FB20CPH (F).

A similar pattern is observed in the plots depicting the complexity of bacteria (SSC). Specifically,
plots A2, D2, and E2, reveal populations that are less complex and more uniform. Notably, all
these samples share a common factor, which is the use of DM during the batch phase of the
culture. However, the fact that samples D and E, corresponding to the fermentations resulting in
the highest PHA production exhibit less complex populations, is somehow contradictory. This
discrepancy is particularly based on our findings in Chapter 5.3.2.3 Analysis of Cupriavidus
necator morphology, where the correlation between Pyr-546, indicative of PHA accumulation,
and complexity measured by SSC was assessed (Figure 5.7), as well as in previous literature
[304]. Conversely, plots B, C and E demonstrate high complexity, although their PHA production
did not exceed 35%.

Therefore, it can be concluded that the complexity observed in these plots may be attributed more
to the effect of CPH on microbial growth than to the impact of PHA accumulation. This highlights

the importance of independently assessing FCM data separately for each specific experimental
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condition, thus avoiding the assumption of a universally applicable behaviour pattern, as

previously mentioned throughout this thesis.

6.3.6 Respiratory quotient and metabolism

Measurements of the CO, production and O, consumption were conducted using a gas analyser
in two of the fermentations presented in this chapter, FBDM3PO and FB20CPH. While
FBDM3PO was chosen as a representative fermentation of a high-PHA production process,
FB20CPH was representative of a low-PHA production process. CO, and O, measurements were
subsequently employed to calculate the RQ for each culture, and the results are graphically

presented in Figure 6.7.

As depicted in Figure 6.9, the RQ values for the FB20CPH fermentation ranged between 0.98 and
1.03 throughout the entire fermentation process. This value means that 1 mol of CO, is produced
for every mol of O, consumed, a characteristic feature of aerobic fermentation on sugars [337].
This culture, representative of low-PHA-producing cultures, was compared to an investigation
involving a non-PHA-producing C. necator strain, in which RQ values around 1 were consistently

observed throughout the culture [334].

Conversely, the RQ values of the FBDM3PO fermentation raged between 0.92 and 1.01, meaning
that the O2 consumption is higher than the CO; generation. The sharpest decrease in the RQ
occurred after the addition of the feeding to the culture. This case, representative of high-PHA
production was compared to previous studies, where RQ values below 1 were obtained during the
PHA production phase [338,339]. This reduction in the RQ might be attributed to the redirection
of the carbon away from respiration and towards PHA synthesis, leading to reduced CO>

production [334].
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6.4 Conclusions

The exploration of PHA production scale-up from shake flasks to benchtop bioreactors in this
chapter has yielded significant insights. By comparing various batch and fed-batch experiments
employing different culture media and fermentation parameters, we have identified a promising
fermentation strategy. Specifically, utilizing CPH in the feeding phase after a batch phase with
DM, led not only to the highest microbial growth, with an ODggo of 48.7, but also to the highest
PHA production, 12.1 g/L. Our examination of the process productivity parameters confirms the

effectiveness of this chosen strategy among the tested conditions.

Our findings align with previous research, emphasising that restricting oxygen availability in the
culture enhances PHA production. Although further optimization is warranted for the complete
utilisation of CPH as the sole carbon source, our investigation highlights its considerable
potential. Notably, the introduction of CPH during the feeding stage of the FBDM3PO
fermentation resulted in a remarkable 40-fold increase in PHA production compared to the batch

phase employing DM.

To the best of our knowledge, this is the first study at bioreactor scale addressing the use of CP
for PHA production using C. necator. The PHA concentration of 12.1 g/L achieved in the study
confirms the potential of this feedstock to be valorised into PHA. Our results are in line with
previous works producing PHA from alternative sources using C. necator. Furthermore, this study

showcases a 6-fold increase in the PHA production when compared to previous studies procuring
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PHA from cassava waste using alternative microorganisms. Consequently, the findings presented
in this study not only demonstrates the potential for more efficient and sustainable PHA
production strategies, but also establish a significant benchmark study for future optimisation of

the process.
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Chapter 7. General conclusions

and future perspectives

7.1 Conclusions

This thesis has extensively explored the utilisation of cassava peel (CP) waste as a sustainable
feedstock for polyhydroxyalkanoates (PHA) production, using Cupriavidus necator (C. necator)
across several scales (from mL to L scales). The findings presented herein not only contribute to
the field of PHA production but also offer valuable insights into waste valorisation and pre-

treatment of CP.

