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Résumé

La demande croissante en sources d’énergie durables et en solutions de gestion des
déchets respectueuses de I’environnement a stimulé [Pintérét pour la valorisation
biotechnologique des coproduits agro-industriels. Cette these explore des stratégies innovantes
pour la production de molécules d'intérét biotechnologique en particulier le bioéthanol et I’acide
acétique par I’utilisation de systémes microbiens immobilisés sur supports solides.

Dans un premier temps, soixante (60) souches de levures ont été isolées a partir des
margines d’olive (OOWW), un substrat difficile en raison de sa forte teneur en polyphénols et
de sa charge inhibitrice. Parmi ces isolats, treize (13) souches ont été identifiées comme
appartenant au genre Saccharomyces sp. Une souche, Saccharomyces cerevisiae Y17, a été
sélectionnée pour sa remarquable tolérance aux composés inhibiteurs et sa haute performance
fermentaire, atteignant une concentration en éthanol de 11,3 g/L a partir d’OOWW non traité
apres 72 heures de fermentation. Les analyses comparatives ont révélé son adaptabilité
supérieure par rapport aux souches commerciales testées dans des conditions identiques.

Par la suite, une approche intégrée combinant hydrolyse enzymatique et
saccharification/fermentation simultanée (SSF) a été développée. L'immobilisation des cellules
de S. cerevisiae sur des roches de pouzzolane a amélioré la stabilité du procédé et permis une
production efficace d’éthanol a partir d’un mélange de margines d’olive (OOWW), de mélasse
de canne a sucre (SCM) et de lactosérum (MW). L’optimisation des parametres du procédé a
conduit a une concentration maximale d’éthanol de 34,56 g/L aprés 72 heures, dépassant
largement les résultats obtenus par fermentation conventionnelle. De fortes corrélations entre
la consommation de glucose et la production d’éthanol ont souligné I'importance critique de la
disponibilité du substrat et du contr6le des conditions de fermentation.

Dans un second temps, des recherches ont été menées sur I'utilisation de souches de
Bacillus, isolées du rumen bovin, pour la production d’acide acétique a partir des margines
d’olive (OMW). Au total, vingt-cing (25) souches bactériennes ont été isolées, parmi lesquelles
cing (5) ont été sélectionnées pour une évaluation approfondie. Parmi celles-ci, la souche
Bacillus sp. 15 a montré le rendement en acide acétique le plus élevé, atteignant 28 g/L apres
108 heures de fermentation. Cette étude introduit les espéces de Bacillus comme de nouveaux
agents pour la production d’acide acétique a partir d’OMW, élargissant ainsi le spectre des
candidats microbiens pour les processus de bioconversion industrielle.

Dans I’ensemble, cette thése démontre le potentiel de la combinaison de I’immobilisation
cellulaire, de I'nydrolyse enzymatique et de I’utilisation de substrats mixtes pour la production
de bioéthanol et d’acide acétique. Les résultats obtenus apportent des éléments précieux pour
le développement de bioprocédés évolutifs, économiques et respectueux de I’environnement
basés sur la valorisation des résidus agro-industriels.

Mots clés : Molécules d’intérét, coproduits, immobilisation cellulaire, supports solides.



Abstract

The growing demand for sustainable energy sources and environmentally friendly waste
management solutions has driven interest in the biotechnological valorization of agro-industrial
by-products. This thesis explores innovative strategies for the production of biotechnologically
valuable molecules specifically bioethanol and acetic acid through the use of immobilized
microbial systems on solid supports.

Initially, sixty (60) yeast strains were isolated from olive oil wastewater (OOWW), a
challenging substrate due to its high polyphenol content and inhibitory load. Among these
isolates, thirteen (13) strains were identified as belonging to the genus Saccharomyces sp. One
strain Saccharomyces cerevisiae Y17 was selected for its outstanding tolerance to inhibitory
compounds and high fermentative performance, achieving an ethanol concentration of 11.3 g/L
from untreated OOWW after 72 hours of fermentation. Comparative analyses revealed its
superior adaptability over commercial yeast strains under identical conditions.

Subsequently, an integrated approach combining enzymatic hydrolysis and simultaneous
saccharification and fermentation (SSF) was developed. Immobilization of S. cerevisiae cells
on pozzolan rock enhanced process stability and enabled efficient ethanol production from a
mixture of OOWW, sugarcane molasses (SCM), and milk whey (MW). Optimization of process
parameters led to a maximum ethanol concentration of 34.56 g/L after 72 hours, significantly
surpassing conventional fermentation outcomes. Strong correlations between glucose
consumption and ethanol production emphasized the critical importance of substrate
availability and controlled fermentation conditions.

Secondly, research was conducted on the use of Bacillus strains, isolated from bovine
rumen, for acetic acid production from olive mill wastewater (OMW). A total of 25 bacterial
strains were isolated, among which five (5) were selected for detailed evaluation. Among these,
Bacillus sp. strain 15 exhibited the highest acetic acid yield, reaching 28 g/L after 108 hours of
fermentation. This study introduces Bacillus species as novel agents for acetic acid production
from OMW, expanding the range of microbial candidates available for industrial bioconversion
processes.

Overall, this thesis demonstrates the potential of combining cell immobilization,
enzymatic enhancement, and mixed-substrate strategies for the sustainable production of
bioethanol and acetic acid. The findings contribute valuable insights toward the development
of scalable, economical, and environmentally responsible bioprocesses based on the
valorization of agro-industrial residues.

Keywords: Molecules of interest, by-products, cell immobilization, solid supports.
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General Introduction

The increasing awareness of environmental challenges has brought the sustainable
management of natural resources and by-products to the forefront of global priorities. Across
both developed and developing countries, addressing the environmental impacts of industrial
and agricultural processes has become a key concern. Effective strategies to mitigate pollution
and optimize resource utilization are now considered critical for achieving sustainable
development goals (Sahoo et al., 2024).

