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This thesis investigates the valorisation of food waste through the production of

bacterial nanocellulose (BNC), using orange peels and whey as substrates, within the
framework of a circular economy. Addressing the pressing issue of food waste

management, the study aims to transform waste materials into valuable resources,
thereby reducing environmental impact and promoting sustainable development.

The research involves creating suitable culture media extracting nutrients from food
waste, optimizing the BNC production process by Gluconacetobacter sucrofermentams
static conditions, and evaluating the resulting nanocellulose in terms of yield and
quality. In terms of membrane quality, water retention was found to vary depending
on the medium and additives used. The production process was carefully monitored,
with a particular focus on the influence of additives and culture medium creation
conditions on the final BNC yield and quality. The study reveals that both orange peels
and whey are effective substrates for BNC production, with optimized conditions
yielding higher amounts of BNC compared to conventional methods. For orange peels,
the highest yield of 3.99 + 0.45 g/L was achieved after 7 days of incubation with the
addition of yeast extract, peptone, citric acid, and disodium phosphate. For whey,
hydrolysed whey with the same additives yielded 4.28 + 0.36 g/L after 10 days. These
findings indicate that food waste can be repurposed into a valuable product,
contributing to waste reduction and promoting a circular economy.

Moreover, the research includes a Life Cycle Assessment (LCA) to evaluate the
environmental impacts of BNC production from these waste materials. BNC
production from orange peels had the lowest environmental impact, particularly in
categories such as climae change and resource use, compared to theHestrin and
Schramm (HS) medium. These findings indicate that using food waste substrates for
BNC production significantly reduces environmental impacts compared to traditional
methods, emphasizing the potential of waste valorisation as a sustainable solution.

This thesis contributes to the ongoing discourse on circular economy practices by
demonstrating the feasibility of converting food waste into high -value products like
BNC. The results highlight the environmental and economic benefits of such
approaches, providing valuable insights for future industrial applications and
sustainability initiatives.

Key-words: Circular economy, bacterial nanocellulose (BNC), food waste, life cycle
assessment (LCA).






Questa tesi indaga la valorizzazione degli scarti alimentari attraverso la produzione di
nanocellulosa batterica (BNC), utilizzando bucce d'arancia e siero di latte come
substrati, all'interno del quadro dell'economia circolare. Affrontando la questione
pressante della gestione degli scarti alimentari, o studio mira a trasformare i materiali
di scarto in risorse preziose, riducendo cosi I'impatto ambientale e promuovendo uno
sviluppo sostenibile.

Lo studio prevede la creazione di un idoneo mezzo di coltura estraendo nutrienti dagli
scarti alimentari, ottimizzando il processo di produzione di BNC tramite
Gluconacetobacter sucrofermentamsondizioni statiche, e valutando la nanocellulosa
risultante in termini di resa e qualita. Per quanto riguarda la qualita delle membrane,

e stato riscontrato che la capacita di ritenzione idrica varia a seconda del mezzo e degli
additivi utilizzati. 1l processo di produzione € stato attentamente monitorato,
concentrandosi in particolare sull'influenza degli additivi e delle condizioni di
creazione del mezzo di coltura sulla resa finale e sulla qualita della BNC. Lo studio
rivela che sia le bucce d'arancia che il siero di latte sono substrati efficaci per la
produzi one di BNC, con condizioni ottimizzate che forniscono rese superiori rispetto
ai metodi convenzionali. Per le bucce d'arancia, la resa piu alta di 3,99 + 0,45 g/L é stata
raggiunta dopo 7 giorni di incubazione con l'aggiunta di estratto di lievito, peptone
acido citrico e fosfato disodico. Per il siero di latte, il siero idrolizzato con gli stessi
additivi ha prodotto 4,28 + 0,36 g/L dopo 10 giorni. Questi risultati indicano che gl
scarti alimentari possono essere riutilizzati per produrre un prodotto di valore,
contribuendo alla riduzione dei rifiuti e promuovendo I'economia circolare.

Inoltre, la ricerca include una Valutazione del Ciclo di Vita (LCA) per valutare gli
impatti ambientali della produzione di BNC da questi materiali di scarto. La
produzione di BNC dalle bucce d'arancia ha avuto il minor impatto ambientale, in
particolare nelle categorie come il cambiamento climatico e l'uso delle risorse, rispetto
al mezzo Hestrin e Schramm (HS). Questi risultati indicano che I'utilizzo di substrati
da scarti alimentari per la produzione di BNC riduce significativamente gli impatti
ambientali rispetto ai metodi tradizionali, sottolineando il potenziale della
valorizzazione dei rifiuti come soluzione sostenibile.

Questa tesi contribuisce al dibattito in corso sulle pratiche di economia circolare,
dimostrando la fattibilita di convertire gli scarti alimentari in prodotti di alto valore
come la BNC. | risultati evidenziano i benefici ambientali ed economici di tali a pprocci,
fornendo preziosi spunti per future applicazioni industriali e iniziative di sostenibilita.



iv Abstract in italiano

Parole chiave: Economia circolare, nanocellulosa batterica (BNC), scarti alimentari,
valutazione del ciclo di vita (LCA) .
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Waste generation and management are among the currently most concerning topics
worldwide, leading to continuous debates and concerns among the scientific
community and government decision -makers to find and apply practical solutions to
those issues. Each gar, European countries generate about 1.3 billion tonnes of waste,
that corresponds to about 3.5 tonnes of solid waste per head[1]. Since the industrial
revolution, many countries have prioritized economic development regardless the
consequences, leading to the problems of high resources consumption and
environmental pollution (Gozgor et al., 2018).Consequently, these two issues have
made environmental protection and sustainable utilization of natural resources
important challenges in several countries [3]. In this context of industrial development,
circular economy emerges as a valid approach to combat environmental challenges
and promote a sustainable development [4]. These debates are primarily led by policy
makers like the European Commission, that is making real efforts to stimulate the
transition frommake-useidnesposeir tbalecircu
Europe (COM (European Commission), 2015).but also by organizations that operates
at international level, like the Ellen MacArthur Foundation, which is a reference at
international level for sustainable development and circular economy efforts (Ellen
MacArthur Foundation, 2019). The European Union regulations concerning waste
management have been drawn up to protect the environment against irreversible
effects of harmful and toxic compound emission into the environment as well as
protection of natural resources by recycling materials. Focusing particularly on the
second point, circular economy represents the approach where the value of products,
materials and resources is maintained in the economy for as long as possible, and the
generation of waste is minimised [5]. It is operationalised by using three fundamental
principles, commonly referred to as the 3R principles: Reduce, Reuse, and Recyclg7].

Among the generated waste, food waste, estimated by FAO to be one third of the total
food production for human consumption [8], is a significant obstacle to sustainable
development [9]. Among the yearly 1.3 billion tonnes of waste previously cited,
European Union has been estimated to produce approximately 88 million tonnes of
food waste per year along the supply chain [10]. The reported data are related to
European Union, but the challenge of reducing food waste is recognized and embraced
at a global level. Indeed, the United Nations have included in their Sustainable
Development Goals the food waste topic; precisely the UN Sustainable Development
Goal 12.3 targets a 50% reduction in food waste at the retail and consumer levels, in
addition to reducing food losses along production and supply chains by 2030 [11].



2 Introduction

Currently, disposal of food waste includes incineration, disposal to sewage or landfill,
and, fermentation, especially anaerobic digestion for biogas and energy production
[12]. However, food waste can be used to also create highvalue products, by
fermentation of unavoidable or inedible food waste, but also through the extraction of
high-value components from the food waste, such as proteins, colorants, phenolics and
sugars[13].

Food waste can be employed as a source of carbon and nutrients to produce
nanocellulose [14]. Cellulose is a natural polymer, common and abundant on Earth,
and nowadays is seen as a valuable alternative to plastics and other synthetic
polymers, whose use is causing plastic waste accumulation and pollution levels
increase in marine and terrestrial environments [15]. Cellulose can be obtained
exploiting natural sources, such as wood and a large variety of plants, or can be
produced by seaweed, fungi, and some species of bacteria. Due to its nanometric
dimensions, bacterial cellulose is classified as nanocellulose, ad, as for other types of
nanocellulose, has gained particular attention due to its qualities, such as excellent
surface properties, low density, good transparency and, moreover, biocompatibility,
biodegradability, and non -toxic nature (Sarangi et al., 2024) Bacterial nanocellulose
(BNC) has, moreover, the major advantage of its purity, being free of by-products such
as lignin, pectin, hemicellulose, and other constituents of lignocellulosic materials
(Portela et al., 2019).

When food waste, typically without economic value and improperly disposed, is
employed in the production of a high -value product, such as bacterial nanocellulose,
a more sustainable and ecologically correct process is promoted, with the double effect
of both reducing food waste, and consequently promoting a circular economy, and
obtaining a product with a low environmental impact.



1 Theoretical framework

1.1. Valorisation of f ood waste

As the challenge of food waste continues to grow, innovative solutions like Food
Waste Valorisation (FWV) have become increasingly important [18]. FWV plays a
critical role in the efficient use of food waste resources, offering a significant stride
towards sustainable waste management. Rooted in the principles of the circular
economy, this approach not only aims to reduce environmental impact but a Iso fosters
a more sustainable food system[19]. To facilitate effective decision-making in food
waste management, various hierarchies have been proposed. GarciaGarcia et al.
(2017) introduced a detailed hierarchy that categorizes different management
strategies (Figure 1.1). This framework helps stakeholders to identify the most
sustainable methods for managing food waste, emphasizing reduction, reuse, and
recycling/recovery before considering disposal [20].

Reduce Prevention of food waste generation

Redistribution for human consumption

Reuse

Animal feed Most preferred
options

B \ Extraction of compounds of interest

\ Industrial uses
\ Anaerobic digestion /
\ Composting
Thermal treatment with
energy recovery
\ Landspreading /

fihermalftreatment without eriergyfrecovery]

Fandfilling

Recycle / recover
1

Least preferred
options

|

Figure 1.1: Waste hierarchy for food waste(GarciaGarcia et al., 2017).

Clearly, prevention and reuse are not always a possibility; depending on the features
of the food wastes, such as edibility, state, origin, complexity, animal product
presence, treatment and many others, different routes can be undertaken[20]. Among
the various options, It Iis interesting to un
of interest?”, t hat falls wunder the category
significant potential for generating valuable compounds, since there are dozens of
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chemical and physical routes to obtain bio-compounds from food products (Granato
et al., 2017).Food waste that has minimal to no economic value can be transformed
into valuable resources if efficient waste resources utilization procedures are
exploited. Indeed, the Food Waste Valorisation process can be performed by
separation of various compounds including phenols, polysaccharides, aromatic oils,
colourants, proteins, taste components, enzymes, and fibres from foods using a variety
of extraction processes[22], [23], [24]

Cellulose, constituting the 35-50% of plant biomass along with pectin, lignin and
hemicellulose [25], is currently recognized as the most abundant organic polymer on
the planet, comprising approximately 1.5 trillion tons of the total annual biomass
production. Itis regarded as an almost limitless resource, vital for meeting the growing
demand for produc ts that are both environmentally friendly and biocompatible [26].

It is also non-toxic, making it a prime candidate for use as a feedstock in creating
natural polymeric materials [27]. These materials could potentially replace those
derived from petroleum, offering benefits such as renewability and biocompatibility.
Additionally, through catalytic processes, cellulose can be transformed into chemicals
and monomers that can be utilized to produce biopolymers that serve various
applications across different industries [27].

Cellulose is a linear polymer, made of glucose monomers, that forms strong
associations through hydrogen bonds. These intermolecular interactions are critical for
the formation of polymer fibres and provide structural rigidity to the cellulose  [28].
Plant and bacterial cellulose have same molecular formula, while having different
physical and chemical properties. Indeed, cellulose fibres derived from plants

typically have diameters ranging from 13

and 65% [29], while cellulose produced by bacteria, known as bacterial cellulose,
consists of fibrils measuring 10 to 100 nm in diameter and showing a crystallinity of
90%]30]. Consequently, bacterial cellulose, being composed by fibrils in the nanoscale,
is naturally considered nanocellulose, that is defined as cellulose particles with at least
one dimension under 100 nanometres. Differently, plant nanocellulose, that can be
found as cellulose nanofibers (CNF) or cellulose nanocrystals (CNC), needs to be
isolated from plant fibres by means of a mechanically or chemically deconstructing
strategy [31]. Bacterial nanocellulose (BNC) fibrils are moreover highly hydrophilic
due to the abundance of hydroxy groups on their surface [30] and it is noted for its
superior tensile strength and extensive surface area[30]. In addition, bacterial cellulose
has greater purity, being free of other products such as lignin, pectin, hemicellulose,
and other constituents of lignocellulosic materials [17] and greater flexibility [28] when
compared to nanocellulose from plant sources.

t

(0]
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Regarding the production methods, nanocellulose derived from plants is produced
through a top -down approach, involving mechanical and chemical processes that
break down plant fibres. On the other hand, BNC is created through a bottom-up
synthesis method, that relies on the direct activity of specific bacterial strains that
synthesize cellulose as a part of their metabolic processes. If considering their
environmental impacts, BNC production has clearly an advantage, since separation
processes to isolate plat-based cellulose from other compounds such as lignin and
hemicellulose are quite polluting, energy expensive and could bring to the formation
of dangerous compounds [28]. However, bacterial nanocellulose production at large
scale is still limited, due to the lack of efficient fermentation processes [32].

BNC can be produced in presence of oxygen by various species of bacteria, such as
those of the generaGluconacetobacté¢formerly Acetobactdr Agrobacterium Aerobacter
AchromobacterAzotobacterRhizobium Sarcing and Salmonelld33]. Acetobactestrains,
specifically A. xylinus, are the best strains to produce bacterial nanocellulose.
Gloconacetobacter xylinus the commonly studied source of cellulose and can produce
it exploiting a wide range of carbon and nitrogen sources [34], [35]. It is a rod-shaped,
aerobic, Gram-negative organism that generates cellulose through its metabolic
processes. These cellulose fibres form intricate, interwoven extracellular ribbons. This
production of cellulose is not a secondary metabolic byproduct but rath er a primary
metabolite, indicating its central role in the bacterium's physiology [33]. This
bacterium does not exhibit cellulase activity, that is the enzyme which breaks down
cellulose; this can be a significant trait for organisms that produce cellulose, as it
prevents them from degrading the cellulose they have just synthesized [33].

Several factors influence BNC production, with the composition of the growth
medium, environmental conditions, and byproduct formation being particularly
critical. Optimising the growth medium is crucial for microbial development, which

in turn enhances product formation. Essential nutrients for microbial growth include
carbon, nitrogen, phosphorus, sulphur, potassium, and magnesium salts. Common
carbon sources for cellulose synthesis are glucose and sucrose, though other
carbohydrates like fructose, maltose, xylose, starch, and glycerol have also been
explored [33]. When glucose is used as the only carbon source in the fermentation
medium, it serves dual roles. Firstly, it provides the necessary energy that
microorganisms require for their metabolic activities. Secondly, it acts as the precursor
for the synthesis of bacterial cellulose. This dual functionality of glucose makes it a
critical component [36]. A notable issue with using glucose as a carbon source is the
resultant production of gluconic acid. This byproduct lowers the culture's pH,
adversely affecting cellulose production [36]. Nitrogen, vital for cellular metabolism,
constitutes 8-14% of the dry cell mass in bacteria[33]. Different sources of nitrogen
can be employed, such as yeast extract, peptone, soy tone or some residues, like corn
steep liquor, that is a by-product of wet milling of corn, containing amino acids,
vitamins, and minerals [37]
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The most common culture medium employed to produce BNC is the Hestrin and
Schramm medium (HS), that contains (%, w/v): glucose, 2; peptone, 0.5; yeast extract,
0.5; disodium phosphate, 0.27; citric acid, 0.11938]. The HS culture medium contains
glucose as source of carbon and yeast extract and peptone as sources of nitrogen.

Among the environmental conditions affecting BNC production, culture
configuration, pH, temperature, and oxygen play a pivotal role.

The most used fermentation method is the static culture, since high yields can be
reached. In this configuration, BNC is formed on the surface of the culture broth in the
shape of a pellicle. There are different hypotheses to this fact: it has been proposd that
cellulose serves to hold the bacterium in an aerobic environment or acts as an
extracellular matrix to enhance colonization by the bacterium of its substrate in nature
and to prevent potential competitors from gaining access to the decaying substrates
[39], [40]. Other hypotheses are about providing protection for the cells against UV
radiation and helping in moisture retention to prevent drying of the substrate (Scott
Williams & Cannon, 2448). However, b acterial nanocellulose can also be produced in
agitated culture. When a broth culture is agitated by shaking or stirring, the bacteria
grow quickly, but the production of cellulose is reduced, and the cellulose fibrils fail
to form a well -organized pellicle [41]. Indeed, if the culture is incubated in an orbital
shaker, spherical cellulose pellets dispersed on the surface of the medium are
developed within the broth [42].