Various analytical techniques, including TGA, proximate and ultimate analysis, FT-IR, and SEM,
were employed to comprehensively characterise CP. In order to gain insights into the effect of
acid hydrolysis on CP. Both untreated (native) CP and acid-hydrolysed CP were extensively
characterised. The outcomes reveal marked differences between the two samples, confirming the
degradation of intricate polysaccharides into smaller, more readily fermentable sugars. This
conversion was further quantified through total reducing sugars (TRS) and glucose analysis,
enabling the quantification of the sugar concentration within the cassava peel hydrolysate (CPH).
The significance of this polysaccharide degradation lies in the non-fermentable nature of these
polymers, which require depolymerisation into monomer (fermentable) sugars for their

subsequent conversion into PHA.

Furthermore, this study comprehensively investigated two different hydrolysis techniques.
Enzymatic hydrolysis, using a-amylases and glucoamylases, reached a final conversion of 70%
from the starch present in CP to glucose. This outcome was achieved using a thermal pre-
treatment of the CP at 99 °C for 30 min, followed by simultaneous liquefaction and
saccharification at 38 °C, using a combination of a-amylase and glucoamylase at a concentration
of 210 U/g in a 1:1 ratio, conducted for 48 h. Although this enzymatic conversion falls within the
range of previous studies using the same enzymes, acid hydrolysis yielded better results with

significantly shorter reaction times. Acid hydrolysis led to a remarkable 97% conversion from
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polysaccharides to reducing sugars following optimisation performed through a design of
experiments (DoE) using response surface methodology (RSM). This conversion was achieved
using 3 M H,SO4 for 120 min and 90 °C. To the best of our knowledge, the systematic approach
presented in this thesis to optimise sugars recovery from CP represents the highest conversion

achieved to date.

The screening experiment, using the 15 CPH resulting from the DoE, revealed the ability of C.
necator to grow and produce PHA using CPH as the sole carbon source. In our study, the
hydrolysis condition of 0.6 M H>SO4, 58 min, and 107 °C, resulted in the CPH yielding the highest
growth, with an ODego of 15.8, and PHA production reaching 1.5 g/L (31% (gpua/gpcw)) at small
(ImL) scale. To the best of our knowledge, this study represents the first investigation into the
utilisation of CP as the exclusive carbon source for PHA production with C. necator, paving the

path for future process optimisation.

The transition to shake-flask cultures resulted in a slight decrease in growth, with an ODggo of 12
and a PHA concentration of 1 g/L.. This observed decline might be attributed to the reduction in
nutrient concentration during the scale-up process. After assessing glucose consumption in the
screening experiment, it was observed that sugars were not completely depleted at the end of the
culture. Consequently, a strategic decision was made to reduce the sugar concentration to equate
the concentration of the cultures performed using defined media (DM). This dilution might have
impacted the availability of other essential nutrients required for bacterial growth. Furthermore,
the reduced PHA concentration can also be attributed to the dilution effect. Extensive literature
has documented that an excess of carbon in the culture media promotes PHA production.
Therefore, the dilution might have resulted in reduced PHA concentration at the expense of

consuming all available sugars.

Several bioreactor fermentations were conducted, and the effect of nitrogen and oxygen in the
culture were assessed. Firstly, an excess of nitrogen was found to lead to negligible PHA
production. Secondly, the restriction of oxygen availability was observed to promote PHA

production.

The scaling up to bioreactor resulted in an ODggo of 15.2 and PHA production of 1.5 g/L. when
using CPH as the sole carbon source. These results are similar to those obtained at flask-scale.
The presence of unidentified inhibitors within the CPH or the accumulation of by-products formed
during the fermentation process, might have prevent bacteria from further growth and PHA

production.