In this context, the valorization of agro-industrial by-products has gained significant
attention. This trend is driven by multiple factors, including energy shortages, the diminishing
availability of raw materials, and stringent environmental regulations aimed at protecting
ecosystems. By converting waste into valuable products, industries can address environmental
concerns while simultaneously generating economic benefits (Singh et al., 2023).

One such underutilized by-product is olive oil wastewater (OOWW), a major pollutant
generated by the olive oil extraction process. Despite its rich organic composition, which
includes sugars, polyphenols, and other compounds (Cuffaro et al., 2023), its improper disposal
poses a severe environmental risk. The high chemical oxygen demand (COD), acidity, and the
presence of polyphenols make OOWW a pollutant that can affect soil fertility and water quality
(Khdair & Abu-Rumman, 2017). However, its composition also makes it a suitable candidate for
biotechnological applications, including the production of biofuels and value-added chemicals
(Foti et al., 2021).

In Algeria, as one of the main olive oil producers in the world, the olive oil industry
generates substantial amounts of OOWW annually, with approximately 1 to 1.5 liters produced
per kilogram of processed olives (Bougherara et al., 2021a). Currently, much of this waste is
discarded untreated, leading to pollution and logistical challenges for its storage. Transforming
OOWW into bioethanol, biogas, or organic acids not only offers an eco-friendly solution but
also addresses economic priorities by reducing dependence on imported biofuels and chemicals
(Foti et al., 2021).

To enhance the efficiency of OOWW valorization, supplementation with agro-industrial
by-products such as sugarcane molasses and milk whey has been explored. These supplements
provide additional fermentable sugars and nutrients, improving microbial activity and boosting
yields. Additionally, enzymatic treatments, such as those using the Natuzyme complex,
facilitate the breakdown of complex sugars into simpler forms, further optimizing the
fermentation process.

This thesis focuses on the valorization of OOWW through biotechnological processes,
specifically the production of bioethanol, biogas, and acetic acid. Immobilized cell systems
were employed for bioethanol production to enhance process efficiency and stability, while
biogas and acetic acid production were studied using non-immobilized microbial systems. The
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study aims to optimize these processes and evaluate their feasibility for scalable and sustainable
applications.

To support this objective, the thesis is divided into three main chapters:

1. Literature Review: This chapter explores the generation, composition, and
environmental impact of OOWW. It also reviews existing treatment and valorization
methods, highlighting the potential of fermentation processes, supplementation
strategies, enzymatic treatments, and cell immobilization technologies for converting
OOWW into valuable bioproducts.

2. Materials and Methods: This chapter outlines the collection and characterization of
OOWW samples, detailing their physicochemical and microbiological properties. It also
describes the methodologies employed for fermentation experiments, enzymatic
treatments, supplementation with molasses and milk whey, and the preparation of
immobilized yeast systems using pozzolan rocks.

3. Results and discussion: The final chapter presents the findings from the experimental
work conducted:

o Part 1 focuses on the production of bioethanol using Saccharomyces cerevisiae
Y17 isolated from OOWW. The performance of immobilized yeast systems on
pozzolan rocks is compared to free-cell fermentations, with and without
enzymatic treatment and supplementation strategies (molasses and milk whey).

o Part 2 explores the production of biogas and acetic acid using Bacillus strains
from bovine rumen in non-immobilized systems. The impact of supplementation
strategies on improving yields is also analyzed.

The thesis concludes by summarizing the main findings and providing recommendations
for future research, emphasizing the scalability and environmental impact of the proposed
processes.
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Introduction

The growing awareness of environmental degradation and resource depletion has
prompted a global shift toward more sustainable production systems. Agro-industrial by-
products, often regarded as waste, are now increasingly recognized as valuable raw materials
within the framework of a circular bioeconomy. Their valorization addresses multiple
challenges, including energy insecurity, pollution mitigation, and resource recovery, while
simultaneously aligning with key Sustainable Development Goals (SDGs), such as responsible
consumption (SDG 12) and climate action (SDG 13) (Martins et al., 2024; Raman et al., 2024).

In this context, agro-industrial residues like olive oil wastewater (OOWW), sugarcane
molasses, and milk whey stand out for their high organic content and fermentation potential.
However, improper disposal of these by-products remains common, particularly in developing
regions such as North Africa, where regulatory and infrastructural gaps persist (Gueboudji et
al., 2022; Tebbouche et al., 2024). In Algeria—a leading olive oil producer—OOWW alone
reaches 1 to 1.5 million m3 annually and poses significant ecological threats due to its high
acidity and phenolic load (Bougherara et al., 2021b; Djeziri et al., 2023).

Biotechnological innovations offer a promising alternative to traditional waste disposal
methods. Microbial fermentation and enzymatic bioconversion allow for the production of
value-added compounds such as composts, bioethanol, biogas, and biomolecules (such as
enzymes and organic acids), from these substrates (Chauhan et al., 2024; Ning et al., 2021).
Moreover, integrating strategies like co-supplementation (e.g., blending OOWW with molasses
and whey), enzymatic pretreatment (e.g., with Natuzyme), and microbial cell immobilization
(e.g., on pozzolane rocks) significantly improves process yields and scalability (Ayadi et al.,
2022; Vasic¢ et al., 2021).

This chapter provides a comprehensive review of the generation, composition, and
valorization potential of key Algerian agro-industrial by-products. It evaluates conventional
treatment methods, outlines current biotechnological applications, and highlights innovative
hybrid approaches designed to overcome substrate limitations and microbial inhibition. Special
emphasis is placed on the synergy of enzymatic hydrolysis, co-supplementation, and
immobilized systems—an integrated strategy at the core of this study’s originality.
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The literature review is structured to:

o Contextualize global and regional imperatives for by-product valorization.

e Analyze the composition and biotechnological potential of OOWW, molasses, and
whey.

« Review conventional and emerging treatment and conversion methods.

« Highlight the role of synergistic techniques in optimizing yields.

« ldentify knowledge gaps and position this research within current scientific discourse.