Talking about the other environmental factors, various studies agree on the fact that
the optimal pH vary depending on the microorganism used and is in the range from 4
to 7 [14]. Regarding temperature influence, literature studies have underlined the
dependence of productivity, morphology and crystallinity structure on temperature;
generally, the ideal temperature range agreed by various authors is between 28 and
30°C[32]. Concerning oxygen influence, oxygen plays an important role in controlling
aeration within the media. It has been observed that there is a clear influence of
dissolved oxygen amount on both cellular metabolism and resulting polymer quality.
Within the medi a, a low level of dissolved oxygen obstructs bacterial growth, leading
to the retardation of bacterial cellulose production. A restricted oxygen supply not
only collapses the production but also reduces its quality [43]. However, high levels of
dissolved oxygen could bring to an excessive production of gluconic acid, that, as
already underlined, could deactivate the bacterial cell growth [14].

Nanocellulose broad applicability and potential are increasingly recognized in
numerous fields due to its unique characteristics. Particularly, its high purity provides

it high mechanical properties, such as its remarkable tensile strength, exceeding 2 GPa
[30], and its biocompatibility and biodegradability make it suitable for biomedical
applications and the production of other value -added products [44].

In medical applications, BNC excels in tissue engineering and wound dressings, where
its compatibility with human tissues promotes healing and supports cell growth,
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particularly valuable for creating vascular grafts and skin tissue regeneration [45].
BNC characterized by high water retention is particularly suitable for wound
dressings, since the ability to maintain a moist environment conducive to healing is
crucial [46]. In addition to these healthcare uses, BNC's potential in controlled drug
release and implant materials is further explored, emphasizing its adaptability and
clinical relevance [47]. In the food packaging industry, BNC enhances food safety and
extends product shelf life due to its effective barrier properties against oxygen and
pathogens [48]. BNC's utility extends into the production of edible films that
incorporate fruit purees, enhancing the films' sensory properties and mechanical
flexibility, which significantly alters their water vapor permeability and tensile
strength [49]. These films, especially when combined with fruit purees such as mango
or guava, offer improved functionality for specific packaging applications [50]. The
cosmetic industry could also benefit from BNC's high -water retention and skin
compatibility, making it suitable for hydrating face masks and other skincare products
[32]. For environmental applications, BNC provides a biodegradable alternative to
synthetic polymers, reducing the environmental impact in packaging and disposable
items [51], [52]. BNC's mechanical properties and transparency could also be leveraged
in technological applications such as flexible electronics and high-quality acoustic
diaphragms [53]. Its role in water purification systems, where its fine fibrous structure
effectively filters out impurities, enhances environmental technologies [50].
Additionally, BNC is utilized in novel composites for construction and automotive
applications, where its strength and biodegradability provide significant advantages
over traditional materials [54].

As already mentioned, high water retention is remarkably beneficial for BNC. Water

retention measures the ability of membranes to absorb and retain water, which is
essential for applications requiring moisture, such as construction materials, textiles,
cosamnetics and medical applications.

Membranes with high water retention tend to have better mechanical properties in
humid environments, including flexibility and tear resistance. These properties are
important for applications where the membrane must maintain structural integrity in
the presence of water[55]. In biomedical applications, the water retention capacity can
influence biocompatibility and the ability to maintain a moist environment conducive
to healing and cell growth [46], [56]. Water retention can also influence the filtration
efficiency of nanocellulose membranes, enhancing their ability to remove
contaminants or particles from aqueous solutions [57] and, being related to membrane
permeability, can influence the transport of molecules through the membrane,
important for applications such as water purification and molecular separation [58].
Finally, water retention can provide insights into the thermal and chemical stability of
membranes, as materials that retain water stably may be less susceptible to
degradation under thermal or chemical stress [59].
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1.3. Production of bacterial nanocellulose from food
waste

Bacterial nanocellulose is typically produced using the HS culture medium, that
contains glucose as carbon source[38]. However, the production cost of bacterial
nanocellulose starting from this traditional culture medium is high. Indeed, the cost of
the culture medium, accounting for 50 -65% of the total production cost, is an important
aspect of the industrial production process that in turn defines the final price of the
product [60]. Therefore, several attempts have been made in the past few years to
reduce the cost of bacterial nanocellulose production by utilizing low cost, renewable,
and easily available substrates in the fermentation process[36]. Utilizing waste as a
carbon source to produce bacterial nanocellulose can be a valid lowcost and
sustainable alternative [35], while repurposing industrial wastes like agricultural
residues, dairy wastewater, brewery byproducts, textile waste, and micro -algae
biomass to create a valueadded product [61]. Indeed, when food waste is employed,
this practice can be seen as a Food Waste Valorization technique, particularlyunder
the recycle/recovery category.

Among food waste, vegetable waste coming from fruit processing industries has a

significant impact, since those industries have huge markets and generate a large
amount of peel waste and seed waste[62]. Globally, more than half a billion tons of

waste are generated by the fruit processing industries every year [63]. To give an
example, 20 million tons of unwanted orange peel are produced by the juice industry

every year, creating disposal and fermentation issues in the environment [62].

Studies have examined various fruit waste and peels as potential sources of carbon for
BNC production [61]. Utilizing pineapple, banana, orange, melon, and date peels,
significant yields of BNC were obtained, demonstrating the potential of these
agricultural wastes as economically viable substrates. For instance, focusing on fruit
peels, banana peel yielded upto 19.46 g/L of BNC in 15 days[14], pineapple peel juice
produced 2.8 g/L in 13 days[64], orange peel fluid and orange peel hydrolysate yielded
up to 3.4 g/L in 8 days [65], citrus peel hydrolysate resulted in 2.33 g/100 g peel in 21
days [66], while coffee cherry husk resulted in a production of 8.2 g/L in 14 days [67].
A study by Khan et al. (2021) investigated BNC production from various fruit peel
wastes, utilizing just agueous extracts of various fruits peel (100%) as culture media or
along with components of HS medium (2% peptone, 0.5% yeast extract, 0.12% citric
acid, 0.27% disodium phosphate) [68]. BNC yield was observed after 16 incubation
days in both types of media, although significant productions were obtained from the
media containing HS components along with fruit peel wastes [68]. This study resulted
in 7.69 £0.51 g/L of BNC from pineapple peel waste, 5.76 +1.12 g/L from banana peel
waste, 4.05 +0.05 g/L from orange peel waste and 2.11+0.15 g/L for sweet lime peel
waste; which are all comparable or higher than the yield obtained in the same study
from HS culture medium, that was 2.47 +0.11 g/L in 16 days [68]. These findings
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constitute only a preliminary result but indicate that fruit peels can be efficiently
utilized to produce bacterial cellulose with high yields, thereby contributing to
reducing agricultural resource waste.

The dairy industry, likewise, produces a by -product, cheese whey, that corresponds to
the liquid stream coming from the cheese production starting from milk, specifically
from the agglomeration process of casein micelles[69]. Cheese whey is considered the
most important pollutant of dairy industry, particularly hazardous when designated
sustainable treatments are not foreseen. Its composition is mainly water (93-95% w/w),
while the dry matter fraction is composed by 66 —77% (w/w) of lactose, 8-15% (w/w) of
proteins, 7-15% (w/w) of minerals; and a lower portion of non -protein nitrogen (e.g.,
amino acids), vitamins (e.g., vitamins A, D and B5), and trace elements (e.g., zinc)70].
Its major issue is represented by its high organic load; the rapid consumption of
oxygen in the soil caused from the breakdown of proteins and sugars present in whey
poses a significant di sposal probl em,
generated, approximately 9 L of whey per each kg of cheese produced [71]. In the last
decades, a lot of efforts have been made to find viable and environmentally friendly
valorisation alternatives, rather than just field disposal, especially trying to exploit
cheese whey with high nutritional values [69], [72]. A sustainable solution for whey
valorisation can be provided by its conversion into a cheap fermentation medium to
produce varied biopolymers and other bioactive compounds, including BNC [73].

5

Among the studies present in literature reporting BNC production from whey, one of
the most cited studies in various literature reviews is the investigation conducted by
Revin et al. (2018), that explored whey as an alternative substrate and found that BNC
production on whey reached 5.45 g/L (dry weight) after 3 incubation days, surpassing
the 2.14 g/L obtained on the standard Hestrin -Schramm (HS) medium in the same
incubation period [74]. Other studies, instead, found lower yields from whey than
from conventional HS, probably since the main carbon source in whey is lactose which
is a disaccharide and is not useful to bacteria producing cellulose [75]. Indeed, when
lactose is the main carbon source, yields of BNC were found to be negligible, while
with a hydrolytic pretreatment of whey splitting lactose in its corresponding
monomers glucose and galactose, the hydrolase resulted in higher yields, up to 7 g/L
[76], [77], [78], [79}

Other explorations found out that acid whey resulted in the highest yield among

di fferent waste medi a, such as banana peel s
pomace [80]; moreover, it has been found that the presence of whey proteins in the
medium positively influer8]ed the BNC biosynth

Lately, there is a lot of interest in this waste medium and some more recent studies
have performed BNC production optimisation from whey by investing different
parameters. For instance, Baykatar & Gursoy (2024) have studied the influence of pH,
organic source concentration, amount of active culture and incubation time, finding
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the best yield at pH 5.5, 25% organic source amount, 30% active culture concentration
and 8 days of incubation [81]. Differently, Feng et al. (2024) studied BNC production
from soy whey, adding an extra carbon source and investigated the bestcarbon source
to add, the concentration of added carbon source, the inoculation amount, the
temperature and the incubation time, finding the best yield when using sucrose as
added carbon source at 8.5%, 10% inoculation amount, 32°C as fermentation
temperature and 11 days of incubation [82].

Life Cycle Assessment (LCA) is a systematic method used to evaluate the
environmental impacts associated with all the stages of a product's life, from raw
material extraction through materials processing, manufacture, distribution, use,
repair and maintenance, to disposal or recycling. The process begins with the goal and
scope definition, which determines what will be studied and to what extent, setting
boundaries for the study. This is critical as it influences how comprehensive the LCA
will be and is dis cussed by ISO 14040:20083], which provides the framework and
principles for conducting an LCA.

The next step involves the life cycle inventory (LCI), which is the data collection phase,
compiling and quantifying inputs and outputs for a product throughout its entire
lifecycle. This includes raw materials, energy use, water use, and emissions to air,
water, and land. Researchers emphasize the importance of a robust LCI to ensure the
reliability of the LCA results [84].

Following the inventory analysis is the life cycle impact assessment (LCIA). This phase
assesses the potential environmental impacts using the LCI data. It involves selecting
impact categories, category indicators, and characterization models that are
appropriate for the study. This step is crucial in understanding the extent of the
environmental impacts associated with different phases of the product lifecycle [85].

The final stage of LCA is the interpretation phase, where results are analysed to
provide conclusions and recommendations. This phase helps decisionrmakers to
understand the significance of the study results and make informed decisions about
potential impr ovements [86]. The interpretation should be transparent and include a
critical review, as recommended by the 1ISO 14044:2006 standard87], to ensure the
validity and reliability of the LCA.

Throughout the process, LCA practitioners must consider several critical factors such

as data quality, geographical and time-related coverage, and the technology reviewed.
The inclusion of sensitivity and uncertainty analyses is also crucial to assess the
robustness of the conclusions drawn from the LCA [88].
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2 Objective and scope

The primary objective of this thesis is to address the significant issue of food waste by
promoting a circular economy model. Particularly, the core focus is to harness the
potential of food waste residuals to develop a value -added product, thus transformi ng
waste into a resource. This approach not only seeks to mitigate the environmental
impact caused by traditional disposal methods but also promotes more sustainable
methods of resource utilization.

By exploring innovative techniques to repurpose food waste, this study intends to
demonstrate the feasibility of converting organic waste into valuable goods. This will
involve a thorough analysis of the types of food waste that can be utilized, the
transformation processes required, and exploring the applications of the created
product. The purpose of this investigation is to contribute to the reduction of food
waste, encourage the recovery of unused resources such as unavoidable or inedible
food waste, and support the transition towards a more sustainable food system,
demonstrating practical and environmental benefits of waste repurposing. The aim of
this research is to provide practical solutions that can be adopted by industries,
aligning with the global efforts to achieve environmental sustainability.

In particular, the issue of food waste repurposing is addressed in this study by
producing bacterial nanocellulose starting from food residues, through the extraction
of components from the food waste, with the purpose of exploit them as nutrients to
produce bacterial nanocellulose.

Specifically, this research work will focus on the subsequent specific objectives:

1. Creation of suitable culture media for BNC production from food waste. The
two different food wastes employed in this study are residual orange peels and
whey. This first specific objective is to create a culture medium containing a
complete range of nutrients, such as reducing sugars, nitrogen, and
phosphorus, from different food wastes. This task will involve the development
and optimisation of the culture media production processes and the subsequent
evaluation of the efficiency and yield of these processes, in terms of
concentration of nutrients in the final culture medium. Particularly, nutrients
are extracted from orange peels waste using water, and different extraction
conditions will be investigated in order to find the optimal one. Regarding
whey, culture media are directly obtained from liquid whey during cheese
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production; however, some pretreatments will be assessed to determine the
optimal treatment.

. Bacterial nanocellulose production. The second objective is to assess the

production of bacterial nanocellulose using the different types of processed
food wastes as feedstocks. This will include experimenting with various culture

media and various conditions to determine the most effective methods for
generating high-quality nanocellulose.

. Incubation results evaluation and characterization. The third objective focuses

on evaluating and characterizing the outcomes of the incubation processes
involved in the production of bacterial nanocellulose. This includes calculating
the resulting yield from different media and conditions and analysing th e
physical properties of the nanocellulose produced to ensure its suitability for
further applications. Particularly, water retention will be evaluated, since being
a pivotal parameter for nanocellulose, essential for different kinds of
applications for which nanocellulose could be suitable.

. Life Cycle Assessment (LCA) of BNC production. The final objective is to

conduct a Life Cycle Assessment of BNC production from different wastes. This
assessment will be performed for the BNC production at laboratory scale and
will evaluate the environmental impact of these production processes,
comparing the routes from different residues among themselves and further
comparing them with BNC production from a commonly used culture medium
not coming from waste. Specifically, BNC production at laboratory scal e from
orange peels and whey will be examined, comparing it with BNC production
from the HS culture medium. The aim of this evaluation is to determine the
sustainability and environmental efficiency of using waste substrates for BNC
production, highlightin g potential benefits and areas for improvement.
Moreover, the assessment at laboratory scale could be useful to guide the scale
up of those processes at industrial scale.
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3 Materials and methods

3.1. Food residues treatment to produce culture media

Two different types of food residues have been used for culture media preparation,
that are orange peels and whey.

3.1.1. Orange peels treatment

Orange peels were obtained from oranges eaten daily in the canteen of the Higher
Technical School of Engineering and Industrial Design (ETSIDI), belonging to the
Polytechnic University of Madrid (UPM), so not from the fruit processing industry,
while whey was taken from a cheese production laboratory located in the Higher
Technical School of Forestry Engineers (ETSIM) of theUPM.

Orange peels pre-treatment consisted of drying the orange peels at 30°C for about 12
hours and subsequently grinding the dried peels until a powder was created. Then,

extraction of nutrients from the created powder has been performed, using orange

peels powder and distilled water in a ratio 1:10 (10 g of powder for each 100 mL of
distilled water ), while mixing for 15 minutes. The extraction has been performed at
different temperatures (ambient temperature, 50°C and 100°C) to evaluate the
influence of temperature on the extraction process and consequently the optimal
option.

After these steps, the obtained suspension was centrifugated for 10 minutes at 4000
rpm in a centrifuge Unicen 21 supplied by Ortoalresa — Alvarez Redondo SA, to
separate the liquid from the solid. The liquid part constitutes the culture medium. This
step was alternatively done by filtration with sieves ( Figure 3.1), that is less energy
expensive but more time consuming.


https://es-m-wikipedia-org.translate.goog/wiki/Universidad_Polit%C3%A9cnica_de_Madrid?_x_tr_sl=es&_x_tr_tl=it&_x_tr_hl=it&_x_tr_pto=sc
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Figure 3.1: Filtration to obtain the culture medium from orange peels.

Additives were added to the liquid media while stirring, when needed, and finally the
media were autoclaved at 121°C to be sterilised.

3.1.2. Whey treatment

Whey pre-treatment started with filtration, to separate casein; filtration is performed
using different sieves of decreasing dimension in series (Figure 3.2).