However, alternative fermentation strategies were explored. It was found that using defined

media (DM) during the batch phase and adding CPH as the feeding, while maintaining the pO,
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levels between 0-3%, reached an ODggo of 48.7 and a PHA concentration of 12.1 g/L (84.7%
(gpua/gocw)). This result aligns with the findings of numerous studies using C. necator for PHA
production from a wide range of waste feedstocks. Notably, this thesis presents the first study
performed using cassava waste for the production of PHA at bioreactor scale using C. necator.
Furthermore, our study showcases a 6-fold increase in PHA production when compared to

previous studies using Pseudomonas species for PHA production from cassava waste.

The use of flow cytometry (FCM) provided valuable insights into bacterial morphology, a critical
aspect of the culture, aiding in our understanding of the impact of CPH on bacterial physiology.
Additionally, this thesis introduces an innovative approach to detect PHA within bacteria using
the fluorophore pyrromethene-546 (Pyr-546). This approach has received minimal attention in the
existing literature. Our research further optimised the fluorophore staining protocol for C.
necator, and applied this staining method across all our experiments. It was concluded that Pyr-
546 can serve as a valuable tool for preliminary and on-line assessment of PHA. However, it was
detected that slight variations in the culture media composition and cultivation conditions led to
fluctuations in the measured fluorescence values. Therefore, a one-size-fits-all correlation
between the fluorescence values and PHA concentration is unfeasible, highlighting the need for
individual assessment across diverse experimental setups. To the best of our knowledge, this is
the first study that highlights the influence of the culture media and cultivation conditions on Pyr-

546 staining.

In conclusion, over 12 g/L of PHA were successfully achieved in this thesis, integrating chemical
and biological processes, thereby highlighting the importance of multidisciplinary research and
paving the way for future efficient PHA production using CP. Furthermore, the use of C. necator,
a native producer of PHA, simplifies the process eliminating the need for genetic engineering.
However, while this research demonstrates the potential of native PHA production pathways, it
also acknowledges the promising role of genetic engineering for further enhancing PHA
production, improving media tolerance, and optimising metabolic pathways in C. necator. Future

research efforts could explore these avenues to push the boundaries of PHA production further.

The results obtained across this thesis give a positive answer to the first research question
presented in Chapter 1: “Can cassava peel waste be effectively employed as a renewable

substrate for PHA production by C. necator?”.

Regarding the second research question: “What are the optimal process conditions and strategies
to achieve efficient PHA biosynthesis?”, it is important to note that while our research reports a
PHA concentration of 12 g/L, several strategies are discussed throughout the thesis that have the

potential to enhance process productivity. These strategies are compiled in the next section.
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This study contributes valuable insights to both the PHA production and the cassava waste
management fields, offering solutions to two pressing global challenges in the contemporary
society: the need to replace petroleum-based plastics and the efficient management of agricultural
waste. Moreover, this study aligns with the Sustainable Development Goals (SDGs) set forth by
the United Nations and holds significant potential to contribute towards achieving Net Zero

targets.

However, the establishment of these processes near to the feedstock production areas carries the
potential to foster the advancement of more environmentally sustainable practices. These areas
often pertain to developing countries, and knowledge and technological transfer to develop these
processes will mitigate the need for long-distance transportation of feedstock, concurrently
boosting the economic prospects of these countries. An example is Sub-Saharan Africa, where
high amounts of CP waste are generated. African countries may solve many difficulties and
simultaneously contribute to the UN SDGs by utilising locally accessible resources, such as CP

waste, and putting biorefinery technologies into practice.