I.1. Agro-Industrial By-Products

Agro-industrial by-products are organic residues resulting from the transformation of
agricultural raw materials in food processing industries. These materials, while often considered
waste, retain significant nutritional and chemical value that can be exploited in various
biotechnological applications. Unlike inert waste, agro-industrial by-products frequently
contain fermentable sugars, organic acids, proteins, lipids, and phenolic compounds. Their
chemical richness makes them attractive feedstocks for microbial fermentation, enzymatic
hydrolysis, and energy recovery processes such as bioethanol or biogas production (Chauhan et al.,
2024; Martinez Burgos et al., 2021; Singh et al., 2023).

1.1.1. Olive mill wastewater

Olive oil wastewater (OOWW), also known as olive mill wastewater (OMW), is a
significant byproduct generated during the extraction of olive oil. It is characterized by its high
organic content, considerable levels of polyphenolic compounds, and acidic pH, all of which
contribute to its classification as a highly polluting agro-industrial waste. However, despite its
environmental challenges, OOWW presents significant opportunities for valorization through
biotechnological and chemical processes. Managing and utilizing OOWW effectively is
particularly critical in Algeria, where olive oil production plays a major role in agricultural and
economic activities. The sustainable handling of OOWW could allow for both environmental
protection and the development of valuable bioproducts, making its treatment and conversion

an important research focus.
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1.1.1.1.  Physicochemical properties (cod, polyphenols, acidity)

The composition of OOWW depends on multiple factors, including olive variety, milling
technology, and regional climatic conditions (Gharaibeh et al., 2021). However, certain
physicochemical characteristics (Table 1) are common across different sources, making them
key parameters for assessing wastewater treatment needs and valorization potential (Fleyfel et
al., 2022).

20



Section I: Literature Review

Chapter |

Table 1. Physicochemical Properties of Olive Oil Wastewater (OOWW) from Different Regions and Treatment Studies

2018)

Karrich, Tetouan)

Reference Geographic Origin| COD (g/L) Phenolic Content (g/L) pH Other Notable Characteristics
(Ayadi et al., | Algeria (Ennakhla- . . . .
2022) Chlef) 183 1.72 4.88 High organic load, electrical conductivity 34 mS/cm
(Meziani et al., | Algeria (Ghardaia, Not specified High (Exact concentration not 48 Microbial analysis identified Staphylococcus and
2023) Sahara) P provided) ' Bacillus species
(BOUTIEICHEL, IS TOBED (=551 84.5 3.79 Not provided Continuous two-phase extraction processing

(Gueboudji et al.,

Algeria (Khenchela)

Not provided

Presence of 20 identified
phenolics (Gallic acid, Caffeic

Not provided

Phenolic extract demonstrated strong antioxidant

AL acid, Quercetin, Luteolin, etc.) properties
(Bouknana et Morocco (Oujda, (de Sle;éizno on| 0.24-1.83 (polyphenols), 0.12- High conductivity (13-41 mS/cm), BOD5 (8.5-25 ¢
L 2014 Nador, Berkane, e>p<tractign ' ' 1 7p1 (%;pnnins) T 4.5-5.32 | O2/L), biodegradability 0.11-0.25, variation based on
el ) Taourirt, Jerada) orocess) ' extraction method
(Evci et al High-pressure & temperature treatment with H202
2019 " | Turkey (Cukurova) 83 4.8 4.7 removed 89.2% COD, 91.5% phenolics; antioxidant
) IC50 = 118 pg/mL
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One of the most important parameters in OOWW is Chemical Oxygen Demand (COD),
which reflects the concentration of organic matter in the wastewater (Seferlis, 2008). High COD
values indicate a substantial pollutant load that contributes to environmental toxicity if left
untreated (Bader et al., 2022). Studies on Algerian OOWW have reported COD levels reaching
183 g/L in wastewater collected from Ennakhla-Chlef (Ayadi et al., 2022a), a value that aligns
with the significant organic pollution load observed in Mediterranean olive oil production
waste. Similarly, wastewater from the GHARDAIA region in ALGERIA exhibits high COD
concentrations, although exact values are not always provided (Meziani et al., 2023). Compared
to similar studies in Morocco, where COD levels have been recorded as 84.5 g/L (Bouharat et
al., 2018), it is evident that Algerian OOWW exhibits some of the highest organic loads,
emphasizing the necessity for pretreatment prior to any reuse or valorization (Bouknana et al.,
2014).

Another crucial component of OOWW is polyphenols, a diverse group of bioactive
compounds that include antioxidant molecules with both beneficial and inhibitory properties
(Bolat et al., 2024). While polyphenols are valuable for industries such as pharmaceuticals and
cosmetics, their presence in wastewater creates challenges due to their antimicrobial nature
(Mufioz-Palazon et al., 2022). Studies exploring Algerian OOWW estimate total phenolic
concentrations around 1.72 g/L in Ennakhla-Chlef samples (Ayadi et al., 2022a). In contrast,
other research on Moroccan olive mill wastewater has detected higher concentrations up to 3.79
g/L (Bouharat et al., 2018), highlighting variability linked to olive variety and processing
techniques. Furthermore, detailed compositional analysis of Algerian OOWW from Khenchela
identified at least 20 distinct phenolics, including gallic acid, caffeic acid, quercetin, and
luteolin (Gueboudji et al., 2021). These compounds have recognized applications as
antioxidants, anti-inflammatory agents, and antimicrobial additives, making phenolic recovery

a potential route for economic valorization in addition to wastewater detoxification.

The acidity of OOWW (pH levels typically between 4.5 and 4.88 in Algerian samples)
adds another layer of complexity in terms of treatment and microbial processing (Ayadi et al.,
2022a; Meziani et al., 2023). Many wastewater treatment strategies, including biological
treatments such as fermentation and anaerobic digestion, require near-neutral pH conditions for
optimal microbial performance (Saravanan et al., 2023). The acidic nature of OOWW, largely
influenced by organic acids derived from the olives themselves, complicates conventional
biodegradation and often necessitates pH adjustment before processing can take place.
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Pretreatment methods such as alkaline pH adjustments or electrochemical modifications are
therefore recommended to enhance the feasibility of biological valorization approaches.