Figure 3.2: Whey filtration to separate casein

Whey has been tested as culture medium both hydrolysed and not hydrolysed. When
hydrolysed, the hydrolyzation process has been done with lactase at 3540°C for 2
hours, utilizing 2 mL of enzyme for each litre of whey to hydrolyse.



3| Materials and methods 15

After these steps, addition of additives, when needed, and sterilization at 121°C in an
autoclave have been performed. Casein dissolved in solution precipitates at
temperature higher than 90°C; therefore, after sterilisation a precipitate appeared. To
avoid introducing the precipitate in the culture, the medium was no longer shaken.

3.2. BNC production

The bacterial strain used to produce BNC is Gluconacetobacter sucrofermentangrently
renamed Komagataeibacter sucroferment®@iSCT 7291, supplied by the Spanish Type
Culture Collection (CECT).

Bacteria come lyophilised and need to be resuspended to be utilised. After been
resuspended, cell growth was carried out following the conditions recommended by

CECT. Particularly, bacteria were grown in a liquid medium in agitation, using
approximatively 800 pupuL of the suspension containing
medium put in 250 mL Erlenmeyer bakers. The liquid medium recommended for
Komagataeibacter sucrofermentamewth is the M10 and contains: 25 g/L mannitol, 5

g/L yeast extract and 3 g/L peptone. The growth was performed at 30°C for 4 days,

keeping the culture in agitation at 120 rpm (less than what recommended by CECT,

that is 180 rpm) in an orbital incubator CTSI-070-001 supplied by Labbox Labware Sl

(Figure 3.3).

Figure 3.3: Cell growth in M10 medium at 30°C and 120 rpm, for 4 days.



16 3| Materials and methods

After this period, some nanocellulose pellets were formed and needed to be cut to
allow bacteria exit from the formed nanocellulose. Then, liquid and pellets in tubes
were agitated at 2000 rpm for 30 minutes in a shaker Multi Reax supplied by Heidolph,
to allow bacteria suspend in the liquid. At this point, filtration with a sterile gauze was
performed to separate the liquid from the cellulose. The liquid was then centrifugated
at 4000 rpm for 10 minutes in a centrifuge Unicen 21 supplied by Ortoalresa— Al varez
Redondo SA, to allow separation of bacteria. After removing the supernatant, bacteria

were resuspended in a saline solution cal

KCI, 0.12 g/L CaCk-2H20 and 0.05 g/L NaHCOs), and centrifugated again in the same
conditions. Bacteria were resuspended i
optical density adjusted to approximately 1 at 600 nm wavelength in a
spectrophotometer Onda V-10 Plus. An optical density corresponds to 1 means 10
bacterial cells.

After making cells grow, the subsequent
inoculum each 100 mL of the previously described media obtained by the wastes. In
static culture mode, 9 cm Petri disks were employed and placed at 30°C in an incubator
INCR-150-001 supplied by Labbox Labware SL. In each Petri disk, 35 mL of culture
medium was put. Culture time varied in the experimental set and will be progressively
explained throughout the text for each performed experimen t.

3.3. BNC purification

The produced nanocellulose, in membranes when static culture was applied, was
sterilised in an autoclave at 121°C to stop the cell growth and purified by immersion
in a 1% NaOH solution at ambient temperature for approximately 30 minutes; then, it
was washed with distilled water until a neutral pH of the wash solution was reached.

3.4. Culture media and nanocellulose characterization

3.4.1. Culture media: reducing sugars, nitrogen, phosphorous, pH and
conductivity

Reducing sugars have been quantitatively measured with a 3,5 dinitrosalicylic acid
(DNS) assay, that is a colorimetric assay that exploits the oxidation of the aldehyde or
ketone group with the reduction of DNS. To perform the essay, a sample was made
react with DNS in a DRB200 Reactor at 100°C for 5 minutes; then, the solution has been
cooled down for 5 minutes to stop the reaction and mix with distilled water. The
absorbance at 560 nm has been measured in a colorimeter DR/890 supplied by Hach
Company. This method has been adapted from the method used for quantitative
measurement of sugars in urine developed in 1959 by Miller G. L. [89]

|l ed

cul t
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Tot al nitrogen was measured with the Test
method, where an alkaline persulfate digestion converts all forms of nitrogen to nitrate

in a DRB200 Reactor at 105°C for 30 minutes. After the digestion, sodiunmetabisulfite

Is added to eliminate halide interferences; then, nitrate reacts with chromotropic acid

under strongly acidic conditions to form a yellow complex with an absorbance at 410

nm. The concentration of total nitrogen is measured in a colorimeter D R/890 supplied

by Hach Company.

Phosphorous i s measured employing a Test ‘N
with acid persulfate digestion. Phosphates present in organic and condensed inorganic
forms need to be converted to reactive orthophosphate before analysis. A pretreatment
of the sample with acid and heat provides the conditions for hydrolysis of the
condensed inorganic forms; organic phosphates are converted to orthophosphates by
heating with acid and persulfate in a DRB200 Reactor at 150°C for 30 minutes. Then,
orthophosphates react with molybdate in an acid medium to produce a mixed
phosphate/molybdate complex. In presence of vanadium, yellow
molybdovanadophosphoric acid forms, with the yellow intensity being proportional

to the phosphate concentration. The concentration of phosphate is measured in a
colorimeter DR/890 supplied by Hach Company at 420 nm.

pH and conductivity have been measured respectively with a pH 50+ DHS pH meter
and a COND 61 conductivity meter, supplied by XS Instruments.

When static culture mode was used and nanocellulose membranes were formed, the
production yield in g/L has been measured by weighing the membranes, after being
dried is a dehydrator, and relating their dry weight to the initial liquid volume of
culture medium employed for each Petri disk, using Equation (3.1).

.0 o Q
W = T
U @Wu

(3.1)

Where W:is the dry membrane weight and V the initial liquid volume in the Petri disk.

All investigations were performed in three replicates and the yield results were
statistically analysed calculating the standard deviation of each dataset values, to
quantify how much the individual data differ from the mean, as in Equation (3.2).

0 W (3.2)

Where n is the dataset size and@d is the mean value of the dataset.
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Error bars in plots reporting BNC yields have been put equal to standard deviations.

3.4.3. Water retention

Membranes have been weighted both humid and dry. To weight humid membranes,
they were first blotted with absorbent paper to eliminate excess water.

The water content (WC), representative of membranes water retention, has been
measured as in Equation (3.3).

wo b ‘ Zp T (3.3)

Where Wo is the humid membrane weight and W :is the dry membrane weight.

Alternative, water retention can be expressed using Equation (3.4), therefore
measuring the water holding capacity (WHC).

08 MM 0w Q w Q 3.4
w00 = — .
Q w Q

WHC is representing the mass of water removed during drying per gram of dry BNC.

WC and WHC are two ways of expressing water retention and have been both used in
this study to allow better comparison with other literature studies.

3.4.4. Morphological and structural characterisation

Besides water retention analyses,electron microscopy techniques that provide high -
resolution images of microscopic structures have been employed, enabling detailed
analysis of morphology and structure of BNC.

Scanning Electron Microscopy (SEM) has been used to observe the morphology and
three-dimensional structure of BNC. It can reveal the fibrous structure, fibre
dimensions, and surface organization of BNC, providing insights into porosity and
fibril arrangeme nt. SEM employs an electron beam to scan the surface of a sample. The
electrons interact with the surface, generating signals that are converted into high-
resolution images. To perform the SEM analysis, fragments of BNC have been directly
obtained from the membranes and observed with a SEM Cambridge Stereoscan 360

Transmission Electron Microscopy (TEM) operates differently from SEM,; it transmits
an electron beam through a sample, which must be at the nanometric scale. The
transmitted electrons generate an image that reveals atomic or subnanometric details.
In BNC, TEM has been employed to observe the internal structure of fibrils, cellulose
chain alignment, and nanometric organization. Thus, while SEM is ideal for
visualizing surface morphology and three -dimensional structure, TEM excels in
exploring internal struct ures at a much finer level of detail. To create the samplesfor
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TEM, a small piece of BNC membrane has been put in a 20 mL vial containing distilled
water. The vial was then treated in a sonicator with a 3 mm diameter probe to separate
nanofibers from the BNC piece, which are suitable for the TEM analysis. The sonication
time has been adjusted depending on the response of the sample; in particular, the
sample should be swollen in water and some nanofibers should detach from the
sample, going in suspension. Therefore, the sonication should stop before completely
disintegrating the sample, presumably meaning an unwanted mechanic fibrillation of
the sample. The employed equipment was a Philips CM200 FEG TEM at 200 kV.

3.4.5. Chemical characterisation

Fourier Transform I nfrared (FTIR) spectroscopy was employed to characterize the
chemical structure of BNC membranes. FTIR spectroscopy works by passing infrared
radiation through a sample, causing molecular bonds to vibrate at specific frequencies.
These vibrations correspond to characteristic absorption bands, which are detected
and plotted as an FTIR spectrum. The spectra were recorded using a Varian 640IR
spectrometer, with samples directly obtained from the membranes . The measurements

were performed in the range of 40000 c m ! to identify charact

functional groups, such as the O-H stretching band, C-H bending, and C-O stretching,
to assess the chemical composition and confirm the formation of nanocellulose.

3.5. BNC production optimisation

BNC production optimisation have been performed using the Design of Experiment
wizard of the Statgraphics 19 software. It allows for multiple experimental factors to
be manipulated, determining their effect on a desired output, in this case the
production yield of BNC. It is useful to determine whether a factor influences the
response and if factors interact in their effect on the response, to model the behaviour
of the response as a function of the factors and to optimise the response. By
manipulating mult iple inputs at the same time, DOE can identify important
interactions that may be missed when experimenting with one factor at a time.

A central composite design has been employed, belonging to the response surface
design class, that contains a fractional factorial design with centre points that is
augmented with a group of star points that allow estimation of curvature. The central
composite design needs 2+s runs, where n is the number of experimental factors to be
varied, and s is the number of star points. Moreover, the design has been chosen as
face centred; although being less desirable from a statistical perspective, such a design
is easier to run since it involves only low, medium, and high levels of each factor. For
such designs, 12 centre-points are usually sufficient: in this case, 2 centrepoints have
been selected, randomly placed. The model used tofit the experimental data has been
selected as quadratic therefore, 10 coefficients have been employed to fit experimental
data. The variable to maximize was the production yield, expressed in g/L.
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3.6. LCA of nanocellulose production: goal and scope
definition

LCA is here employed to assess the impact of bacterial nanocellulose production,
starting from different culture media. The software implied for the analysis is SimaPro
(9.5.0.1 version) and the database used is Ecoinvent (3.9.1 version).

The applied methodology is suggested in several sources, such as the ISO standards
14040 and 14044. Firstly, goal and scope have been defined, aiming to explain
intentions, functional unit, system boundaries and some preliminary assumptions to
make a valuable, clear and transparent assessment.

This study is intended to collect the life cycle inventory data for nanocellulose
produced at laboratory scale in static culture mode, from some food wastes,
particularly orange peels and whey, and from the commercial culture medium HS,
and therefore conduct a preliminary life -cycle assessment. This study can help to
understand and compare the environmental impacts of the three production routes
and identify the best solution from the environmental impact point of view, along with
the hotspots in each production chain. Using the LCA results from this lab scale
process can also guide the design of industrial scale BNC production to minimize
energy requirements and environmental impacts.

It is a cradle-to-gate LCA, comprehending in its scope all the phases of the BNC
production process, from raw materials extraction to the finished product at the
factory gate, the laboratory in this case.

The system boundaries for BNC production are illustrated in the following flux
diagram (Figure 3.4).
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Figure 3.4: System boundary for BNC production, own illustration.

The production path includes bacteria activation, bacteria recovery and inoculum
preparation, culture medium creation, static culture fermentation and then
purification, neutralization and drying of the formed nanocellulose membranes. The
production process analysed through the LCA methodology exactly reflects what
described in sections 4.1, 4.2 and 4.3. Use and disposal phases are not considered, being
this study a cradle-to-gate LCA.

As already mentioned, three different production routes have been analysed: BNC
production from orange peels culture medium, from whey culture medium and from
HS culture medium. They differ just for the culture medium preparation, that follows
different steps depending on the employed culture medium. However, as different
culture media creation conditions were investigated regarding orange peels and whey,
the LCA study was performed considering the optimal ones, that is to say the
conditions where the media bringing to the highest yield were created.

The functional unit quantifies the function provided by the analysed system and
serves as a basis for comparing alternative systems. To enable a meaningful
comparison between the three different culture media (orange peel, whey, and HS), it
is essential to define a common functional unit that reflects the function or service
delivered by these systems. This allows for an objective assessment of their
environmental impacts, taking into account variations in observed yields and energy
consumption and material requirements specific to each culture media production
route.
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The functional unit for this study has been defined as 1 g of BNC produced in 7 days.
This functional unit was defined to better represent the production function occurring
at laboratory scale.

The inventory data for the LCA were sourced directly from own laboratory experience,
representing primary data that were meticulously collected and verified through the
work in the laboratory. Energy consumption at each step was estimated based on the
equipment used at laboratory scale.

As other research projects, this study provides lab-scale data only, which often leads
to an exaggerated impact when compared to commercially available materials.
Laboratory processes often lack optimisation, particularly in terms of resource
efficiency, and do not benefit from economies of scale. The optimised processes and
economies of scaleassociated with commercial production result indeed in better
material and energy efficiencies. Early-stage laboratory processes often differ
markedly from those in f uture production plants, as the vessels and equipment used
in the lab are vastly different from the reactors and machinery of an industrial facility.
Moreover, at this early laboratory stage, prior to the construction of a pilot plant,
subsequent process geps are not interconnected, and there is no implementation of
material, heat, or energy recovery [90].

Consequently, because the technology examined is only at the laboratory scale, any
comparison with potentially competing materials already produced at an industrial
scale would not yet be able to offer any meaningful results, not accurately reflecting
the true potential of the developed nanocellulose. Scaling up to a commercial level,
thereby enabling a comparison with existing technologies, could greatly enhance the
accuracy of environmental assessmentq91].

Indeed, LCA results from this lab -scale process can guide the design of industriatscale
BNC production, since specific steps that require optimisation at the industrial level
could be identified, ensuring a more efficient and sustainable production system .
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4 Results and discussion

4.1. BNC production from orange peels

This work was conducted as a study to understand if the result found in literature
about the possibility to produce bacterial nanocellulose from orange peel waste was
replicable and to investigate the best conditions at which a suitable culture medium
could be created starting from orange peels and consequently the best conditions to
produce nanocellulose.

4.1.1. Preliminary experiment

In this first experiment, nutrients extraction from orange peels, as described in section
4.1, has been performed at different temperatures to evaluate the optimal conditions
at which to perform the process. The investigated temperatures were ambient
temperature (25°C approximately), 50°C and 100°C. Moreover, each medium created
through the extraction at a specific temperature, has been investigated with and
without the addition of additives. Particularly, the additives comprehend all the
compounds present in the HS medium, except for the glucose, that are (%, w/v):
peptone, 0.5; yeast extract, 0.5; disodium phosphate, 0.27; citric acid, 0.1155lucose
was not added as additive since it is supposed that sugars were already present in the
medium, coming from orange peels; however, yeast extract and peptone were added
to bring nitrogen to the medium.

The obtained culture media was characterized by measuring reducing sugars, total
nitrogen, phosphates, pH and conductivity were measured, using HS medium as
control one (Table 4.1).

Regarding reducing sugars, the first observation that can be done is that all the media
contain approximately the same amount of reducing sugars than the HS medium.
Looking at the three extraction temperatures, in terms of reducing sugars, the optimal
temperature seems to be ambient temperature, since the yield of extraction is higher.
Moreover, apart from the medium created through the extraction at 50°C, the addition
of additives does not influence significantly the sugars concentration, as an additional
source of sugars is not added. The result for the medium Tso-c +additives is rare and
difficult to explain without other analyses.

Regarding nitrogen, it can be observed that its concentration in media without
additives is less than in HS. With the addition of additives, nitrogen concentration
increases. Moreover, both without and with additives, there is a slight increase of
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nitrogen concentration with the extraction temperature. Speaking about phosphates,
their concentration in HS culture medium is the lowest one among all the media. Their
concentration increases when additives are added to the media; however, in this case
there is not a visible trend linking phosphates concentration and extraction
temperature. Moreover, in the medium obtained at 100°C, instead, phosphates
concentration is less when additives are present; this measure is not trustable, since
the concentration should be at least equal or higher than the one in the same medium
without additives.

pH values are notably lower in orange peels media with respect to HS medium, but
quite similar among them. The addition of additives increases pH from approximately
4 to approximately 5 in all media, except for the media created through the extraction
at 100°C. Conductivity values, as for pH, are lower than the conductivity value of HS
medium; also in this case, additives increase conductivity to values even higher than
the HS medium conductivity.