7.2 Limitations and future work

In light of the substantial contributions presented in this thesis, it is equally important to recognise
the inherent limitations of the study and identify promising avenues for future research. This
section serves as a critical reflexion on the boundaries of our work and an exploration of the

possibilities in this field.

e Regarding the characterisation of our feedstock, the compositional analysis to quantify
the starch, cellulose, hemicellulose and lignin content would provide valuable

information for the subsequent pre-treatment process.

e Although the results achieved in the enzymatic study presented in this thesis align with
those presented in literature, there is room for optimisation. Firstly, due to the limitations
we encountered obtaining the desired enzymes due to the impact of the COVID-19
pandemic, an alternative and limited product was employed. Given this constraint and
time limitations, replicates of the enzymatic reactions were not performed. We
acknowledge the importance of replicates for higher reliability of the experiments here
presented. Furthermore, and related to the previous point, a compositional analysis will
help to develop a more effective strategy incorporating additional enzymes, such as
cellulases, to enhance sugars recovery. Finally, implementing a comprehensive enzymatic
optimisation through a DoE would contribute to increase the hydrolysis yields and

facilitate a more robust comparison between the enzymatic and the acid processes. This
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comprehensive approach should aim to optimise the ratio of enzymes used in the process,

with the objective of minimising the enzyme concentration to reduce costs.

e Further research into the mechanism by which Pyr-546 enters bacteria is essential to gain
a better understanding of its potential applications. This can contribute to the development
of an improved staining method for bacteria and the establishment of a more universally
applicable correlation between Pyr-546 fluorescence and PHA concentration. Such

development could streamline the analysis and expedite research efforts.

e Finally, the PHA production from CPH could potentially be further enhanced by
investigating diverse factors that might influence bacterial growth and PHA production,
such as substrate composition, pH levels, temperature, oxygen availability, and the
presence of potential inhibitors. Exploring these factors in more detail could provide
valuable insights into optimising PHA production processes and maximising yields. In
this study, the effect of oxygen was assessed, and the oxygenation was optimised to
enhance PHA production. Furthermore, it was observed that an excess of nitrogen led to
no PHA production. However, the analysis of nitrogen content in the CPH was not
performed. Having precise information about the nutrients, such as nitrogen or
phosphorous, which are known to affect PHA production, in the CPH could help to
develop more effective PHA production strategies. Moreover, a comprehensive analysis
of the CPH will provide insights into the available sugars and the preferred ones for this
C. necator strain to grow and produce PHA. The analysis of potential inhibitors and by-
products present in the CPH, as well as their accumulation and in the culture over time,
could contribute to the development of a strategy for their elimination or reduction.
Lastly, the development of culturing continuous strategy in bioreactor might contribute
to avoid product inhibition. This, in turn, may lead to higher bacterial concentrations and

increased PHA production.

In conclusion, the implementation of the strategies discussed in this section holds the potential to
reduce the reliance on DM in the process and increase the utilisation of CPH. By enhancing the
efficiency of CPH utilisation and reducing the dependence on DM, these approaches offer
promising avenues to decrease the production cost of PHA. Consequently, this can potentially
make PHA production more competitive with the widely used petroleum-based plastics,

contributing to a more sustainable alternative.
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Appendices

Appendix A
Al Acid hydrolysis optimisation using response surface

methodology: glucose concentration response.

Analogous to the CCD presented in Chapter 4.3.2.2 Acid hydrolysis optimization using response
surface methodology, a CCD was conducted to investigate the effect of three variables on the
glucose concentration in the hydrolysate. The variables under investigation were H>SOs
concentration, hydrolysis time and hydrolysis temperature. The experimental results and the
corresponding independent factors are shown in Table A1.1.

Table Al. 1 Central Composite Design (CCD) used in this study for the optimization along with
experimental values of the response glucose concentration.

Ru Factor x; Factor x; Factor x; Response glucose
[H2SO4] (M) Time (min) Temperature (°C) concentration (g/L)

1 -1 1 -1 20.0
2 -1 1 1 48.2
3 -1 -1 1 54.6
4 -1 -1 -1 24

5 1 -1 1 47.1
6 1 -1 -1 22.0
7 1 1 -1 54.6
8 1 1 1 53.2
9 -1.68 0 0 1.7

10 1.68 0 0 47.5
11 0 -1.68 0 51.5
12 0 0 -1.68 2.8

13 0 0 1.68 44.1
14 0 1.68 0 46.0
15 0 0 0 48.7
16 0 0 0 49.9
17 0 0 0 48.7
18 0 0 0 36.0
19 0 0 0 523
20 0 0 0 40.8