Taken together, these physicochemical properties indicate that OOWW poses a dual
challenge: its high organic contaminant load makes direct disposal environmentally hazardous,
while its rich phenolic content creates both microbial inhibition concerns and potential for high-
value recovery. These factors emphasize the need for targeted treatment strategies that balance

the detoxification of wastewater with the selective extraction of useful bioactive compounds.
1.L1.1.2.  Phenolic inhibition of microbial activity (phenolic toxicity)

One of the major roadblocks in the biological valorization of OOWW is the strong
inhibitory effect of phenolic compounds on microbial activity (Calabro et al., 2018). Many of
the polyphenols found in OOWW have well-documented antimicrobial properties, which, while
beneficial for some industrial applications, pose significant challenges for microbial processes
employed in biofuel production, fermentation, and anaerobic digestion (Canal et al., 2019).
Without adequate pretreatment, these phenolics can disrupt microbial metabolism, reducing
efficiency or even halting biological conversion processes altogether.

The mechanisms of microbial inhibition caused by phenolics are diverse. Certain
compounds interfere with microbial cell membranes, leading to increased permeability and
leakage of intracellular contents. Others act as enzyme inhibitors, preventing essential
metabolic reactions needed for microbial growth and energy production (Caroca et al., 2021).
Research has particularly singled out oleuropein, caffeic acid, and protocatechuic acid as key
inhibitors of anaerobic microbial activity. These compounds begin to significantly suppress
microbial metabolism at concentrations exceeding 600-1000 mg/L, making untreated OOWW
unsuitable for direct use in fermentation or anaerobic digestion without prior modification
(Borja et al., 1996; Canal et al., 2019).

Despite the antimicrobial nature of OOWW, different microbial species exhibit varying
levels of tolerance to phenolic compounds. Tyrosol, for example, is more easily metabolized at
concentrations below 600 mg/L, whereas oleuropein appears to strongly inhibit methane
production in anaerobic digestion at comparable levels (Borja et al., 1996; Hernandez &
Edyvean, 2008). This variation highlights the importance of carefully selecting or engineering
microbial cultures that can withstand or degrade toxic phenolics when developing OOWW
valorization strategies. Studies on OOWW from Algeria suggest that certain bacterial strains,

such as Staphylococcus aureus and Bacillus subtilis, are particularly susceptible to phenolic
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toxicity, implying that indigenous microbial communities must also be considered when

designing biological treatment solutions (Meziani et al., 2023).

Given these challenges, pretreatment strategies must specifically aim to reduce phenolic
toxicity before OOWW can be effectively processed for fermentation-based applications.
Several approaches have demonstrated success in this regard. Chemical oxidation using
hydrogen peroxide under alkaline conditions has been shown to reduce polyphenol content by
up to 78%, significantly improving anaerobic digestibility (Siciliano et al., 2015). Similarly,
electro-Fenton oxidation has been found to remove approximately 66% of phenolics, enhancing
methane production when the treated wastewater is subjected to anaerobic digestion (Bettazzi
et al., 2007).

Biological degradation also holds promise, particularly through the use of phenolic-
degrading microorganisms and enzymes. Research indicates that white-rot fungi and
ligninolytic fungi can efficiently degrade phenolics in OOWW, reducing toxicity and
improving biodegradability (Dragicevi¢ et al., 2010; Goudopoulou et al., 2010). Additionally,
certain yeast species have been explored for their ability to metabolize phenolic compounds,
contributing to both COD reduction and enhanced ethanol or methane production (Dragicevié
et al., 2010). By integrating these biological treatments with other physical or chemical
strategies, it is possible to improve the fermentability of OOWW and make its microbial

conversion into biofuels or other value-added products more viable.

Overcoming microbial inhibition caused by phenolic toxicity is a key step in unlocking
OOWW's full potential as a substrate for bioenergy production and the recovery of high-value
biomolecules. By implementing suitable pretreatment technologies, researchers can transform
what is otherwise a problematic waste product into a resource for bioethanol, biogas,
antioxidants, and other high-value biochemicals, contributing not only to waste minimization

but also to the implementation of circular economy principles in the olive oil industry.
1.1.2. Molasses from the crystallization of sugarcane or beet

Sugarcane molasses (SCM) is a dense, viscous byproduct derived from the final stage of
sugar extraction from sugarcane. It is rich in fermentable sugars, organic acids, and essential
nutrients, making it a valuable raw material in multiple industries, particularly in fermentation-
based applications such as ethanol production, biomaterials synthesis, and microbial
bioprocesses. Due to its high sugar concentration and bioavailable nutrients, molasses is
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frequently used as a substrate for microbial growth in biotechnology and industrial processes
(Liu & Cheng, 2022; Zhang et al., 2021).

However, despite its desirability as a fermentation feedstock, sugarcane molasses also
contains potential inhibitors, including heavy metals, excess salts, and microbial growth-
controlling compounds like polyphenols or melanoidins, which can adversely affect the
efficiency of biological transformations. Understanding its chemical properties and challenges
related to microbial fermentation is crucial for optimizing its valorization potential
(Jiranuntipon, 2008).

1.1.2.1.  Physicochemical properties (sugars, acidity, and impurities)

The chemical composition of sugarcane molasses varies based on sugarcane variety
(Table 2), processing conditions, and regional agricultural factors. However, several key

physicochemical properties are consistently observed:

Total Sugar Content: Sugarcane molasses is particularly rich in fermentable sugars (~40-
60% of total weight), making it an ideal substrate for fermentation-based bioproducts such as
ethanol, citric acid, and bioplastics. The major sugar fractions in SCM include sucrose, glucose,
and fructose, with sucrose typically being the predominant form. The relative composition of
these sugars depends on the degree of crystallization in the sugar recovery process. The
presence of non-fermentable oligosaccharides and polysaccharides may reduce fermentation

efficiency if not properly managed.

Acidity and pH: Sugarcane molasses is slightly acidic due to the presence of organic acids
such as acetic acid, formic acid, and oxalic acid, which can accumulate during sugarcane
processing. The typical pH of molasses ranges from 4.5 to 6.5, depending on processing
conditions. In fermentation-based applications, this acidity may require pH buffering or

neutralization to optimize microbial efficiency.