Table 4.1: Culture media from orange peels characterization in terms of reducing sugars,
total nitrogen, phosphates, pH and conductivity

Total
Reducing : Phosphates Conductivity
nitrogen pH [-]
sugars [g/L] [g/L] [mS/cm]
[o/L]
HS 20.19 1.79 2.21 6.38 3.69
Tamb 21.34 0.70 6.02 4.10 1.83
Tamb
. 21.27 1.92 6.24 5.14 4.47
+additives
50°C 19.98 0.92 5.05 4.23 1.77
50°C
N 28.61 2.10 5.97 5.14 4.01
+additives
100°C 20.80 0.93 5.75 4.22 1.81
100°C
N 19.78 2.22 3.41 4.2 6.04
+additives
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After having characterized the initial conditions and features of the different media,
the bacterial nanocellulose production was performed in all the media, previously
described, with the procedure explained in detail in section 4.2., in static culture.

Reducing sugars concentration, pH, conductivity and liquid volume in the Petri disk
have been monitored during the production period and registered at days 0, 3 and 7
of production ( Figure 4.1: pH, conductivity, liquid volume and reducing sugars trends

in time during BNC production from orange peels. ). What can immediately be noticed
Is that parameters change more in the first 3 days that after day 3. pH decreases in
time, probably due to the formation of gluconic acid, a by -product which decreases
the pH and results in decreased BNC production. Addit ives tend to stabilize the pH
of the medium. While the pH drops rapidly in all conditions, media with additives
show a slightly less abrupt and more gradual decrease, indicating a buffering effect.

Conductivity increases in all conditions, suggesting ion release into the medium from
the decomposition of nutrient components and microbial activity. Moreover, the
produced nanocellulose is a polysaccharide; the presence of more polysaccharides in
the medium could increase electrical conductivity and cellulose formation can alter the
structure of the medium, making it more porous or increasing the availability of ions
in the liquid. The extent and rate of increase do not seem to be influenced by the
extraction temperature and the presence of additives. However, media with additives
tend to have higher initial conductivity with respect to media without additives, and
consequently higher final conductivity.

Liquid volume decreases under all conditions due to evaporation and liquid consumption by
bacteria, but the presence of additives seem to cause greater liquid loss. This could be due to
higher metabolic activity of bacteria when additives are added that ca uses higher liquid
volume consumption.

Finally, reducing sugars have a particular variation; the general trend is that they
initially decrease since are consumed by bacteria and successively increase again.
Probably, something else starts to be consumed after some days of production and is
transformed in reducing sugars, presumably disaccharides or polysaccharides
extracted along with reducing sugars from orange peels. The only exceptions to this
trend are the media Tso.c and Tioo-ctadditives, in which reducing sugars monotonically
increase in time, making suppose that bacteria are metabolising more disaccharides or
polysaccharides than reducing sugars.
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Figure 4.1: pH, conductivity, liquid volume and reducing sugars trends in time during BNC
production from orange peels.

Nanocellulose yield have been measured at days 3 and 7 Figure 4.2). It can be noticed
that for the culture medium T amb the yield after 7 days is less than the yield at 3 days,
that is impossible since nanocellulose cannot decrease in time. This could be attributed
to the fact that to measure the grams of nanocellulose at day 3 and 7 different Petri
disks are employed and could be subject to slightly different environmental
conditions. For instance, there can be gradients of temperature in the incubator,
although the temperature is set to 30°C and this could bring to different Petri disks
behave in different ways.

The same happens for the medium Ticoec; however, in this case it is possible to note the
very high standard deviation of the BNC yield at day 3, so that there is a large
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variability among the sample value, making the sample mean less reliable. The actual
yield value at day 3 should have been presumably lower.

However, another observation possible to be done is the fact that the production seems
to be faster in the first days, reaching a plateau after day 3 for almost all the media, HS
included. This is not valid when additives are added, since the yield seems to be still
growing after day 3, with this effect being particularly palpable in the T amp+additives
medium, less evident in the Tso.ctadditives medium and completely disappeared in
the Tiooectadditives medium.

This results in terms of yield confirmed that the best extraction temperature appears

to be ambient temperature; indeed, the quantity of reducing sugars in the media
without additives at the beginning of the experiment was higher in the one created

from th e extraction at ambient temperature. Moreover, additives significantly help the
bacteria activity and consequently nanocellulose production since nitrogen and
phosphorous are necessary for the cell s
disodium phosphate is a pH buffer, that helps the media resist at pH variations.

Nanocellulose yield

25

Nanocellulose yield [g/L]

0.5
0
0 1 2 3 4 5 6 7
day [-]
—e—HS —®— Tamb —@— Tamb + additives  —8—50°C
—8—50°C + additives —8—100°C —8—100°C + additives

Figure 4.2: BNC from orange peels yield in time.
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From this experiment, the optimal conditions for nanocellulose production from
orange peel waste results to be the extraction of nutrients from orange peels at ambient
temperature and the addition of additives to the resulting medium.

The final values of yield after 7 days are reported in Table 4.2: for the medium T amb the
reported yield is the one obtained at day 3, remarking that the value measured at day
7 is not realistic and that the real yield after 7 days is at least equal or higher than the
yield at day 3.

For the three temperatures studied, without additives, the final yield is similar and just
a bit lower than that for the HS medium. Additives significantly increase production
yield, particularly at ambient temperature, with this effect disappearing at 100 °C.

Table 4.2: BNC from orange peelsyield values after 7 days of production

Nanocellulose
yield day 7
[o/L]
HS 0.85+0.02
Tamb 0.74 + 0.06
Tamb
. 2.39+0.22
+additives
50°C 0.71 +0.04
50°C
- 1.36 £ 0.08
+additives
100°C 0.72 +0.00
100°C
. 0.73+0.03
+additives

The membranes obtained after 7 days of incubationfrom the commercial medium HS,
used here as control medium, and from the best culture medium, Tams +additives, that
showed the highest yield of 2.39 g/L, are shown in Figure 4.3. Clearly from the pictures,
the membrane obtained from HS appears to be thinner and more transparent
compared to the one from orange peels, which looks thicker and opaquer. Moreover,
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in terms of consistency, the membrane on the right looks more uniform and
homogeneous, whereas the one on the left has a more irregular texture. The membrane
from HS was more flexible, as evidenced by its ability to bend easily while being held.
The membrane from orange peels was instead stiffer, suggesting less flexibility.

The water retention parameters of the membranes are reported in Table 4.3. It was
found that the water content of BNC produced from orange peels was always higher
than 98%. It indicates that the membrane structure of BNC has strong water retention
ability, which is suitable for applications requiring moisture, where the materia |
should maintain integrity in contact with water.

According to Khan et al. (2021), the average WHC of BNC membranes byK. xylinus
from orange peel waste was 98.25 g/g[68]. This is reasonably concordant with what
found during this experimentation; however, it should be noted that from the medium
Tamo the WHC was found to be 213.9 g/g, the highest among all analysed media.

Figure 4.3: BNC membranes obtained after 7 days of incubation from HS medium on the left
and from T ams +additives medium on the right.
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Table 4.3: Water retention parameters of BNC from orange peels after 7 days of production

WC WHC
membranes membranes
day 7 [%] day 7 [g/g]
HS 99.1 105.0
Tamb 995 2139
Tamb
- 98.9 90.2
+additives
50°C 99.2 126.9
50°C
.. 98.4 59.6
+additives
100°C 99.2 130.1
100°C
o 99.2 130.5
+additives

Due to this noticeable positive effect of additives, the experiment has been reproposed
in a different manner, to further investigate on the optimal medium creation. As
already explained, citric acid is a natural preservative and disodium phosphate plays
as a pH buffer. Therefore, disodium phosphate and citric acid have been added to all
media to investigate deeply the effects of the additives on the production yield. At
each extraction temperature, two cases have been proposed: one with the addition of
those two compounds (disodium phosphate, 0.27 %w/v; citric acid, 0.115 %w/v) and
the other with all the additives, as in the previous experiment (peptone, 0.5 %w/v;
yeast extract, 0.5 %wl/v; disodium phosphate, 0.27 %wl/v; citric acid, 0.115 %w/v) In
this way, it is possible to investigate if the beneficial effect on nanocellulose yield
comes more from peptone and yeast extract, that are the nitrogen source for cellular
metabolism, or from citric acid and disodium phosphate, which help maintaining
favourable the environmental conditions where bacteria live. HS is employed as
control culture medium.
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Measurements have only been done at the initial day and at day 7, since the main
interest is to analyse the final yield of nanocellulose and to have a discussion also
comprehending the results obtained from the precedent study.

The measurements at the starting day of the experimentation have been done to
characterize the media; in this second research, only reducing sugars, pH and
conductivity have been determined to portray the media, since being the ones
analysed in time, along with the liquid volume. Table 4.4 reports the media
characterization at day 0.

Looking at the concentrations of reducing sugars, these new measurements are
showing higher concentrations of reducing sugars in media created from the orange
peels residue than in HS, and particularly higher when the extraction of nutrients is
performed at 100°C. The dissimilarity between this trend and the one found in the
previous experiment could be attributed to many factors, comprehending the
uncertainty of measurements but also the uncertainties related to the experimental
procedures and the employed batch of orange peels.

These results are more in line with what found in literature about the yield of reducing
sugars from orange peels: particularly, Kuo et al. (2019) found a reducing sugars yield
extracted from orange peels at 50°C, in absence of enzymes to hydrolyse
polysaccharides, of 26.62 + 1.41 g/L[65]. Therefore, those higher reducing sugars
concentrations are more trustable, with respect to what found in the previous
experiment, although not so distinct. As already underlined, the additives put in the
media should not vary reducing sugars; therefore, the differences in concentration
between media created at ambient temperature and 100°C must depend on
experimental uncertainties.

As already noticed in the previous experiment, pH of culture media from orange peels
is generally lower than HS. Indeed, while HS pH value is a bit higher than 6, all media
from orange peel waste have a pH around 5. Differently from the previous experiment,
here citric acid and disodium phosphate are added to all media ; that is why pH values
of orange peels media are quite comparable.

The same discussion can be done for conductivity: the difference between media
coming from extraction at the same temperature has been noticeably decreased, with
lower values when only citric acid and disodium phosphate were added.
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Table 4.4: Culture media from orange peels characterization in terms of reducing sugars, pH
and conductivity.

Reducing H Conductivity
sugars [g/L] P [mS/cm]

HS 17.67 6.29 4.76
Tamb+citric

acid+disodium 25.45 497 3.36
phosphate

Tamb +additives 23.11 5.44 4.27
50°C+citric

acid+disodium 22.63 5.15 3.30
phosphate

50°C+additives 22.46 5.30 3.84
100°C+citric

acid+disodium 25.59 4.96 3.51
phosphate

100°C+additives 27.86 5.19 4.10

Those 3 parameters, along with the liquid volume in the Petri disk, have been also
monitored at day 7 to analyse their variation at the end of the experiment. Their
behaviour in time is reported in figure 9.

The presence of citric acid and disodium phosphate stabilizes the pH, with all media
showing a steady decrease, indicating a buffering effect. However, media where also
yeast extract and peptone are present show a more stable pH. The more stable pH
observed in media containing peptone and yeast extract is due to the complex
buffering capacity provided by these additives. Their ability to neutralize pH changes
resulting from microbial metabolism helps maintain a more stable and suitable
environment to produc e bacterial nanocellulose. Yeast extract is rich in amino acids,
peptides, nucleotides, vitamins (especially B vitamins), and minerals. The amino acids
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and peptides in yeast extract can buffer pH changes. Additionally, yeast extract
contains other compounds, such as organic acids (e.g., glutamic acid) and phosphates,
that have strong buffering properties. Peptone is a mixture of proteins and peptides
obtained by digesting proteins with enzymes. These proteins and peptides can act as
buffers, absorbing excess hydrogen ions (H+) and hydroxide ions (OH-) produced
during microbial metabolism. Although peptone does not contain significant amounts
of organic acids or nucleotides, limiting its buffering capacity compared to yeast
extract, it still plays a fundamental role in providing a source of nitrogen and
supporting microbial growth. Therefore, combining both peptone and yeast extract in
the production medium enhance the medium ability to stabilize the pH. This stability
is less pronounced in media containing only citric acid and disodium phosphate, as
their buffering capacity is not as comprehensive.

Conductivity trends confirm what observed in the previous experiment: conductivity
increases in time due to ion release and cellulose formation regardless the type of
medium, with the only difference being in the initial value, that is higher for media
containing also yeast extract and peptone. However, a decrease in conductivity is
observed instead in the HS medium, contrarily to what expectable; factors such as
absorption of ions or nutrients from the medium by bacterial cells, formation of
biofilms that may insulate the conductivit y sensor, or other environmental changes not
directly related to cellulose production might be at play.

Regarding liquid volume in the Petri disk, additives do not significantly alter the trend
of liquid volume reduction, indicating similar behaviour. The only noticeable
exception is for the medium “ 1 0 O+ad@itives”, in which liquid volume has not
decreased much.

Concerning reducing sugars, the steepest decreases are shown by media containing
also yeast and peptone, while less pronounced changes are observed by media with
only citric acid and disodium phosphate. This suggests that they are more consumed
when the metabolic activity of bacteria is enhanced by adding nitrogen sources. The
medium “ 1 0 OGr&dditives” shows a slight increase in reducing sugars concentration,
that could be attributed to less bacteria activity or to hydrolysis of polysaccharides to
reducing sugars.
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Figure 4.4. pH, conductivity, liquid volume and reducing sugars trends in time, during BNC
production from orange peels

The yield for bacterial nanocellulose production, found at day 7, is reported in Table
4.5 for the different media.

In the medium “100°C+additives” no membrane was formed. However, the possibility
for nanocellulose to be formed starting from this medium has already been proved in
the precedent experiment. Therefore, the luck of membrane for this medium should
be attributed to other factors. This is consistent with the results found for reducing
sugars and liquid volume at day 7 for this medium, showing a different behaviour

compared to other media.
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All media showed a higher yield than HS medium, confirming that not only making
bacterial nanocellulose from residues is possible, in particular from orange peels in
this study, but also that higher yields are reached than from the commercial medium
HS.

Table 4.5: BNC from orange peels yield values after 7 days of production.

Nanocellulose

yield day 7
[g/L]

HS 1.49+0.40
T amb+Citric

acid+disodium 2.30+0.14
phosphate

Tamb +additives 3.99 + 0.45
50°C+citric

acid+disodium 2.18+0.31
phosphate

50°C+additives 3.13+0.27

100°C+citric
acid+disodium 2.22+0.14
phosphate
100°C No membrane
+additives formed

Furthermore, higher yields are achieved when all additives are present; moreover, the
temperature of extraction gains influence if additives are added, bringing to a higher
yield at Tamsthan at 50°C, while where yeast extract and peptone are not present the
extraction temperature seems not to play a role. This conclusion suggests that,
although citric acid and disodium phosphate brought to higher yields with respect to
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the same conditions without any additive, yeast extract and peptone have the highest
relevance.

The best condition, reaching the highest yield of 3.99 g/L after 7 days, resulted to be
the extraction at ambient temperature and the presence of additives, comprehending
also yeast extract and peptone. This result confirms what found in the first experime nt,
showing that fmte amaditumesT i s the best
ones to grow nanocellulose.

WC and WHC were calculated for all the formed membranes and are reported in Table
4.6.

Table 4.6: Water retention parameters of BNC from orange peels after 7 days of production.

wC WHC
membranes day membranes day
7 [%] 7 [9/d]
HS 99.3 135.9
Tamb+Citric
acid+disodium 98.7 75.9
phosphate
Tamb +additives 98.5 66.7
50°C+citric
acid+disodium 98.3 56.5
phosphate
50°C+additives 98.3 58.9
100°C+citric
acid+disodium 98.6 72.7
phosphate
100°C
+additives

one
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The WC and WHC for membranes from HS and from media with all additives are
comparable to what found in the previous experiment. Values regarding orange peels
media with the same extraction temperature are comparable when citric acid and
disodium phosphate only or all additives are added; moreover, those values are lower
than what found for the same media without additives, in the previous experiment.
This suggests that the presence of additives in the medium, probably of citric acid and
disodium phosphate, lowers down the WHC of BNC membranes. From all culture
media, the produced BNC membranes from orange peels have lower water retention
if compared to the HS culture medium.