The data from table A1.1 underwent analysis using ANOVA in Design Expert. The results of the
ANOVA test are presented in Table A1.2. This model exhibited a coefficient of variation (CV) of
22.5%, which lies above an acceptable limit of 15% [277]. Furthermore, the fitness of the model
was evaluated through the coefficient of determination R2. In this case, an R? of 0.88 was obtained,
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indicating that the variables account for over 88% of the variation, and that the model cannot
explain less than 12% of the total variance. Adequate precision measures the signal-to-noise ratio,
and values greater than 4 are desirable. The ratio of 9.45 indicates that the signal is adequate for
the model, which can be used to navigate the design space. However, the adjusted R? (0.78) is not
in reasonable agreement with the predicted R? (0.26), showing a difference greater than 0.2 [255].
Despite obtaining less favourable statistical metrics compared to those achieved for the TRS
response model detailed in Chapter 4.3.2.2, the ANOVA analysis presented in this section also
resulted in a statistically significant model, as indicated by a p-value of 0.001. Moreover, the lack
of fit for this model was not significant, with a p-value of 0.09. Consequently, we proceeded with
the validation of the model.

Table Al. 2 Analysis of variance (ANOVA) for the central composite design quadratic model for the
glucose concentration response. x1: H2SO4 concentration; x2: time; x3: temperature.

Source Sum of squares df Mean square F-value p-value
Model 5687.29 9 631.92 8.3 0.001
X 1164.71 1 1164.71 15.3 0.003
X2 185.06 1 185.06 24 0.15
X3 1974.56 1 1974.56 259 0.0005
X1X2 175.13 1 175.13 2.3 0.16
X1X3 553.28 1 553.28 7.3 0.02
X2X3 285.25 1 285.25 3.8 0.08
X 632.70 1 632.70 8.3 0.016
x2? 52.89 1 52.89 0.69 0.42
X3 717.12 1 717.12 9.4 0.01
Residual 761.57 10 76.16 - -
Lack of fit 598.28 5 119.66 3.7 0.09
Pure error 163.30 5 32.66 - -
Cor Total 6448.85 19 - - -

C.V =22.5%; R*=0.88; Adj R?= 0.78; Pred R?= 0.26; Adeq Precision = 9.45

The validation was carried out under the same hydrolysis conditions presented in Chapter 4.3.2.2:
2.2 M H2S04, 150 min and 102 °C. Under these conditions, a glucose concentration of 42.7 g/LL
was obtained, while the expected value was 52.6 g/L. This discrepancy results in an error of 19%
which lies above the acceptable limit of 15%.

Despite efforts to optimise the model by eliminating insignificant factors and introducing higher-
order terms, our attempts did not yield a robust and reliable model.
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Therefore, while the ANOVA test showed a significant model, various statistical indicators here
presented, including the CV, R? and the difference between the predicted and adjusted R
demonstrated room for improvement. This fact is supported by Figure A1.1, where the predicted
vs. actual values plot, shows that most of the points are not close to the line. Moreover, the 19%
error in the validation experiment further reinforced the need for enhancing the model to establish
its reliability for predicting reliable data.
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Figure Al. 1 Glucose concentration predicted vs. actual values plot
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A2. Total reducing sugars (TRS) determination method

Figure A2.1 illustrates the calibration curve used throughout the thesis to determine the
concentration of total reducing sugars (TRS) in the samples using the Di-nitrosalicylic acid (DNS)
test. The absorbance values of the samples were interpolated using the provided calibration curve,
which was constructed using pure synthetic D-(+)-glucose (CAS 2280-44-6) as a reference
compound for calculating the TRS concentration. The equation was:

y = 0.3984x

where y is the TRS concentration and x is the absorbance measured.

y =0.3984x s )
12 | Re=0.9942

08

Concentration (g/L)

0 0,5 1 1,5 2 25 3 35
Absorbances;s

Figure A2. 1 Calibration curve for the determination of total reducing sugars (TRS)

Figure A2.2 shows a representative image displaying four samples containing varying TRS
concentrations. These samples are arranged in ascending order from the lowest concentration to
the highest concentrated, as determined through the DNS test.