Ash and Mineral Content: SCM contains 5-15% ash, including significant amounts of
calcium, potassium, sodium, iron, and magnesium. While some of these minerals are essential
micronutrients for microbial metabolism, excess salts (e.g., sodium and potassium chlorides)
can lead to osmotic stress, inhibiting microbial growth and fermentation performance.
Additionally, sulfates and phosphates present in molasses may affect fermentative pathways by
altering intracellular pH regulation and enzymatic activities.
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Nitrogen and Micronutrient Composition: Sugarcane molasses contains low levels of
nitrogen (0.4-1%), which may limit microbial growth unless supplemented with ammonium
salts, urea, or yeast extracts. Despite this, SCM also provides trace elements like iron,
manganese, and zinc, which are important for enzymatic activities in yeast and bacterial

fermentation.

Polyphenolic and Melanoidin Content: Blackstrap sugarcane molasses, in particular,
contains polyphenols, tannins, and melanoidins, which may contribute to microbial inhibition
(discussed in the next section). Melanoidins, formed during Maillard reactions in sugar
processing, may increase molasses' antioxidant properties but also act as antimicrobial agents,

requiring pre-treatment in sensitive fermentations.

Overall, SCM's high sugar concentration, rich mineral profile, and acidity make it a
valuable but complex substrate for biotechnological processes. Careful management of
inhibitory compounds, such as excess salts and polyphenols, is necessary for successful

microbial valorization.
1.1.2.2.  Role in supplementing Carbon/Nutrient deficiencies

Sugarcane molasses plays a critical role in supplementing carbon and essential nutrients
in various bioprocesses, particularly in microbial fermentation, anaerobic digestion, and mixed-
substrate waste valorization. Due to its high sugar content, trace minerals, and organic acids,
molasses is frequently used as a co-substrate to enhance microbial growth and metabolic
efficiency in fermentation-based processes where primary feedstocks lack sufficient energy
sources or micronutrients (Zhang et al., 2021).

1.1.2.2.1. Carbon source for microbial metabolism

The rich carbohydrate composition of molasses (40-60% fermentable sugars) makes it an
excellent carbon source for microbial metabolism. Sugars such as sucrose, glucose, and fructose
are directly fermentable (Li et al., 2022), making SCM an attractive input for various industrial

applications, including:

. Ethanol and Butanol Fermentation: Saccharomyces cerevisiae and Clostridium
spp. utilize the fermentable sugars in molasses to produce ethanol and butanol, key
biofuels for industrial applications (Gutiérrez-Rivera et al., 2015; Nikolaou and
Kourkoutas, 2018; Wardani et al., 2023a).
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. Lactic & Citric Acid Production: Lactobacillus and Aspergillus species can
efficiently convert the hexose sugars in molasses into organic acids used in the food and
pharmaceutical industries (Deme & Asfaw, 2020; Saavedra et al., 2021).

. Biogas Enhancement in Methanogenic Digestion: The high level of
carbohydrates in molasses serves as a fast-acting carbon source, improving gas yield in
anaerobic co-digestion with nitrogen-rich substrates, such as agricultural waste or

wastewater sludge (Chen et al., 2024).

Since many organic wastes and byproducts have insufficient fermentable carbon,

molasses is often used as a supplement to optimize the carbon-to-nitrogen (C/N) ratio,

enhancing microbial degradation rates and preventing process imbalances.

1.1.2.2.2. Enhancing the carbon-to-nitrogen (C/N) ratio in bioprocesses

A balanced C/N ratio is essential for efficient microbial metabolism in biofermentation

and biogas generation (Zhang et al., 2022). Many organic wastes (such as agricultural residues,

food waste, and protein-rich substrates) have high nitrogen content but insufficient carbon,

leading to microbial inhibition due to ammonia accumulation in anaerobic digestion
(Salangsang et al., 2022).

Sugarcane molasses, due to its carbon-rich profile and moderate nitrogen content (~0.4—
1%), serves as an effective C/N ratio enhancer, allowing microbial consortia to
efficiently degrade waste materials while stabilizing pH and ammonia toxicity
(Wechgama et al., 2017).

In anaerobic co-digestion systems, combining SCM with protein-dense byproducts
(e.g., slaughterhouse waste, dairy effluents, or brewery waste) enhances microbial
growth and prevents nitrogen overloading, which otherwise reduces microbial viability
(Karki et al., 2021).

Optimal C/N ratios vary depending on the end-use process:

Ethanol fermentation: Requires a C/N ratio of ~40:1, which molasses can help maintain
when combined with Urea or Ammonium phosphate supplementation (Manikandan &
Thangavelu, 2010).
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e Methanogenic digestion: Typically functions best at C/N ratios between 20:1 and 30:1,
necessitating molasses supplementation in nitrogen-rich waste mixtures (Rajlakshmi et
al., 2023).

1.1.2.2.3. Mineral and micronutrient contributions

Beyond its function as a carbon source, sugarcane molasses also provides key micronutrients

that enhance enzymatic activity and microbial growth, especially in industrial fermentation:

o Essential Minerals in SCM: Iron (Fe), Magnesium (Mg), Zinc (Zn), Calcium (Ca), and
Potassium (K) act as cofactors for enzymatic pathways driving microbial fermentation
and anaerobic bioconversion (Vicentini-Polette et al., 2024; Walker, 2004).

e Enzyme Activation: Magnesium and Zinc, for instance, are crucial for the activity of
hexokinase, alcohol dehydrogenase, and phosphofructokinase, which regulate sugar
metabolism in ethanol fermentation (Kounbesiou et al., 2011).

e Iron Supplementation in Anaerobic Digestion: Iron plays a vital role in electron transfer
reactions during methanogenesis, improving microbial redox balances in anaerobic

systems (Ugwu et al., 2020).