4.1.3. Comprehensive discussion and results about BNC production
from orange peels

The results of BNC production of the second experiment from media with all the
additives, compared with the result obtained after 7 days of production in the previous
experiment, are significantly higher. It needs to be noticed that for media with all
additives, the ones with peptone and yeast extract, the experimental conditions are the
same than that of the first experiment; the improved results observed in the second
experiment can be attributed to different orange peels batch, or more likely to the
experience gained during the initial trial, suggesting that a period of practice was
necessary to refine the experimental methodology and enhance accuracy. Indeed, the
results for media with additives obtained in the second experiment appear more in
line with literature, where BNC production from orange peel fluid medium prepared
with water yielded up to 3.16 £ 0.71 g/L when yeast extract and peptone were added
[65]; Khan et al. (2021) found a BNC production of 4.05t0.05 g/L from using extract of
orange peel waste containing peptone, yeast extract, citric acid and disodium
phosphate [68], that is exactly in line with the medium type and the results obtained
in this own investigation. The same study by Kuo et al. (2019) found also a production
from the same medium of 0.97 + 0.03 g/L, when no additives are added, that is
consistent with what found in the first experiment of this research.

Figure 4.5 shows a comprehensive picture of the results found after 7 days of
production for media created from orange peels without any additive, with citric acid
and disodium phosphate and with all additives, including yeast extract and peptone.
The column bars with full colour corresponds to the first experiment, while the column
bars with pattern belongs to the second experiment.

Although the yield values obtained for the cases with additives are different among
the two performed experiments, the trend followed by additives addition seems to be
the same.

Additives added after medium preparation at room temperature show the highest
increase in BNC yield. This suggests that nutrients extracted at room temperature are



38 Results and discussion

more suitable for bacterial growth and BNC production when combined with

additives. Both sets of additives significantly increase BNC yield, with the combination
of citric acid, disodium phosphate, yeast extract and peptone providing the highest
yield.

At 50°C, additives still improve yield, but less if compared to room temperature.
Formulating the medium at 50°C might partially degrade or modify nutrients, making
them less effective when additives are added. The presence of citric acid and disodium
phosphate alone still enhances yield significantly.

Without additives, the yield at 100°C is similar to other temperatures. However, with
all additives, the yield does not improve as expected. This suggests that partial nutrient
degradation at 100°C prevents achieving higher yields, even with the addition o f all
additives. High temperature likely degrades many essential nutrients or creates
inhibitory compounds that additives cannot compensate for.

It is important to note that the lower yield observed using HS medium, which includes
only reducing sugars (glucose) and the same additives used in the experiments, may
suggest that other beneficial components extracted from orange peels other than
reducing sugars may play a crucial role in bacterial cellulose production. Indeed,
although reducing sugars are one of the significant compounds extracted from orange
peels, the presence of reducing sugars in the DNS assay also at 100°C, in higher
guantities than all the other media, suggests that they are not degraded at 100°C, so
probably reducing sugars are not the factor determining the suboptimal outcome at
this temperature. Indeed, other bio active compounds can be extracted from orange
peels. Orange peels ontain for instance phenolic compounds and antioxidants that
have beneficial properties for bacterial health [92]. However, these molecules can be
sensitive to high temperatures and degrade during extraction. Furthermore, vitamins
and minerals present in orange peels are essential for bacterial metabolism and cellular
growth and their stability and availability can b e influenced by the extraction
temperature.

This is showing that orange peel residue is not only a source of reducing sugars for
BNC production, but there likely are many other components that are extracted along
with sugars, bringing positive effects on the final yield; moreover, the synergy betwee n
nutrients and additives might be compromised if some nutrients are partially
degraded. At room temperature, this synergy is optimal, leading to higher yields.
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Figure 4.5: BNC from orange peels yield values after 7 days of production, comprehensive
results.

Additionally, while the membranes produced from orange peels with the addition of

yeast extract and peptone demonstrate high yield, they exhibit lower water retention
compared to those produced using the HS medium. Specifically, the water holding
capacity (WHC) of the membranes produced from orange peels, in which extraction
happens at ambient temperature, was 75.9 g/g for the medium with citric acid and
disodium phosphate and 66.7 g/g for the medium with all additives, which are lower

than the WHC of 135.9 g/g observed for membranes produced from the HS medium.
This indicates that, although the BNC yield from orange peels is high, the resulting
membranes might not retain as much water as those from the commercial medium,
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which could influence their suitability for certain applications requiring high moisture
retention.
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4.2. Bacterial nanocellulose production from whey

The objective of this study was to evaluate the efficacy of whey as a substrate to
produce bacterial cellulose, analysing the resulting yield of nanocellulose.

4.2.1. Preliminary experiment

In this first experiment, different culture media produced starting from whey have
been investigated for nanocellulose production. The culture media have been prepared
as described in the section 4.1. Whey has been studied both hydrolysed and not
hydrolyse d; when hydrolysis is performed, lactose is split into glucose and galactose,
so that more reducing sugars should be available for bacteria metabolism. Moreover,
both hydrolysed whey and not hydrolysed whey have been analysed in two different
cases: seenrbm the previous experiments on bacterial nanocellulose production from
orange peels the positive influence of additives, the experiment for whey has been
reproposed in the same manner. The hydrolysed and not hydrolysed whey have been
investigated, differe ntiating for each one a case with only disodium phosphate (0.27
%w/v) and citric acid (0.115 %w/v) and a case where the complete series of additives
is involved, comprehending yeast extract (0.5 %w/v), peptone (0.5 %w/v), disodium
phosphate (0.27 %w/v) and citric acid (0.115 %w/v).

Those prepared media were then used to grow bacteria and therefore produce
nanocellulose, once again in static culture. On day 0 of incubation, measurements of
reducing sugars with the DNS essay, pH and conductivity were performed to
characterize the culture media. The characterization results are reported in Table 4.7.

In the analysis of whey samples, both in the lactose and hydrolysed forms, significant
differences are observed in terms of reducing sugar content, pH, and conductivity,
depending on the additives used.

One of the most notable aspects is the reducing sugar content. Hydrolysed whey has
a significantly higher reducing sugar content compared to lactose whey under both
additive conditions. This increase is attributed to the greater availability of simple
sugars in the hydrolysed whey, which results from the breakdown of lactose during
the hydrolysis process. The high concentration of reducing sugars in whey with
lactose, compared to those obtained from orange peels, can derive from the natural
presence of reducing sugars, the partial degradation of lactose during production or
the influence of processing conditions.

Regarding pH, the levels are slightly lower when only citric acid and disodium
phosphate are used compared to all additives. However, the difference, in this case, is
not so significant if compared with the characterization results of culture media
created from orange peels. It can be noticed that pH values of culture media created
from whey are generally higher and more similar to the pH values of HS before
incubation, that was found to be 6.3.
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Consistently with what found for orange peels media, conductivity is always higher
when the combination of citric acid, disodium phosphate, yeast, and peptone is used
compared to just citric acid and disodium phosphate. This could be due to the
additional ions contributed by yeast and peptone, which increase the overall ionic
strength of the solution, thereby raising its conductivity. The conductivity values are
all higher with respect to orange peels media and HS: whey, indeed, naturally contains
a range d minerals and electrolytes such as sodium, potassium, calcium, and
magnesium. These ions contribute to the electrical conductivity of the solution.

Table 4.7: Culture media from whey characterization in terms of reducing sugars, pH and

conductivity.
Reducing H Conductivity
sugars [g/L] . [mS/cm]
Whey (lactose)+citric
acid+disodium 39.72 5.89 6.24
phosphate
Whey (lactose)+
" 40.40 6.00 6.69
additives
Whey
hydrolysed)+citric
(hy _ y. )_ 49.74 5.85 6.35
acid+disodium
phosphate
Whey (hydrolysed)+
y( y” ysed) 52.36 5.97 6.82
additives

These 3 parameters, along with liquid volume, have been monitored also at the end of
incubation, that is 10 days after inoculation (Figure 4.6).

All culture media showed a decrease in pH, with the hydrolysed whey media
exhibiting the most significant drop, indicating an enhanced microbial activity. This
suggests that hydrolysis of whey increases the acidifying effect of the bacterial
fermentation, likely due to the increased availability of fermentable sugars.
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As noted in the previous experiments, there was a general increase in conductivity
across all media, indicating an accumulation of ionic species as fermentation
progressed. The observed decrease in conductivity in the medium containing
hydrolysed whey with additives, contrary to expectations, could be explained by a few
factors. As already discussed, one possibility is the formation of biofilms on the
conductivity sensor, which can insulate the sensor and interfere with its ability to
measure ionic changesaccurately. Additionally, environmental changes not directly
linked to cellulose production might also contribute to reduced conductivity.
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Figure 4.6: pH, conductivity, liquid volume and reducing sugars trends in time, during BNC
production from whey.
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A reduction in liquid volume was observed in all cases, likely due to water uptake by
the BNC and evaporation. The smallest decrease was noted in the nonhydrolysed
whey with additives, possibly indicating less efficient BNC production.

Concentrations of reducing sugars decreased in all treatments, confirming their
utilization as a carbon source for BNC synthesis. The rate of decrease was fastest in the
hydrolysed whey, aligning with its lower pH and higher conductivity readings.

BNC yields were calculated for all the four culture media cases after 10 days of
incubation. The results are reported in Table 4.8.

The nanocellulose yield data from day 10 provides critical insights into the
effectiveness of different whey treatments and additive combinations in supporting
bacterial nanocellulose (BNC) production. For both the “ Wey (lactose)+citric
acid+disodium phosphate” and “ Wiey (lactose)+additives’ cases no BNC membrane
was formed by day 10. This could be attributed to the presence of lactose in these
media; not all bacteria can digest lactose due to the requirement for specific enzymes,
n a me |-galact®sidase, which breaks lactose down into glucose and galactose.
Although non hydrolysed whey was containing other reducing sugars, they might not
be in a readily available form for effective bacterial utilization, especially if lactose is
the predominant sugar. The stable pH in these groups likely reflects the absence of
effective bacterial activity or BNC synthesis. Since BNC production typically involves
acid production by the bacteria, the steady pH could be an indicator that the bacteria
did not engage in signifi cant metabolic activity. The moderate yield of BNC found for
the medium “ Wey (hydrolysed)+citric acid+disodium phosphate” indicates that
hydrolysing whey improves the availability of fermentable sugars, as seen in the
reducing sugars graph, where more significant sugar consumption was evident. This
enhances bacterial metabolism to BNC production.

The setup where whey was hydrolysed and all additives were added showed the
highest yield, significantly higher than the other cases. The additives (likely yeast
extract and peptone) may have provided additional nutrients that enhanced bacterial
growth and metabolism, leading to increased BNC production. This is supported by
the observed trends in reducing sugars and pH, where there was a substantial drop in
sugars and a more significant decrease in pH, indicating a highly active metabolic
environment.
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Table 4.8: BNC from whey vyield values after 10 days of incubation.

Nanocellulose
yield day 10 [g/L]
Whey
(lactose)+citric No membrane
acid+disodium formed
phosphate
Whey (lactose)+ No membrane
additives formed
Whey
hydrolysed)+citric
(y. y. ). 1.54 +0.33
acid+disodium
phosphate
Whey
(hydrolysed)+ 4.28 + 0.36
additives

In Figure 4.7, it is possible to observe membranesobtained from hydrolysed whey with
the addition of all additives, the medium resulting in the highest yield, while

neutralization with tap water. Notably, they exhibit a uniform amber colour and a
thick, consistent structure, with quite regular, smooth, and rounded edges.
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Figure 4.7: BNC membranes obtained after 10 days of incubation from “Whey
(hydrolysed)+additives " medium during cleaning.

The membrane displayed in Figure 4.8 is one of the previously shown membranes,
from hydrolysed whey with additives, after being purified and neutralised, before
drying. The membrane exhibits several notable qualities indicative of high -quality
BNC. Firstly, the uniformity of the membrane sug gests a welkcontrolled and
consistent production process. The translucency indicates that the cellulose fibres are
uniformly distributed throughout the membrane, which is a key characteristic of high -
quality BNC. Additionally, the absence of visible inclu sions or irregularities further
supports the conclusion that the production process was stable and precise. The
surface of the membrane appears smooth and even, which is crucial for applications
requiring high surface quality. Although mechanical strength cannot be directly
assessed from the image, the uniform thickness and lack of visible defects suggest that
the membrane likely possesses good mechanical properties.
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Figure 4.8: BNC membranes obtained after 10 days of incubation from “Whey
(hydrolysed)+additives ” medium.

To better allow comparison among BNC produced starting from residues, the

experiment for the medium vyielding the most ( “Whey (hydrolysed)+additives ”

medium) has been repeated incubating for just 7 days, the same time amount
employed for BNC production from orange peels waste. The result of production was

found to be 2.42+ 0.47 g/L.

Water retention of BNC was analysed through WC and WHC, that were calculated
and reported in Table 4.9. WC and WHC are quite similar for the two whey media; as
for BNC membranes from orange peel waste, BNC membranes from whey show same
water holding capacity when only citric acid and disodium phosphate and all
additives are added to the culture medium.



48 Results and discussion

Table 4.9: Water retention parameters of BNC from whey after 10 days of production.

WC WHC
membranes membranes
day 10 [%)] day 10 [g/g]

Whey (lactose)+citric
acid+disodium - -
phosphate

Whey (lactose)+
additives

Whey
(hydrolysed)+citric
acid+disodium
phosphate

99.3 137.6

Whey (hydrolysed)+

. 99.3 134.3
additives

WC found in this study is in line with what found in literature regarding BNC
produced from whey. For instance, Liu et al. (2023) found a WC of BNC by a symbiotic
culture of bacteria and yeasts (SCOBY) from acid whey equal to 95.49%493], that is just
slightly lower than what found in this study. Feng et al. (2024) found the water content
of BNC by Kombuchdrom soy whey to be between 83 and 92%[82].

Whey, even in preliminary experiments, yielded promising results, precisely when
hydrolysed with additives addition (yeast extract, 0.5 %w/v; peptone, 0.5 %w/v;
disodium phosphate, 0.27 %w/v; citric acid, 0.115 %w/v), both in terms of BNC yield
and water retention capacity of the membranes. Moreover, from a residue valorisation
perspective, the dairy industry faces challenges in managing whey disposal due to its
high biological oxygen demand (BOD) and converting whey into BNC helps reduce
environmental pollution while adding economi c¢ value to a waste product. Since whey
is already in a liquid form, it integrates more easily into fermentation processes
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without extensive preprocessing. Conversely, orange peels need significant
preprocessing, including drying, grinding, and extraction, to make their sugars
available for bacterial fermentation. Observed that, it has been decided to perform a
BNC production optimisation from hydrolysed whey, through a design of
experiments. The goal is to develop a robust, costeffective, and environmentally
sustainable process for converting whey into high -quality bacterial nanocellulose, thus
addressing both industrial wast e management issues and the growing demand for
nanocellulose in various applications.

Particularly, the BNC yield was the response variable to optimise and the experimental
factors to be varied where incubation days, optical density of the inoculum and yeast
extract concentration.

Whey already contains nitrogen due to its high protein content. Therefore, this study
tries to further optimise BNC production by adding only yeast extract, without using
peptone, minimising production costs while maintaining or enhancing BNC yield. The
yeast extract provides additional nutrients and accessible nitrogen sources essential
for microbial growth, which complements the nitrogen already present in whey.
Research indicates that yeast extract significantly enhances BNC production compared
to peptone. Studies onGluconacetobactatrains, show that yeast extract was the most
favourable nitrogen source for BNC production while using inorganic nitrogen
resulted in the dramatic decreasing of the production yield. This is due to the
comprehensive range of nutrients in yeast extract, including amino acids, peptides,
nucleotides, and minerals, which effectively support robust bacterial growth and
cellulose production [94].

Inoculum optical density has been inspected to understand number of colonies impact
on BNC production, whereas the inoculum amount per Petri disk has not been varied.

All the details about the design of experiments and optimisation process were
described in the methodology section 3.5. The design points for the central composite
design, face-centred with 2 centre points is graphically visualised in Figure 4.9. Since
the number of experimental factors equals 3, a threedimensional scatter plot can be
displayed. The 16 design points are classified into factorial points, axial points and
centre points: in this case, the experiment consists of 8 runs at the corners of a cube
(factorial points), 6 star points (axial points), and a replicated centre point.
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Figure 4.9: Three-dimensional scatter plot for the design points.

The experimental design worksheet is reported in Table 4.10. Incubation time was
investigated between 4 and 10 days, inoculum optical density in the range 0.6-1.4 and
yeast extract concentration was studied from 0 to 1 %w/v. The 16 runs were performed
in triplicates and the table reports the standard deviation fou nd for the series.

At first glance, the predicted data, obtained from the model that will be successively
showed in Equation (4.1), do not closely match the mean of the experimental data,
largely due to high variability observed in the experimental results. This variability in
the experimental data can obscure the expected trends and highlights the importance
of replicating experiment s and considering variability in biotechnological processes. It
needs to be underscored that for run 6, two of the three membranes were found
contaminated; clearly, the contamination brought to a competition for food and
oxygen with the bacteria producing nanocellulose, blocking or slowing down the
production.
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Table 4.10: Facecentred central composite design for evaluation of independent factors along
with experimental BNC.