Figure A2. 2 Representative samples containing ascending concentrations of total reducing sugars
determined through the Di-nitrosalicylic acid (DNS) test.
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Appendix B

B1. Correlation determination between ODgoo measurements

and dry cell weight (DCW)

Figure B1.1 illustrates the correlation between ODgoo values and dry cell weight (DCW)
concentration. As depicted in Figure B1.1, 10Dgo is equivalent to 0.2941 g/L. of DCW. The
establishment of this robust correlation (R?>=0.9786) simplifies future experiments due to the ease
of ODgoo measurements in comparison to the quantification of DCW.

y=0.2941x
R*=0.9786

DCW (g/L)
N W Ao
[

—
T

"%._

10 15 20
0 DGOO

o
(4]

Figure B1. 1 Correlation between ODgoo and microbial dry cell weight (DCW) of Cupriavidus necator
cultures. DCW (g/L) = 0.2941 x OD¢go. R?>=0.9786
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B2 Determination of polyhydroxyalkanoates concentration

through GC-MS

Figure B2.1 depicts the calibration curves for the quantification of 3-hydroxybutiric acid (Figure
B2.1A) and 3-hydroxyvaleric-acid (Figure B2.1B). These two monomers the monomers
constitute the building blocks of the of poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid
(PHBYV), which is the specific PHA detected throughout this thesis.

-y
o

- y=1E-07x [ ]
Rz2=0.9919

Concentration (g/L)
O = N W kB 00O~ 0 W

“"’-. L | 1
0.E+00 2.E+07 4 E+07 6.E+07 8.E+07

Peak area

1.0
09 + y=1E-07x [
08 L R?=0.9965

0.7 r
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0.2 r R
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0.0 o8- . -
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Figure B2. 1 Calibration curves for the calculation of polyhydroxybutyrate (PHB) (A), and
polyhydroxyvalerate (PHV) (B) concentration.
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Figure B2.2 shows two representative GC-MS chromatograms of a PHBV standard sample (Figure B2.2
Al) and a PHBV sample synthesised through C. necator fermentation (Figure B2.2 A2). B2.2 Bl also
includes the molecular representations of the compounds corresponding to each peak. Furthermore, the
mass spectroscopy spectra of 3-hydroxybutyric acid obtained in this study and the theoretical one is
presented in Figure B2.2 B1 and B2, respectively. The same information regarding 3-hydroxyvaleric acid
is presented in Figure B2.2 C1 and C2.
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Figure B2. 2 GC-MS spectra of commercial poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (A1);
PHBYV synthesised via Cupriavidus necator fermentation using cassava peel hydrolysate at flask scale (A2);
mass spectroscopy spectra of 3-hydroxybutyric acid resultant from the present study (B1); along with its
theoretical spectrum (B2); mass spectroscopy spectra of 3-hydroxyvaleric acid resultant from the present
study (C1); along with its theoretical spectrum (C2).

C. Hierro-Iglesias, PhD, Aston University 2023 180



B3. Correlation between PHA concentration (%) and

pyrromethene-546 fluorescence values

Figure B3.1 displays the correlation between the PHA concentration (%), as determined by GC-
MS analysis, and the corresponding Pyr-546 values measured using FCM.

60

y = 0.0026x + 6.7802 e
R?=0.9735
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Figure B3. 1 Correlation between PHA concentration (%) quantified using GC-MS and fluorescence values
from flow cytometry (FCM) after pyrromethene-546 (Pyr-546) staining. AU: arbitrary units.
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B4. Pyrromethene-546 fluorescence histograms from the