However, high salt concentrations (e.g., potassium and sodium chloride) in molasses require
modulation to prevent microbial growth inhibition. This is particularly relevant in yeast
fermentations, where excessive ionic strength reduces osmotic balance, stress tolerance, and
ethanol yield (Ndiaye et al., 2024).

1.1.2.2.4. Nitrogen supplementation considerations

While molasses naturally contains some nitrogen compounds, its total nitrogen content is
relatively low (~0.4-1%) compared to nitrogen-rich organic wastes (Wechgama et al., 2017).
To optimize microbial metabolism in fermentation systems, nitrogen supplementation is often
required, particularly in ethanol, butanol, and organic acid fermentations (Antolinez et al.,
2016).
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Table 2. Table: Comparative Overview of Sugarcane Molasses Physicochemical Composition from Different Studies

Chapter |

et al., 2020)

. Total .
Geographic Total Sugar . o.| Ash Content (% | Key Minerals (mg/L or
Reference Origin (% wiw) COD (g/L) pH Nltrvc\Jlg/;\(levr)\ (% wiw) % wiw)
(Sampaio et al., . =6 . 8 A e K (1.5-3.0%), Ca (0.5~
5022) Brazil 43-55% | 90-250 g/L | 4.5-6.0 | 0.4-1.0% 8-12% 2 0%), Mg (0.3-0.6%)
Na (0.2-0.5%), Fe (200—
(Thaiz‘grlesg’t 2 India 48-52%  |120-200 g/L | 4.8-6.2 | 0.6-0.9% 10-14% 500 mg/L), Zn (50-100
mg/L)
(S. Hassan et al., e 5 . 5 e o Cl (0.3-1.1%), P (0.02—
5019) Egypt 45-50%  |100-180g/L | 4.7-5.8 | 0.5-0.8% 9-13% 0.4%), % (0.1-0.6%)
K (2.0-3.5%), Ca (0.6—
(Meez'ggft il Thailand 50-60% | 110-190 g/L | 5.0-5.5 | 0.7-1.2% 7-11% 1.5%). Mg (0.3-0.8%), Na
(0.3-0.7%)
. P (0.08-0.5%), Fe (180—
(Pa'mgggg')et il Italy 47-53%  |105-190 g/L | 45-5.8 | 0.4-0.9% 11-15% 600 mg/L), Cu (20-90
mg/L)
e (@ Zn (40-120 mg/L), Mn
CENEMEIT e 44-50% | 130-200 g/L | 4.6-5.9 | 0.5-1.0% 10-13% (10-60 mg/L), Ni (520

mg/L)
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1.1.3. Cheese/Milk whey

Cheese whey, also referred to as milk whey, is the principal liquid by-product generated
during the coagulation of milk in cheese production. It accounts for approximately 85-95% of
the original milk volume and retains about 55% of its nutrients (Utama et al., 2017). Due to its
high lactose content and the presence of soluble proteins, peptides, and micronutrients, whey
has attracted interest as a fermentation feedstock in biotechnological applications. However,
when untreated, it presents a significant environmental burden due to its high organic load. A
thorough understanding of its composition and physicochemical characteristics is essential for

optimizing its use in microbial fermentation systems.

1.1.3.1.  Composition and Physicochemical Properties of Milk/Cheese Whey

Whey wastewater, a by-product of cheese manufacturing, represents a significant organic
load in dairy effluents due to its complex biochemical composition. It is generated in large
volumes and is considered a high-strength organic waste, primarily because of its residual
lactose content, bioactive proteins, and micronutrients (Lievore et al., 2015; Maidali et al.,
2024; Utama et al., 2017). As such, it poses challenges for disposal while also offering

opportunities for valorization through microbial fermentation.

The primary carbon source in whey is lactose, a disaccharide sugar composed of glucose
and galactose, which can serve as a substrate for fermentation by specific microorganisms (Oda
& Nakamura, 2009; Sandoval-Salas et al., 2021; Tebbouche et al., 2024). However, traditional
industrial yeasts like Saccharomyces cerevisiae lack the innate ability to metabolize lactose,
requiring either genetic engineering or co-culturing with lactose-positive species such as
Kluyveromyces marxianus (Costa et al., 2022; Ohstrom et al., 2023).

Beyond lactose, whey contains various nutrients that contribute to its value as a microbial
substrate. These include essential minerals and vitamins retained in the permeate fraction
following ultrafiltration for whey protein concentrate production, as observed in studies of
cheese whey permeate (CWP) (Maestre et al., 2021). Such components may support microbial
growth beyond basic carbon metabolism.

The high organic content of whey is reflected in its physicochemical indicators. Whey

wastewater typically exhibits elevated Biological Oxygen Demand (BOD) and Chemical
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Oxygen Demand (COD), signaling a substantial pollutant load and necessitating effective
treatment strategies when not valorized (Maidali et al., 2024). These values contribute to the
significant environmental impact associated with whey disposal, particularly at small- and

medium-scale dairy operations (Utama et al., 2017).

In some cases, whey is pretreated through deproteinization or enzymatic hydrolysis to
optimize its use as a fermentation feedstock (Das et al., 2017). The removal or degradation of
proteins may be employed to reduce foaming or to enhance microbial accessibility to lactose.
Nevertheless, the residual nitrogen, peptide, and mineral content of even deproteinized whey
can continue to support microbial metabolism under appropriate conditions (Utama et al.,
2017).

1.1.3.2.  Synergistic Effects When Combined with OOWW and Molasses

The combination of cheese whey with other agro-industrial residues such as olive oil
wastewater (OOWW) and molasses has theoretical potential to yield synergistic effects in
microbial fermentation systems aimed at producing bioethanol, organic acids, and other value-
added metabolites. Each of these substrates features distinct chemical profiles that may
complement each other when co-fermented, enhancing both microbial growth and metabolic
efficiency. Although no existing study in the reviewed literature explicitly investigated the
simultaneous combination of all three substrates, individual studies involving binary mixtures

or related systems provide evidence of potential synergy.
1.1.3.2.1. Complementary Substrate Profiles

Cheese whey serves as a nutrient-rich substrate, primarily valued for its lactose content
but also containing minerals, peptides, and other bioavailable compounds that support microbial
growth (Das et al., 2017; Domingues et al., 2010; Maestre et al., 2021; Maidali et al., 2024).
Molasses, by contrast, is rich in easily fermentable sugars such as sucrose, glucose, and
fructose. When combined with whey, molasses has been shown to enhance ethanol yields due
to the diversity of carbon sources (Alvarez-Cao et al., 2020; Oda & Nakamura, 2009; Utama et
al., 2017). For example, the inclusion of 10% molasses in whey fermentation mixtures
improved ethanol production in systems using both natural and immobilized yeasts (Halema,
2014; Tesfaw, 2023; Tesfaw et al., 2021).