. Inoculum Yeast extract Observed Predicted

Run incubation optical concentration BNC yield BNC yield
days [ density [ -] [%ow/V] [9/L] [9/L]
1 4 1.0 1.0 2.57+0.73 2.62
2 7 1.0 0.5 1.21+0.07 1.70
3 4 14 0.0 0.70+0.15 0.38
4 10 0.6 1.0 1.04+0.06 1.47
5 7 0.6 0.5 1.49+0.60 1.05
6 10 14 0.0 0.90+0.19 1.15
7 4 0.6 1.0 2.08+0.01 1.77
8 7 14 0.5 1.28+0.32 1.37
9 10 14 1.0 2.88+0.44 2.73
10 10 1.0 0.5 2.47+0.36 1.97
11 7 1.0 0.5 1.48+0.44 1.70
12 4 0.6 0.0 0.54+0 0.99
13 4 1.0 0.5 1.38+0.31 1.74
14 10 0.6 0.0 1.18+0.31 1.24
15 7 1.0 0.0 1.52+0.28 1.27
16 4 14 1.0 2.53+0.01 251

The highest yield was found for run 9, equal to 2.88t0.44 g/L. For this run, the

conditions for i ncubati on days, i noculum optical
concentration were respectively 10, 1.4 and
found for run 12, where incubation days, I N

concentration %ewl/ev ,4,r s PBe atnidv &l vy .

The membrane formed dur i rFgurer4d® Th® membranal i s pl a:
exhibits a translucent, gelatinous texture, indicative of its high -water content and

smooth, flexible structure. The surface of the membrane is glossy, reflecting light

evenly, and appears uniformly hydrated.
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Figure 4.10: BNC membranes obtained after 10 days of incubation from run 9 (10 incubation
days, 1.4 inoculum optical density and 1% w/v yeast extract concentration).

The effect of the interaction of the three variables on BNC production was visualised
by drawing the contours of estimated response surface, segmented by yeast extract
concentration, as reported in Figure 4.11. The yield values are reported in g/L.

From the chart, it is immediately noticeable that the optimal yeast extract
concentration is 1% w/v and that the optimal incubation period corresponds to 10
days.
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Figure 4.11: Contours of estimated response surface, segmented by yeast extract
concentration.

Polynomial regression analysis was performed using BNC yield as the response value.
A quadratic regression model with 10 coefficients was fitted to obtain a multiple
regression model, that is reported in Equation (4.1).

® T TTX TUITR @ wap X T8 X oapp
T T P OBIPpXULXXT
T MWAEY MTwp WO q o
o8t 0 Yat w pH Y Yatdp ™ o Y OT

A, B and C represented incubation days, inoculum optical density and yeast extract
concentration, respectively.

(4.1)

The statistical analysis of the quadratic model of the response surface is shown inTable
4.11Table 4.11: Statistical analysis of the quadratic model of the response surface. The
model indicates that no transformation was applied to the data, as specified by "none"
under the Transformation row. The model degrees of freedom (Model d.f.) is 9. The P-
value of 0.0001 suggests that the model is statistically significant, indicating strong
evidence against the null hypothesis and affirming the relevance of the model in
explaining the variability in yield. Models with P -values below 0.05, of which there are
1, indicate that the model as fit is statistically significant at the 5.0% significance level.
The error degrees of freedom (Error d.f.) is 26, representing the degrees of freedom
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associated with the residual error. The standard error (Stnd. error) of 0.484564
indicates the average distance that the observed values fall from the regression line,
providing a measure of the model's precision. An R -squared value of 69.87% suggests
that the model explains approximately 69.87% of the variability in yield, which is a
substantial proportion. The adjusted R -squared value of 57.13%, which accounts for
the number of predictors in the model, indicates that around 57.13% of the variability
in yield can be explained by the model when adjusted for degrees of freedom.

Table 4.11: Statistical analysis of the quadratic model of the response surface.

Model Yield
Transformation none
Model d.f. 9
P-value 0.0001
Error d.f. 26
Stnd. error 0.484564
R-squared 69.87
Adj. R -squared 57.13
I n addition, the optimal seting of the exper
the maxi mum point of the quadratic model and
i noculum optical density and vyeast extract
r e s tpie ¢ Atlthese settings, the quadratic model generates a yield of 2.79 g/L. The

estimated optimal yield value of 2.79 g/L is higher than the estimated value for run 9,
which was 2.73 g/L. Notably, run 9 had the highest observed yield at 2.88 + 0.44 g/L.
Therefore, it is reasonable to expect that the observed yield for the optimal settings of
the experimental factors will exceed any observed yield during this experiment. This
expectation arises because the quadratic model tends to underestimate the actual
observed values.

To deeper investigate BNC production from hydrolysed whey when peptone is not
added as additive, three conditions have been further examined in time.

In particular, the three conditions are: Min (optical density 0.6, yeast extract 0 %w/v),
Control (optical density 1, yeast extract 0.5 %w/v) and Max (optical density 1.4, yeast
extract 1 %wi/v). The first one contains the minimum levels of both the variabl es
inoculum optical density and yeast extract concentration, the second one contains the
intermediate levels and the third one the maximum levels of both. The aim of this
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investigation was to understand which condition among the three brings to higher
yield, considering that yeast extract put in the medium decrease from Max to Min, but
also the number of colonies inserted that could grow and develop.

At day 0, measurements of reducing sugars, total nitrogen, phosphates, pH and
conductivity have been performed to characterize the media (Table 4.12). Naturally,

inoculum optical density does not influence media properties at day 0; the visible

differences among the media before incubation just consider differences in yeast
extract concentration, going from 0 to 1 %w/v.

The three media should show similar features in terms of pH, conductivity,
phosphates and reducing sugars concentration since the only one variation was yeast
extract concentration. However, the Max slightly differs from the other two regarding
conductivity and reducing sugars; that could be attributed to measurement
uncertainties.

Concerning nitrogen, the trend confirmed what expected: increasing yeast extract
concentration from 0 to 1 %w/v, total nitrogen concentration increases, specifically
from 1.50 g/L to 2.68 g/L.

Table 4.12: Culture media from whey characterization in terms of reducing sugars, total
nitrogen, phosphates, pH and conductivity.

Total
Reducing : Phosphates Conductivity
nitrogen pH [-]
sugars [g/L] [g/L] [mS/cm]

[o/L]

Min 67.96 1.50 5.51 6.08 8.71

Control 62.12 2.18 5.70 6.00 9.01

Max 52.19 2.68 5.07 6.00 7.82

All the aforementioned features, along with liquid volume, have been measured over
time, to investigate the impact of both yeast extract and inoculum optical density on
incubation (Figure 4.12).

The pH decreases rapidly during the first 4 days and then its value stabilises: the three
conditions show same pH behaviour.

Conductivity increases over time, peaking around day 6 -7, then stabilizes or slightly
decreases.

Liquid volume decreases significantly in the first few days and then stabilizes. The
condition Max shows the greatest reduction, suggesting the highest BNC production.



56 Results and discussion

The concentration of reducing sugars decreases over time in all conditions. The
condition with optical density 1.4 and 1% yeast extract concentration shows the
highest sugar consumption, suggesting higher bacterial activity.

Nitrogen concentration gradually decreases over time. The consumption of nitrogen
reflects the utilization of nitrogenous nutrients by the bacteria for growth. The similar
rate of nitrogen decrease in the initial days for all three conditions can be explained by
the combined effects of bacterial inoculum and yeast extract concentration. With a
higher optical density, there are more bacteria present initially, which can lead to a
rapid and similar rate of nitrogen consumption across all conditions due to hig her
metabolic activity. As yeast extract provides nitrogen, a higher initial bacterial
population would consume it quickly, explaining the similar initial rates. As the
fermentation progresses, conditions with more yeast extract continue to show a
nitrogen decrease, reflecting the ongoing availability of nitrogen provided by the yeast
extract, supporting sustained bacterial activity.

Phosphate levels remain relatively stable across all conditions. This suggests that
phosphates are not significantly consumed during the process, or that their release and
consumption are balanced. All conditions show similar behaviour, indicating that
phosphates are not a limiting factor in BNC production.

The nanocellulose production in time is reported in Figure 4.13. The analysis presented
in the graph shows the nanocellulose yield over a period of 10 days under three
different experimental conditions. The purpose of the study was to determine the
optimal quantity of bacterial colonies and nitrogen source for maximiz ing
nanocellulose production. The results indicate that increasing both the optical density
and the yeast extract concentration leads to a significant enhancement in nanocellulose
yield. The conditions were designed so that both factors increased or decreased
together: in the Min condition, both the optical density and yeast extract concentration
were low; in the Control condition, both were at a moderate level; and in the Max
condition, both were high.

The Max condition consistently produced the highest yield, reaching approximately
3.0 g/L by day 10. TheControl condition showed moderate productivity, with a final
yield of about 2.5 g/L. The Min condition, with the lowest optical density and no yeast
extract, produced the least amount of nanocellulose, exceeding 1.0 g/L.

These findings suggest thatoptimising both the initial bacterial colony density and the
nitrogen source concentration is crucial for maximizing nanocellulose yield . As both
factors increase simultaneously across the conditions, their combined effect on
production efficiency is evident.

The study effectively demonstrates that a higher bacterial load, combined with an
adequate nitrogen source, leads to significantly higher production of nanocellulose,
providing valuable insights for optimising conditions in future biotechnological
applications.
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trends in time during BNC production from whey
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Figure 4.13: BNC from whey yield in time .

Combining these results with the optimisation results, it is possible to confirm that
BNC production from hydrolysed whey, with yeast extract, citric acid and disodium
phosphate addition, is enhanced by higher inoculum optical density and yeast extract
addition; particularly, the optimal combination of the two variables is 1.26 and 1% w/v
respectively. As anticipated, the optimal incubation period is day 10, which is the last
day of this investigation. This conclusion is based on the observation that, under
consistent conditions, extending the incubation time should either result in an
increased BNC yield or at least maintain it at a stable level. Therefore, it is logical that
the maximum vyield would be achieved at the longest incubation time tested in this

study. By analysing the yield trends in time, 0
gained towards the end of the incubation pe
extending the incubation ti me. This evaluat.
aboue omti mal i ncubation duration for ma X i mi

From the chart, it appears that extending the incubation period up to 10 days does
indeed result in a significant increase in yield, suggesting that a longer incubation is
beneficial for maximizing BNC production.
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Water retention of BNC was analysed through WC and WHC, that were calculated
and reported in Table 4.13. WC and WHC are both increasing from Min to Max,
indicating better water retention when higher inoculum optical density and yeast
extract concentration are employed, along with better BNC yields. However, water
retention resulted to be lower than what found for BNC produced from hydrolysed
whey where both yeast extract and peptone are added.

Table 4.13: Water retention parameters of BNC from whey after 10 days of production.

WC WHC
membranes membranes
day 10 [%)] day 10 [g/g]

Min 97.3 354
Control 98.2 54.3
Max 99.0 102.0

Based on previous experiments, it is clear that whey must be hydrolysed and that
nitrogen source additives should be incorporated. This conclusion is supported by the
observed yield values, which are all significantly higher with these modifications, if
compared to the yields of non -hydrolysed whey or the yields of hydrolysed whey with
only citric acid and disodium phosphate added. Despite optimising the medium
without peptone, the maximum yield achieved is still inferior to the 10 -day yield from
the medium with 0.5% w/v yeast extract and 0.5% w/v peptone.

By comparing the yields from BNC produced using hydrolysed whey with the
addition of 0.5% w/v yeast extract and 0.5% w/v peptone, to those from hydrolysed
whey with the addition of 1% w/v yeast extract and no peptone, we can draw
conclusions regarding the best medium. The yield from whey with 0.5% w/v yeast
extract and 0.5% w/v peptone was 2.42+0.47 g/L at 7 days and 4.28+0.36 g/L at 10 days.
In contrast, the yield from whey with 1% w/v yeast extract and no peptone was
2.48+0.10 g/L at 7 days and 2.88+0.4¢4/L at 10 days. Nevertheless, considering BNC
from whey with the addition of 1% w/v yeast extract and no peptone, which also has
an initial inoculum optical density of 1.4 compared to 1.0 in the case of 0.5% w/v yeast
extract and 0.5% wi/v peptone, further insights can be derived. The higher optical
density indicates more bacterial colonies, yet this does not translate to higher cellulose
production.



60 4] Results and discussion

Therefore, while the medium with peptone demonstrates superior cellulose yield, the
medium without peptone, despite its higher bacterial growth, as indicated by optical
density, does not achieve the same level of cellulose production. This suggests that tte
presence of peptone not only supports higher yield but also likely contributes to the
efficiency of cellulose synthesis processes in BNC production.

The two pictures for BNC membranes at day 10 of incubation for the two scenarios,
previously presented during the discussion, are here reported together to allow a
better understanding and comparison (Figure 4.14).

The membrane on the right appears very transparent and uniform, with a smooth and
glossy surface, indicating good quality in terms of cell structure and cellulose fibre
distribution. Despite its higher optical density (1.4), the cellulose yield is lower
compared to the medium with peptone.

The membrane on the left, instead, appears slightly opaguer and has some surface
irregularities, possibly due to the presence of peptone influencing the structure and
density of the produced cellulose. However, the yield from this medium is
significantly higher, reaching 4.28+0.36 g/L at 10 days, demonstrating superior
cellulose production efficiency.

Figure 4.14: BNC membranes at day 10 of incubation obtained from hydrolysed whey with

the addition of 0.5% wi/v yeast extract and 0.5% wi/v peptone, 1 inoculum optical density on

the left and hydrolysed whey with the addition of 1% wi/v yeast extract and no peptone, 1.4
optical density on the right .
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The medium with 1% w/v yeast extract and no peptone, despite its lower yield,

produces membranes with higher transparency and uniformity. These characteristics
are indicative of a more homogeneous cellulose fibre network, which can be
advantageous for applications requiring clear and consistent materials. The high initial

bacterial concentration (indicated by the higher optical density) suggests that yeast
extract alone can effectively support bacterial proliferation, yet this does not directly

translate to higher cellulose production.

On the other hand, the medium with 0.5% w/v yeast extract and 0.5% w/v peptone
yields a higher quantity of cellulose. The presence of peptone seems to enhance the
metabolic efficiency of cellulose synthesis, leading to a denser and possibly stronger
membrane. This suggests that peptone provides essential nutrients and growth factors
that facilitate more efficient cellulose biosynthesis. The resulting membrane, though
slightly less transparent, may possess superior mechanical properties, making it
suitable for applications where strength and durability are paramount. Indeed, the
slight opaqueness and surface irregularities may indicate a denser network of cellulose
fibres, which can enhance the mechanical strength and durability of the membrane.
Moreover, the membrane on the left produced with 0.5% w/v yeast extract and 0.5%
w/v peptone exhibited higher water retention. This characteristic can be attributed to
the denser and more intertwined network of cellulose fibres, which enhances the
membrane's ability to hold water. The higher water retention can be beneficial for
applications such as wound dressings, where maintaining a moist environment is
crucial for healing, or in filtration systems where high moisture content can improve
performance.

For applications requiring high transparency and uniformity, the medium with 1%
w/v yeast extract and no peptone may be more suitable. However, for higher yield and
potentially stronger membranes with higher water retention, the medium with 0.5%
w/v yeast extract and 0.5% w/v peptone is preferable.
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4.3. BNC characterization

Morphological and structural characterizations have been performed using SEM and
TEM analyses. The characterization has been done on different types of membranes,
to come up with a comparison among BNC produced from different culture media.
Particularly, three types of membranes have been analysed, one produced from the
HS culture medium, another from orange peels and the last one from whey.

Regarding BNC produced from wastes, the membrane analysed for the orange peels
casehas been chosenas the one produced from the culture medium T amp+additives,
where nutrients extraction from orange peels was conducted at ambient temperature
and that all additives were added to the medium (yeast extract, peptone, citric acid
and disodium phosphate). About BNC production from whey, the chosen culture
medium was whey (hydrolysed)+additives .

The SEM and TEM analyses ofBNC membranes derived from HS, orange peels, and
whey substrates reveal distinct morphological characteristics at different scales.

The SEM images(Figure 4.15) provide insights into the surface morphology of the
BNC membranes. The SEM analysis ofthe BNC samples does not reveal detailed
nanometric structures due to the limited magnification capacity of the instrument.
Nonetheless, SEM images confirm that all samples present as compact, norporous
films. Specifically, BNC synthesized using the HS medium displays a dense, uniform
fibrillar network, indicative of a smooth and consistent surface morphology. The
membrane derived from orange peels shows a subtly more irregular distribution,
likely influenced by organic components in th e peels. The sample produced with
whey, in contrast, displays a modestly looser fibrillar arrangement, suggesting that

whey' s specific nutrient profile may have

packing density.

a
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Figure 4.15: SEM analysis results for BNC membranesproduced from a) HS, b) orange peels
and c) whey.