polyhydroxyalkanoates-staining optimisation
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Figure B4. 1 Histograms showing fluorescence intensity of Cupriavidus necator stained with varying pyr-
546 concentrations (A) 0.05 mg/mL, 100 % DMSO; (B) 0.05 mg/mL, 20/80 (% v/v) EtOH/DMSO; (C)
0.05 mg/mL, 40/60 (% v/v) EtOH/DMSO; (D) 0.05 mg/mL, 60/40 (% v/v) EtOH/DMSO; (E) 0.1 mg/mL,
100 % DMSO; (F) 0.1 mg/mL, 20/80 (% v/v) EtOH/DMSO;(G) 0.1 mg/mL, 40/60 (% v/v) EtOH/DMSO;
(H) 0.1 mg/mL, 60/40 (% v/v) EtOH/DMSO; (I) 0.2 mg/mL, 100 % DMSO; (J) 0.2 mg/mL, 20/80 (% v/v)
EtOH/DMSO; (K) 0.2 mg/mL, 40/60 (% v/v) EtOH/DMSO; (L) 0.2 mg/mL, 60/40 20/80 (% v/v)
EtOH/DMSO, and different incubation times of 0 min (purple); 1 min (grey); and 5 min (blue). The red
histogram present in all the plots represents the non-stained sample.
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BS5. Pyrromethene-546 fluorescence histograms from the
Cupriavidus necator growth and PHA production screening

experiment from cassava peel hydrolysates
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Figure B5. 1 Analysis of polyhydroxyalkanoates (PHA) production by Cupriavidus necator (C. necator)
after Pyr-546 staining (A) 0.6 M, 182 min, 72 °C; (B) 0.6M, 182 min, 107 °C; (C) 0.6M, 58 min, 107 °C,
(D) 0.6 M, 58 min, 72 °C; (E) 2.4M, 58 min, 107 °C; (F) 2.4M 58 min, 72 °C; (G) 2.4M, 182 min, 72 °C;
(H) 2.4M, 182 min, 107 °C, (I) 0.01M, 120 min, 90 °C,(J) 3M, 120 min, 90 °C; (K) 1.5M, 15 min, 90 °C;
(L) 1.5M, 120 min, 60 °C; (M) 1.5M, 120 min, 120 °C; (N) 1.5M, 225 min, 90 °C; (O) 1.5M, 120 min, 90
°C.
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B6. Size and complexity histograms from the Cupriavidus
necator growth and PHA production screening experiment

from cassava peel hydrolysates
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Figure B6. 1 Analysis of Cupriavidus necator (C. necator) size through forward scatter (FSC) using flow
cytometry (FCM). (A) 0.6 M, 182 min, 72 °C; (B) 0.6M, 182 min, 107 °C; (C) 0.6M, 58 min, 107 °C, (D)
0.6 M, 58 min, 72 °C; (E) 2.4M, 58 min, 107 °C; (F) 2.4M 58 min, 72 °C; (G) 2.4M, 182 min, 72 °C; (H)
2.4M, 182 min, 107 °C, (I) 0.01M, 120 min, 90 °C,(J) 3M, 120 min, 90 °C; (K) 1.5M, 15 min, 90 °C; (L)
1.5M, 120 min, 60 °C; (M) 1.5M, 120 min, 120 °C; (N) 1.5M, 225 min, 90 °C; (O) 1.5M, 120 min, 90 °C
(n=3). P1: population 1; P2: population 2; and P3: population 3.
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Figure B6. 2 Analysis of Cupriavidus necator (C. necator) size through forward scatter (FSC-A axis) and
complexity through size scatter (SSC-A axis) using flow cytometry (FCM). (A) 0.6 M, 182 min, 72 °C; (B)
0.6M, 182 min, 107 °C; (C) 0.6M, 58 min, 107 °C, (D) 0.6 M, 58 min, 72 °C; (E) 2.4M, 58 min, 107 °C; (F)
2.4M 58 min, 72 °C; (G) 2.4M, 182 min, 72 °C; (H) 2.4M, 182 min, 107 °C, (I) 0.01M, 120 min, 90 °C,(J)
3M, 120 min, 90 °C; (K) 1.5M, 15 min, 90 °C; (L) 1.5M, 120 min, 60 °C; (M) 1.5M, 120 min, 120 °C; (N)
1.5M, 225 min, 90 °C; (O) 1.5M, 120 min, 90 °C (n=3). P1: population 1; P2: population 2; and P3

population 3.
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