31



Section I: Literature Review Chapter I

Olive oil wastewater (OOWW), while not addressed directly in any of the reviewed
studies, presents a distinctive profile rich in organic acids and polyphenolic compounds. These
phenolics can inhibit microbial growth, especially in yeasts such as Saccharomyces cerevisiae,
unless pretreated effectively. However, cheese whey contains amino acids and peptides that
may contribute to phenolic detoxification or act as protective agents for microbial cells,
potentially mitigating OOWW toxicity in mixed-substrate settings.

1.1.3.2.2. Interaction with Microbial Systems

Several studies demonstrate the improved performance of microbial systems when
multiple substrates are used. In particular, Kluyveromyces marxianus and genetically modified
Saccharomyces cerevisiae benefit from mixed sugar sources in molasses-whey systems, which
allow simultaneous or sequential use of lactose and sucrose (Domingues et al., 2010; Oda &
Nakamura, 2009; Tesfaw et al., 2021). Moreover, co-cultures of Saccharomyces cerevisiae with
Bacillus megaterium and Bacillus subtilis in whey fermentation media have been explored in
at least one study (Maidali et al., 2024), resulting in enhanced ethanol yields and demonstrating
tolerance of whey’s complex nutrient profile. Although this co-culture system did not include
OOWW or molasses, the successful use of mixed microbial species in whey broth offers a

relevant model for future development.

Sequential fermentation systems are another relevant paradigm: studies involving initial
ethanol production from whey by lactose-positive yeasts, followed by acetic acid fermentation
using Acetobacter spp. and Clostridium spp., highlight the feasibility of staged bioconversions
(Ellis et al., 2014; Maestre et al., 2021). While these studies did not employ Bacillus species
for acetic acid conversion, the foundational model supports the possibility of integrating
Bacillus strains capable of ethanol oxidation into broader co-culture or sequential schemes

using complex substrates.

1.2. Availability in Algeria

Algeria’s agro-industrial sector plays a pivotal role in its economy, contributing
approximately 12% of GDP and employing over 20% of the workforce (National Office of

Statistics, 2023). However, the sector’s growth has generated substantial volumes of
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underutilized by-products, including olive oil wastewater (OOWW), sugarcane molasses, and
dairy whey as shown in Table 3. These wastes, if improperly managed, pose severe
environmental and economic risks, particularly in water-scarce regions where agricultural
pollution exacerbates existing resource constraints. Despite Algeria’s status as a major fossil
fuel exporter, its agro-industrial sector remains heavily reliant on linear production models,
with limited adoption of circular economy practices. This section examines Algeria’s key agro-
industrial by-products, their production volumes, environmental impacts, and the systemic
challenges hindering sustainable waste management. By contextualizing these issues, the
chapter underscores the urgency of adopting biotechnological valorization strategies to mitigate
ecological harm, diversify revenue streams, and align with global sustainability frameworks.

Algeria’s agro-industrial sector produces significant volumes of organic waste, with olive
oil wastewater (OOWW), sugarcane molasses, and dairy whey representing the most prominent
by-products. Among these, OOWW stands out as the most environmentally hazardous due to
its high pollutant load and widespread mismanagement. This section examines OOWW'’s
production volumes, ecological risks, and emerging valorization strategies to address its

environmental footprint.

Table 3. Summary of key agro-industrial by-products in Algeria, including production
volumes, composition, and environmental risks.

By-Product 2:;2??; Production n Key Components Environmental Challenges

Olive Oil Wastewater | 1-1.5 million m3? (from | High COD (80-200 | Soil degradation, water

(OOWW) ~100,000-150,000 tons olive | g/L), phenolics (824 | pollution, phenolic toxicity,
oil) g/L), acidity (pH 4-5) | oxygen depletion

Sugarcane Molasses ~96,000-160,000 tons | Sucrose  (40-60%), | Nutrient runoff  causing
(estimated based on | minerals, vitamins eutrophication if untreated
production)

Milk Whey ~100,000 tons/year (from | Lactose, proteins, | High BOD load, risk of water
dairy sector) calcium, phosphorus | contamination, underutilized

nutrient source

(Sources: (Bougherara et al., 2021b; Bouizar et al., 2021; Djeziri et al., 2023; Gueboudji
et al., 2022a; Smeti et al., 2019; Tebbouche et al., 2024).
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1.2.1. Olive mill wastewater

As one of the world’s top 10 olive oil producers, Algeria generates approximately
100,000-150,000 tons of olive oil annually, yielding 1-1.5 million cubic meters of OOWW
each year (International Olive Council, 2023). Over 70% of this effluent originates in northern
provinces (Figure 1) such as Tizi Ouzou, Béjaia, and Sétif, where small-scale mills dominate
production (Bougherara et al., 2021b). OOWW?’s hazardous properties—including a chemical
oxygen demand (COD) of 80-200 g¢/L, acidity (pH 4-5), and phenolic compound
concentrations of 8-24 g/L—pose severe risks to ecosystems (Djeziri et al., 2023).