The TEM images should reveal individual nanofibers, asa result of the defibrillation
process applied to the samples. These TEM observations (Figure 4.16) confirm the
successful production of nanocellulose, as evidenced by the presence of nanoscale
fibrils. Overall, the images reflect the typical networked and elongated structure
associated with nanocellulose fibres,
Across all substrates, these isolated fibres demonstrate a relatively consistent

r

ei
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morphology, though slight variations in fibre diameter , which are in the range of 10-
100 nm.

Figure 4.16: TEM analysis results for BNC membranes produced from a) HS, b) orange peels
and c) whey.
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The subsequent section outlines the chemical composition ofBNC membranes, as
determined through IR spectroscopy. The IR spectra were analysed to identify the
key functional groups and structural characteristics of the BNC produced from

different substrates (HS, orange peels and whey). The results are presentedin Figure
4.17.
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Figure 4.17: IR spectra of BNC membranes produced from HS, orange peels and whey.

The main peaks in each spectrum reveal characteristic molecular vibrations for each

sample. The three spectra are similar and show different peaks, typical of cellulose,

further confirming the successful production of BNC from all culture media. In

particul ar , the region between 3200 -Hstetch;id 00 cm
vi brations, which are characteristic of cell
is attributed to the C—H stretching vibrations, commonly found in cellulose and other

organic compounds. Its presence across all spectra suggests a consistent organic
backbone in all fil ms. The peak around 1640
C=0 stretching vibrations, which might result from residual organic compounds from

the substrates. The orange peel and the whey samples show a slightly more intense

peak here, likely due to additional organic compounds inherent to the substrates. In

some cases, this peak could also be relatedo O-H bending, associated with the

hydroxyl groups in cel lulose [95]. Theminor p e a k ar o u n dis afirlbuted toc m *

the O—H bending, as well. Finally, the regionaround 1000-1 200 c¢cm ' i s t he f
region of cellulose, with peaks associated with C-O stretching and C-H bending

vibrations. This region shows similar patterns across all spectra, consistent with the

cellulose structure in each film.
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In summary, all three spectra exhibit common features, indicating that the bacterial
nanocellulose produced is consistent across different substrates (HS, orange peeand
whey). This suggests that the formation of nanocellulose remains the same, regardless
of the substrate used.
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4.4. Life cycle assessment of nanocellulose production:
iInventory, results and interpretation

4.4.1. Life cycle inventory

As already discussed, inventory data are primary data coming from own laboratory
experience. The quantification of inputs, effluents, and yield for orange peels, whey
and HS routes was performed through the experiments already discussed.

To develop the inventory for BNC production, the optimal culture conditions
previously found in this research study that maximised BNC yield were considered
for each of the three production routes.

Regarding BNC production from orange peels, the optimal production yield was
found as 3.99 + 0.45 g/L in 7 days, from the culture medium Tamp+additives, meaning
that nutrients extraction from orange peels was conducted at ambient temperature and
that all additives were added to the medium (yeast extract, peptone, citric acid and
disodium phosphate).

About BNC production from whey, the best production was found from the medium
whey (hydrolysed)+additives and was 2.42 + 0.47 g/L in 7 days. To reach this yield,
whey was indeed hydrolysed with lactase and, even in this case, all additives were
added (yead extract, peptone, citric acid and disodium phosphate).

Concerning HS, the observed nanocellulose production was 1.49 + 0.40 g/L in 7
incubation days.

Once defined the conditions to analyse in the LCA study, insights regarding the
different creation processes for the three-culture media are outlined in Figure 4.18.

Apart from the creation of the culture media, all other steps in the production routes,
shown in the flux diagram in section 3.6, are identical for the three cases. Naturally,
because of variations in observed vyields, energy consumption and material
requirements in the other steps will differ between the orange peel, whey, and HS
scenarios.
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Figure 4.18: Culture media creation processes from orange peels, whey and HS

Since two of the three routes foresee the use of waste residues as material source
(orange peels and whey), it should be discussed how to allocate their impacts.
Allocation in the context of LCA refers to the process of distributing the environmental
impacts among different products or processes that share the same inputs or phases of
production. When a process yields co-products, allocation assigns a proportion of the
total environmental impact to each product. In these cases, orange peels and whey are
respectively co-products of oranges or orange juice production process and cheese
production process. According to ISO 14040([83] and 1404487] standards, allocation
should be avoided whenever possible. In this case, since using waste materials as raw
materials for producing BNC, there are two possibilities: consider the waste materials
as zeroimpact inputs because not allocating the primary pr oduction impacts to them
or include only the impacts associated with the transportation and preliminary
treatment of the waste materials. In this study, the first approach has been employed,
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since orange peels and whey transportation and preliminary treatments are negligible
in the context of the laboratory process. Moreover, this approach aligns with ISO
guidelines, which recommend minimizing allocation and, when necessary, basing it
on clear and justifiable criteria.

Energy requirements in each step were estimated basing on the equipment employed
at laboratory scale. Specifically, energy requirements were calculated by considering
the power required by the equipment, the duration of its use, and adjustments for the

equipment's capacity relative to the functional unit under examination.

To give an example, the energy consumption of the incubator INCR-150-001 was
calculated asfollows, in Equation (4.2).

0 0202

(4.2)

where P is the power required by the equipment, that is 1 kW, t is the amount of time
that the equipment was used and —— the relation between the capacity used and the

maximum load capacity of the equipment. The maximum load of the incubator
typically refers to its internal volume, that is 72.625 dm 3; however, the actual usable
capacity was here assumed as a percentage of this internal volume (70%), due to the
need for proper airflow, heat distribution, and spacing between items. The actual used
capacity was instead calculated as the culture medium volume needed to produce the
selected functional unit, considering the observed yield.

Filtration steps and cutting of nanocellulose pellets for bacteria recovery are not done
with equipment at laboratory scale, so they do not need any energy requirements to
consider.

The inventories of BNC production at the laboratory scale starting from orange peels,
whey and HS media can be found in the Appendix A, along with the datasets used in
SimaPro and the new created datasets to perform the LCA.

The selected impact categories have been chosen as the ones recommended by the EU
environmental footprint (EF) 3.1, a life cycle assessmentbased method which aims at
assessing the environmental impacts of systems through 16 impact categories, divided

in 3 main groups: environment, human health and resource consumption.

The environmental impact categories are climate change, ozone layer depletion,
photochemical ozone formation, acidification, freshwater eutrophication, marine
eutrophication, terrestrial eutrophication and fresh water ecotoxicity. The human
health categories are ionizing radiation, respiratory inorganics, non -cancer human
health effects and cancer human health effects. Lastly, the categories regarding the
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resource consumption are land use, water use, fossil energy carriers resource use and
minerals and metals resource use.

First, it could be interesting to just analyse impacts of 1 L culture media preparation in
the three casesFigure 4.19reports results of impact assessment to produce 1 L of each
culture media, normalised with respect to the highest one among the three. The
preparation of 1 L of culture medium from orange has the highest impact among the
three, followed by the preparation of 1 L of culture medium from whey and in the end,
with the lowest environmental impact, the preparation of 1 L of HS culture medium.

Each investigated impact category follows this trend.
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Figure 4.19: Environmental impacts of culture medium creation from orange peels, whey and
HS.

Of course, HS culture medium creation in laboratory does not require significant
energy consumption, apart from mixing and sterilizing and regarding material
consumptions the inventory shows just HS components, that are in order of a few
grams per litre, and distilled water.

Whey requires some additional steps, like hydrolyzation for 2 hours at 40°C, which
needs energy and the enzyme; the following steps are the same as HS, apart from
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glucose that is not added. Filtration, as already discussed, at laboratory scale does not
need energy since it is not done with equipment.

Orange peels pretreatment, instead, involves more steps, that are drying of orange
peels, grinding, extraction with water for 15 minutes at ambient temperature and the
same adding of additives than for the whey scenario. Likewise, filtration to remove
the orange peels sludge after extraction of nutrients is not considered in the energy
requirements.

However, it should be noticed that glucose for HS medium creation is supplied in the
laboratory as a powder, so glucose production is assumed in this study at industrial
scale, where it is probably dried, while orange peels medium creation and whey
medium creation are entirely assumed at laboratory scale. As already mentioned,
industrial processes typically have better efficiencies than laboratory scale processes,
bringing to lower impacts, both environmentally and economically.

To better understand which step is the most impacting among the aforementioned
ones, the culture medium creation from orange peels impact assessment is reported in
Figure 4.20. It is noticeable that the most impacting step regarding culture medium
preparation from orange peels is the drying of orange peels. Indeed, orange peels are
put in the dehydrator for 12 hours, resulting in 4.2 kWh needed to dry them to create
1 L of medium. This step is the one making impacts of the culture medium significantly
higher than other culture media. The orange peels sludge waste, as observable, covers
a not negligible portion of total impacts. According to the selected boundary system
regarding BNC production, it is considered a waste; therefore, its impacts are treated
as waste. However, the possibility to treat it as a by-product should be considered;
indeed, if proved with further investigation that there is a utility or economic value
assocated with the orange peels sludge that justifies its treatment as a by-product,
allocation of environmental burdens between the main product (BNC) and the by -
product (orange peels sludge) should be performed.
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Figure 4.20: Contribution analysis for culture medium creation from orange peels .

The impact assessment comparison results for 1 g BNC production in 7 days of
incubation from the three different culture media are reported in Figure 4.21. As
noticeable, for each category, the impacts related to 1 g BNC production in 7 days from
HS culture medium are higher than the impacts related to 1 g BNC production in 7
days from wastes. This is due to the lower yield found from HS medium, that makes
energy and material resources needed to produce the same amount of BNC higher
than from media created with wastes. Among wastes, BNC production from orange
peels is the least impacting one. Despite the initial resourceintensive process of
creating the fermentation medium from orange peels, the high yield of BNC
production compensates for this, resulting in a more efficient use of energy and
materials. Consequently, the environmental impacts associated with BNC production
from orange peels are minimized, making it the least impactful option among the ones
studied.
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Figure 4.21: Environmental impacts for BNC production from HS, whey and orange peels .

Table 4.14resumes environmental impacts of 1 g BNC production in 7 incubation days
at laboratory scale from HS, whey and orange peels. As anticipated, BNC from orange
peels consistently has the lowest environmental impact across all categories. For
example, in terms of acidification, orange peels show a value of 0.0062 mol H+ eq,
while HS has the highest at 0.0129 mol H+ eq.

In the category of climate change, orange peels contribute 1.16 kg of CQ equivalents,
much lower than HS production, which emits 2.36 kg of CO 2 equivalents. This trend

is reflected in other indicators like freshwater ecotoxicity (4.54 CTUe for orange peels
versus 8.88 CTUe for HS) and resource use, where orange peels consume 30.2 MJ of
fossil energy compared to HS's 62.1 MJ.

Orange peels also outperform other sources in water use, requiring 0.797 m3 compared
to HS's 1.70 m3. In categories like eutrophication and human toxicity, orange peels
consistently show lower impacts than whey and HS, making them the more
environmentally friendly choice for BNC production across various sustainability
measures.
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Table 4.14: Environmental impacts for 1 g BNC production from HS, whey and orange peels
in 7 days.

Acidification 0.0078 0.0062 0.0129 mol H+ eq
Climate change 1.43 1.16 2.36 kg CO:zeq
Ecotoxicity,
5.31 4.54 8.88 CTUe
freshwater
Eutrophication,
_ 0.0016 0.0013 0.0026 kg N eq
marine
Eutrophication,
0.00029 0.00023 0.00048 kg P eq
freshwater
Eutrophication,
_ 0.016 0.013 0.027 mol N eq
terrestrial
Human toxicity,
5.94E10 4.65E10 9.85E10 CTUh
cancer
Human toxicity,
1.22E08 9.43E09 1.98E08 CTUh
non-cancer
Land use 5.62 4.03 9.00 Pt
Resource use,
_ 37.9 30.2 62.1 MJ
fossils
Water use 1.04 0.797 1.70 ms3

The contribution analyses of BNC production from each of the three media are shown
in the Appendix A, in Figure A.1, Figure A.2 and Figure A.3.

4.4.3. Sensitivity analyses and results interpretation

Energy requirements were calculated using the power indicated on the equipment.
The power listed on an equipment's label generally refers to the maximum power the
equipment can consume when operating at full capacity. However, this doesn't mean
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the equipment always uses that amount of power. In practice, many devices consume
varying amounts of energy depending on their usage and operating conditions. Many
devices can operate at different intensities or settings, which directly affects their
power consumption. Regarding mixers and the water distillator, they surely operate
at maximum power when in use, since they operate in only an on or off state without
variable power settings, so that their power consumption will be either at the
maximum rated p ower or close to zero when off. Likewise, centrifuges and agitators
are always used at maximum power, since the rotational speed is set to the maximum
possible when in use. Concerning all the other equipment, they are not always
employed exploiting the max imum power; therefore, a sensitivity analysis is
performed on energy requirements. Specifically, different alternative scenarios are
investigated, in which the energy requirement of all equipment, apart from the
distillator, mixers, centrifuges and agitato rs are decreased from the maximum. The
scenarios investigated are: -10%, -20% and -40% of energy requirements for the
equipment. The results in terms of comparison among the three different BNC
production methods are reported as follows ( Figure 4.22).

It is possible to note that the general trend does not differ from the baseline scenario
by decreasing the energy requirements. In each scenario, BNC production from HS
shows higher impacts across all the categories compared to the other two methods.
Certainly, the reduction in energy requirements affects all production methods, overall
reducing the environmental impacts. However, BNC production from HS remains the
least efficient in terms of environmental impact across all scenarios of energy
reduction. Particularly, as the assumed energy requirements decrease, the
environmental impacts associated with the production routes using whey and orange
peels diminish more significantly than those associated with the HS route. This trend
is particularly evident in the scenario with the greatest reduction in energy
requirements, where the impacts of the whey and orange peel routes constitute a
smaller fraction of the impacts associated with the HS route compared to the other
scenarios. This observation can be attribted to the energy-requiring pretreatments
needed to create culture media from waste, such as orange peels and whey, which are
not necessary for HS. Consequently, overestimating the energy requirements for
equipment leads to an overestimation of the environ mental impacts of the orange peels
and whey routes more than of the HS route. Therefore, even in the baseline scenario,
which represents the worst-case overestimation of energy requirements, the results
demonstrating the relative environmental benefits of using orange peels and whey are
conservative. In the Appendix A, Figure A.4, Figure A.5 and Figure A.6 show how
reductions in energy requirements affect 1 g BNC production in 7 days for each
production route, confirming that energy requirements affect BNC production from
the two residues more than from HS.
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Figure 4.22: Sensitivity analyses for BNC production from HS, whey and orange peels,
regarding energy requirements.

The LCA of BNC production at the lab scale provides valuable insights into the
environmental impacts associated with different production methods. However, there

are several limitations inherent in conducting an LCA at this scale that must be
considered. Hrstly, lab-scale processes often do not directly translate to industrial-
scale production. The efficiencies, yields, and environmental impacts observed in the
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lab may differ significantly when the process is scaled up due to factors such as process
optimisation, equipment differences, and economies of scale. Resource and energy use
at the lab scale are often higher per unit of product due to the use of smaller, less
efficient equipment. This can result in an overestimation of environmental impacts
compared to a more optimised industrial process. Additionally, the amount and type
of waste generated in a lab setting may differ from industrial production. Laboratory
processes may produce unique waste streams that are not representative of those in a
larger scale operation, impacting the accuracy of the LCA results. For instance, in this
case, membranes neutralization is done with water that is treated as a waste stram;
however, at industrial scale probably a water purification and recirculation would be
introduced to allow water to be recycled inside the process without generating waste.
Lab-scale studies, moreover, often rely on experimental data, which can have a hgher
degree of variability and uncertainty. Lastly, industrial processes often undergo
significant optimisation to reduce costs and environmental impacts, a step that is
typically not fully realized in lab -scale studies. Extrapolating lab-scale results to
predict industrial -scale impacts involves assumptions that may not hold true in a
larger context. While lab-scale LCA studies are crucial for understanding the
preliminary environmental impacts of new production methods, it is essential to
acknowledge their limitations. The results should be interpreted with caution, and
further studies at pilot or industrial scales are necessary to obtain more accurate and
representative data. This will ensure a more reliable assessment of the environmental
performance of BNC production methods as they move from the lab to commercial
implementation.
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The primary objective of this thesis was to address the significant issue of food waste
by promoting a circular economy model, specifically through the production of
bacterial nanocellulose (BNC) from food wastes such as orange peels and whey. This
approach aimed to transform waste into a resource, mitigating environmental impacts
and promoting sustainable resource utilization. The research focused on extracting
valuable nutrients from food waste, optimising BNC production processes, evaluating
the quality of the produced nanocellulose, and assessing the environmental impacts
through a Life Cycle Assessment (LCA).

The study successfully demonstrated the feasibility of converting organic waste into
valuable bacterial nanocellulose (BNC). Characterization of the culture media revealed
that whey and the medium created from orange peel extraction are richer in reducing
sugars compared to the HS medium, with whey showing the highest values,
particularly when hydrolysed. In terms of nitrogen content, media derived from
orange peels without added nitrogen sources had lower nitrogen lev els than the HS
medium, whereas whey naturally contained nitrogen. However, adding nitrogen
sources like yeast extract or peptone increased nitrogen concentration, which is
beneficial for cell growth, in both orange peel and whey media. Phosphate
concentrations in media from food waste were consistently higher than in the HS
medium, although they did not significantly influence BNC production.

The optimal media and conditions for BNC production were identified for both orange
peels and whey. For orange peels, the highest BNC production of 3.99 + 0.45 g/L at 7
days was achieved with ambient temperature extraction and the addition of yeast
extract, peptone, citric acid, and disodium phosphate. For whey, hydrolysed whey
with the same additives yielded 2.42 + 0.47 g/L at 7 days and 4.28 + 0.36 g/L at 10 days.
These results highlight the effectiveness of using waste materials as substrates for BNC
production and demonstrate higher efficiency compared to the HS medium in terms

of yield.

In terms of membrane quality, the study analysed water retention. For orange peels,
membranes produced from media without any additives showed water retention
comparable to or higher than that of membranes from the HS medium. However,
when additives were added, water retention decreased, even if the yield was notably
higher. This reduction in water retention with additives might be due to the interaction
of these compounds with the cellulose fibres, potentially leading to a less dense and
less intertwined network. For whey, BNC produced from hydrolysed whey with only
citric acid and disodium phosphate, as well as with the addition of yeast extract and
peptone, showed high water retention, comparable to membranes formed from the HS
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medium. Conversely, no membranes formed in media without any additives,
indicating the essential role of these compounds in BNC production from whey.
Therefore, no information can be drawn about whether the presence of additives
decreases, increases or dag not have effects on water retention of membranes from
whey. However, membranes produced from hydrolysed whey with a double
concentration of yeast extract, but no peptone exhibited slightly lower water retention.
It is important to note that all tests wit h yeast extract and peptone were conducted
using the proportions from the HS medium, which is 0.5% wi/v for each one. This
proportion likely represents an optimal combination for both yield and water
retention. Altering the composition of a medium is challe nging, as it requires careful
balancing of nutrient concentrations to achieve the desired outcomes. The slightly
lower water retention observed with the double concentration of yeast extract, but no
peptone suggests that the balanced supply of nutrients provided by the standard 0.5%
w/v of both yeast extract and peptone is crucial for maintaining a dense and efficient
cellulose network, enhancing both yield and water retention. This demonstrates the
importance of optimising the nutrient composition and conditions for BNC production

to achieve not only the maximum yield but also the desired membrane quality.

The LCA results indicated that BNC production from waste residues had lower
environmental impacts compared to the common medium HS. Among the waste
substrates, BNC production from orange peels had the least environmental impact
despite the initial resource-intensive process. This finding underscores the potential of
using waste materials not only for their economic benefits but also for their
environmental advantages. The environmental impact analysis for producing 1 gram
of BNC in 7 days showed that BNC production from orange peels had significantly
lower impacts in categories such as climate change (1.16 kg C@eq) and resource use
(30.2 MJ) compared to HS medium (2.36 kg CQeq and 62.1 MJ, respectively).

The sensitivity analysis confirmed that the trend of lower environmental impacts for
waste-derived media remained consistent even with variations in energy
requirements. This robustness suggests that the use of waste substrates for BNC
production is not only feasible but also environmentally beneficial. Even with
reductions in energy requirements, the overall impact trends did not shift, indicating
the reliability of the results.

In conclusion, this study demonstrated the practicality and environmental benefits of
repurposing food waste for BNC production. By providing a detailed analysis of the
processes and outcomes, this research supports the transition towards a more
sustainable food system and circular economy. The findings highlight the potential for
industries to adopt these methods, contributing to global efforts to achieve
environmental sustainability. Future research should focus on scaling up these
processes and further refining the methodologies to enhance the efficiency and
applicability of BNC production from food waste residues. This will help in achieving
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broader adoption and demonstrating the practical benefits of waste valorisation in
industrial applications.
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A.l. Used datasets in SimaPro

Table A.1: Used datasets in SimaPro for each activity.

Electricity Electricity, medium voltage {ES}| market for
electricity, medium voltage | Cut -off, U

Tap water Tap water {RER}| market group for | Cut-off, U

Glucose Glucose {GLO}| market for glucose | Cut -off, U

Mannitol Sugar, from sugarcane {GLO}| market for sugar,

from sugarcane | Cut -off, U

Disodium phosphate

Sodium phosphate {RER}| market for sodium
phosphate | Cut -off, U

Citric acid

Citric acid {GLO}| market for | Cut -off, U

Sodium chloride

Sodium chloride, brine solution {GLO}| market for
| Cut -off, U

Potassium chloride

Potassium chloride {RER}| market for potassium
chloride | Cut -off, U

Calcium chloride dihydrate

Calcium chloride {RER}| market for calcium
chloride | Cut -off, U

Sodium hydroxide

Neutralising agent, sodium hydroxide -equivalent
{GLO}| market for | Cut -off, U

Lactase

Enzymes {GLO}| market for enzymes | Cut -off, U

Wastewater

Wastewater, unpolluted {GLO}| market for | Cut -
off, U

Orange peel sludge

Biowaste {RoW}| market for biowaste | Cut -off, U
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A.2. New datasets created in SimaPro

Table A.2: Distilled water process created in SimaPro.

Tap water {RER}| market group for tap water | Cut -off, U 1 L
Electricity, medium voltage {ES}| market for electricity, 0.75 kwWh
medium voltage | Cut -off, U*

*Electricity needed to distil water (3000 W, 4L/h)

Table A.3: Sodium hydroxide 0.1M process created in SimaPro.

Distilled water 1 L

Neutralising agent, sodium hydroxide -equivalent {GLO}} 10 g
market for | Cut -off, U

Electricity, medium voltage {ES}| market for electricity, 0.00005 kWh
medium voltage | Cut -off, U*

*Electricity needed to mix components (0.6 W, 5 min)

Table A.4: Yeast extract process created in SimaPro.

Yeast {GLO} | technology mix | production mix, at plant|asis 1 kg

| LCI result

Transport, freight, lorry 16 -32 metric ton, EUROS5 {RER}| market 300 kgkm
for transport, freight, lorry 16 -32 metric ton, EURO5 | Cut-off,

U*

*Yeast was not present in Ecolnventas a market activity; therefore, transport was
added considering an average distance of 300 km

Table A.5: Peptone process created in SimaPro.
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Whey protein concentrate {EU+EFTA+UK} | from liquid whey 1 kg
drying | production mix | LCI result

Transport, freight, lorry 16 -32 metric ton, EURO5 {RER}| market 300 kgkm
for transport, freight, lorry 16 -32 metric ton, EUROS | Cut-off,

U*

*Peptone was not present in Ecolnventas a market activity; therefore, transport was
added considering an average distance of 300 km

Table A.6: M10 process created in SimaPro.

Distilled water 1 L
Sugar, from sugarcane {GLO}| market for sugar, from 20 g
sugarcane | Cut-off, U

Yeast extract 5 g
Peptone 3 g

Electricity, medium voltage {ES}| market for electricity, 0.15005 kWh
medium voltage | Cut -off, U*

*Electricity needed to mix components (0.6 W, 5 min) + electricity needed to sterilize
the solution (1200 W, 15 min, 1/2 used capacity load)

TableA7. Ringer’'s solution process created

Distilled water 1 L

Sodium chloride, brine solution {GLO}| market for | Cut -off, U 2.5 g

Potassium chloride {RER}| market for potassium chloride | Cut - 0.105 g
off, U

Calcium chloride {RER}| market for calcium chloride | Cut -off, 0.12 g
U
Sodium bicarbonate {GLO}| market for sodium bicarbonate | 0.05 g

Cut-off, U
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Electricity, medium voltage {ES}| market for | Cut -off, U* 0.15005 kwh

*Electricity needed to mix components (0.6 W, 5 min) + electricity needed to sterilize
the solution (1200 W, 15 min, 1/2 used capacity load)

Table A.8: Culture medium from orange peels process created in SimaPro.

Tap water {RER}| market group for | Cut -off, U 15 L
Yeast extract S g
Peptone S g
Sodium phosphate {RER}| market for sodium phosphate | Cut - 2.7 g
off, U

Citric acid {GLO}| market for | Cut -off, U 1.15 g
Electricity, medium voltage {ES}| market for | Cut -off, U* 4.38 kWh
Biowaste {RoW}| market for biowaste | Cut -off, U 0.65 kg

* Electricity needed to dry peels (350 W, 12 h) + electricity needed to shred peelg§1500
W, 40 s, 3/2 used capacity load) + electricity needed to extract nutrients with a
flocculator (19 W, 15 min, 1/2 used capacity load) + electricity needed to mix additives
(0.6 W, 5 min) + electricity needed to sterilize the medium (1200 W, 15 min, 12 used
capacity load)

Table A.9: Culture medium from whey process created in SimaPro.

Enzymes {GLO}| market for enzymes | Cut -off, U 2 mL

Yeast extract 5 g

Peptone 5 g
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Sodium phosphate {RER}| market for sodium phosphate | Cut - 2.7 g

off, U

Citric acid {GLO}| market for | Cut -off, U 1.15 g
1.17505 kWh

Electricity, medium voltage {ES}| market for | Cut -off, U*

*Electricity needed to hydrolyse lactose (2050 W, 2 hours, 1/4 usedcapacity load) +
electricity needed to mix additives (0.6 W, 5 min) + electricity needed to sterilize the
medium (1200 W, 15 min, 1/2 used capacity load)

Table A.10: Culture medium HS process created in SimaPro.

Culture medium HS 1 L

Tap water {RER}| market group for | Cut -off, U 1 L
Glucose {GLO}| market for glucose | Cut -off, U 20 g
Yeast extract 5 g
Peptone 5 g
Sodium phosphate {RER}| market for sodium phosphate | Cut- 2.7 g
off, U

1.15 g

Citric acid {GLO}| market for | Cut -off, U

Electricity, medium voltage {ES}| market for | Cut -off, U* 0.15005 kwh

*Electricity needed to mix components (0.6 W, 5 min) + electricity needed to sterilize
the medium (1200 W, 15 min, 1/2 used capacity load)
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A.3. BNC production inventory data

A.3.1. 1 gBNC production from orange peels in 7 days

Table A.11: 1 g BNC production from orange peels inventory in 7 days.

Electricity 0.50 kWh Electricity needed to incubate bacteria 4
days

M10 5.2 mL Calculated basing on the amount of
inoculum needed for culture medium from
whey

Wastewater 5.2 mL All medium is considered wastewater

Culture medium 250.6

from orange peels

Electricity 1.01

Electricity 0.003 kWh Electricity needed to shake tubes +
electricity needed to centrifuge tubes

Ri nger’ s 58 mL Calculated basing on the amount of
inoculum needed for culture medium from
whey

Wastewater 5.2 mL The Ringer ' s sol utii

mL

kWh

bacteria after separation from the liquid
medium M10 is considered wastewater;
the Ringer’s soluti
bacteria after centrifugation to create the

inoculum is not considered wastewater

Calculated starting from production yield
in g/L of culture medium

Electricity needed to incubate bacteria 7
days + electricity needed to sterilize the
membranes after incubation calculated
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basing on the weight of the membranes
and assuming that the sterilizer (1200 W, 15
min) can host 12 membranes

Wastewater 11.9 mL Calculated basing on the residual liquid
volume in the Petri disk

NaOH 0.1M 595.2 mL Calculated basing on the weight of the
membranes and assuming 250 mL of

NaOH 0.1M every 3 membranes

Wastewater 595.2 mL All NaOH 0.1M is considered wastewater

Tap water 11.9 L Calculated basing on the weight of the

membranes and assuming 5 L oftap water
every 3 membranes

Wastewater 11.9 L All tap water is considered wastewater

Electricity 0.83 kWh Electricity needed to dry 1 g of membranes,
calculated basing on the weight of
membranes and assuming that the
dehydrator (12 W, 4 hours) can host 12
membranes
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A.3.2. 1 g BNC production from whey in 7 days

Table A.12: 1 g BNC production from whey inventory in 7 days.

Electricity 0.83 kWh Electricity needed to incubate bacteria 4
days

M10 8.6 mL Calculated basing on the amount of
inoculum needed for culture medium from
orange peels

Wastewater 8.6 mL All medium is considered wastewater

Culture medium 413.2

from whey

Electricity 1.66

Electricity 0.004 kWh Electricity needed to shake tubes +
electricity needed to centrifuge tubes

Ri nger’ s 96 mL Calculated basing on the amount of
inoculum needed for culture medium from
orange peels

Wastewater 8.6 mL The Ri nger ' s sol uti

mL

kWh

bacteria after separation from the liquid
medium M10 is considered wastewater;
t he Ri nger used tes @duspend
bacteria after centrifugation to create the
inoculum is not considered wastewater

Calculated starting from production yield
in g/L of culture medium

Electricity needed to incubate bacteria 7
days + electricity needed to sterilize the
membranes after incubation, calculated
basing on the weight of the membranes
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and assuming that the sterilizer (1200 W, 15
min) can host 12 membranes

Wastewater 165.3 mL Calculated basing on the residual liquid

volume in the Petri disk

NaOH 0.1M 980.4 mL Calculated basing on the weight of the
membranes and assuming 250 mL of
NaOH 0.1M every 3 membranes

Wastewater 980.4 mL All NaOH 0.1M is considered wastewater

Tap water 19.6 L Calculated basing on the weight of the
membranes and assuming 5 L oftap water
every 3 membranes

Wastewater 19.6 L All tap water is considered wastewater

Electricity 1.37 kWh Electricity needed to dry 1 g of membranes,
calculated basing on the weight of
membranes and assuming that the
dehydrator (12 W, 4 hours) can host 12
membranes
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A.3.3. 1 gBNC production from HS in 7 days
Table A.13: 1 g BNC production from HS inventory in 7 days.

Electricity 1.38 kWh Electricity needed to incubate bacteria 4
days

M10 14.4 mL Calculated basing on the amount of
inoculum needed for culture medium HS

Wastewater 14.4 mL All medium is considered wastewater

Culture medium 689.7

HS

Electricity 2.78

Electricity 0.007 kWh Electricity needed to shake tubes +
electricity needed to centrifuge tubes

Ri nger’ s 16.1 mL Calculated basing on the amount of
inoculum needed for culture medium HS

Wastewater 14.4 mL The Ri nger ' s sol uti

mL

kWh

bacteria after separation from the liquid
medium M10 is considered wastewater;

the Ringer’s soluti

bacteria after centrifugation to create the

inoculum is not considered wastewater

Calculated starting from production yield
in g/L of culture medium

Electricity needed to incubate bacteria 7
days + electricity needed to sterilize the
membranes after incubation calculated
basing on the weight of the membranes
and assuming that the sterilizer (1200 W, 15
min) can host 12 membranes
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Wastewater 259.4 mL Calculated basing on the residual liquid
volume in the Petri disk

NaOH 0.1M 1666.7 mL Calculated basing on the weight of the
membranes and assuming 250 mL of
NaOH 0.1M every 3 membranes

Wastewater 1666.7 mL All NaOH 0.1M is considered wastewater
Tap water 33.3 L Calculated basing on the weight of the

membranes and assuming 5 L oftap water
every 3 membranes

Wastewater 33.3 L All tap water is considered wastewater

Electricity 2.33 kWh Electricity needed to dry 1 g of membranes,
calculated basing on the weight of
membranes and assuming that the
dehydrator (12 W, 4 hours) can host 12
membranes




102 Al Appendix A

A.4. Charts
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Figure A.1: Contribution analysis results for 1 g BNC production from HS in 7 days.
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Figure A.2: Contribution analysis results for 1 g BNC production from whey in 7 days.
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Figure A.3: Contribution analysis results for 1 g BNC production from orange peels in 7
days.
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Figure A.4: Sensitivity analysis 1 g BNC production from HS in 7 days.
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Figure A.5: Sensitivity analysis 1 g BNC production from whey in 7 days.
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