[l High Production (>10,000 tons/year)
[ Low Production (1,000-10,000 tons/year)

Figure 1. Map of Algeria highlighting olive oil production hubs (high/low/non-
producing provinces) (Attallaoui, 2022)
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The environmental impacts of untreated OOWW are multifaceted. In agricultural regions
like Tlemcen, phenolic compounds have been shown to reduce soil microbial activity and crop
yields, with wheat production declining by 40% in contaminated areas (Khdair & Abu-
Rumman, 2017). Similarly, Studies from Mediterranean and North African river basins have
shown that discharges of untreated olive oil mill wastewater can deplete dissolved oxygen
levels, promote algal blooms, and lead to substantial reductions in macroinvertebrate
biodiversity (e.g., reductions of up to 60% in some cases) (Smeti et al., 2019). Groundwater
contamination further exacerbates water scarcity, particularly in the Mitidja Plain, where nitrate
levels exceed World Health Organization (WHO) safety limits by fourfold (Khouli et al., 2021).

Current disposal practices remain largely unsustainable. Despite regulatory frameworks
like Decree No. 07-149 (2007), which mandates industrial effluent treatment, an estimated 70%
of OOWW is discarded untreated. Common methods include uncontrolled land spreading,
which accelerates soil acidification; evaporation lagoons that concentrate pollutants in arid
regions like Sétif; and illegal dumping into seasonal rivers (wadis), which disperses

contaminants during rainfall (Hamli et al., 2024).

Emerging biotechnological solutions aim to mitigate these challenges. For instance,
researchers have explored the potential of utilizing OOMW as substrates for bioethanol
production. In one study, molasses—a byproduct of the sugar industry—was blended with
crude OOMWs and fermented using Saccharomyces cerevisiae immobilized on delignified
cellulosic material. This process achieved ethanol concentrations of up to 67.8 g/L, with daily
productivity reaching 67.6 g/L/day at temperatures of 20°C and above (Nikolaou &
Kourkoutas, 2018).

Another study focused on isolating indigenous yeast strains capable of fermenting olive
mill solid wastes (OMSW). Two strains, Issatchenkia orientalis and Pichia
galeiformis/manshurica, were identified. While these strains efficiently utilized xylose to
produce xylitol, ethanol production was not detected under the conditions tested (Abu Tayeh et
al., 2014).

These findings highlight the potential of S. cerevisiae in bioethanol production from olive
oil industry byproducts, though the efficiency varies depending on the specific substrates and

fermentation conditions employed (Chang et al., 2018).
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Co-digestion of OOWW with cattle manure can significantly enhance biogas production.
For instance, one investigation reported that combining these substrates resulted in a 293-351%
increase in methane yield compared to digesting olive mill waste alone (Rubio et al., 2019).
Another study observed that co-digestion led to a 50% increase in specific methane yield. These
findings highlight the potential of co-digestion strategies to improve the efficiency of biogas
production from OOWW (Laabidi et al., 2023; Rubio et al., 2019). Additionally, adsorption
techniques using olive pomace-derived biochar have recovered 90% of phenolic compounds

for potential reuse in pharmaceuticals, showcasing OOWW'’s untapped value (Dib et al., 2022).

1.2.2. Sugarcane Molasses

Sugarcane molasses, a nutrient-rich by-product of Algeria’s sugar industry, holds
significant yet underutilized potential in both food innovation and biotechnological
valorization. Annually, Algeria produces 96,000-160,000 tons of molasses alongside its 3.2
million tons of sugar, primarily in northern regions (APS, 2023). This underutilized resource
holds transformative potential across biotechnology, agriculture, and food sectors, yet over 60%
remains discarded, exacerbating environmental and economic inefficiencies. Below, we
explore its diverse applications and challenges in the Algerian context (Chikhoune et al., 2014;
Lee et al., 2023, 2023; Veana et al., 2014).

Molasses serves as a cost-effective substrate for microbial synthesis of high-value
compounds. For instance, fermentation with Aspergillus niger produces 70-80 g/L citric acid,
a critical ingredient in pharmaceuticals and food preservatives, potentially reducing Algeria’s
€8 million annual imports (Chikhoune et al., 2014; Deme & Asfaw, 2020). Similarly, Bacillus
subtilis cultivated on molasses yields proteases and amylases—enzymes essential for drug
formulation and industrial processes (Mihajlovski et al., 2016; Simair et al., 2017). Emerging
research also highlights its role in antibiotic production, with Bacillus spp. synthesizing

antimicrobial agents from molasses-derived sugars (Li et al., 2023).

Algerian researchers have optimized molasses-based bioethanol production using locally
isolated Saccharomyces cerevisiae strains, achieving yields of 71.24 g ethanol/L molasses
under controlled conditions (pH 5.5, 30°C) (Kechkar et al., 2024). Beyond biofuels, molasses
serves as an effective substrate for cultivating yeast biomass. Notably, Kluyveromyces
marxianus NS127 has demonstrated a biomass yield of 0.63 grams per gram of molasses,
achieving a dry biomass concentration of 66.64 g/L and a protein yield of 28.37 g/L. The
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extracted protein exhibits excellent solubility (62.55%) and emulsification properties (13.15
m?/g) under neutral conditions, alongside high foaming stability (93.70-99.20%) across a broad
pH range (3-11). These attributes underscore its potential as a viable alternative protein source

for applications in baking and probiotic supplements (Dong et al., 2025).

Molasses' fermentable sugars facilitate the sustainable synthesis of premium flavors. For
instance, solid-state fermentation (SSF) of sugarcane bagasse and sugar beet molasses using
Kluyveromyces marxianus has been optimized to produce aroma compounds. Under specific
conditions—30 °C, 25% molasses (dry basis), and a specific air flow rate of 0.11 Lh™ g~ !
initial total solids—this process yielded 47.6 mg of esters per gram of initial total solids,
imparting a pleasant fruity odor due to the higher ester content (35%) (Martinez et al., 2017).

In agricultural trials, Molasses enhances biofertilizer efficacy by serving as a carbon-rich
substrate for microbial activity and nutrient mineralization. In biotransformation trials, a blend
of 12.5% molasses with poultry waste and algae, fermented by Aspergillus niger, met NF U44-
551 standards and improved barley germination (Ozi et al., 2023). Similarly, molasses
combined with coconut water and microbial consortia (EOM) yielded liquid fertilizer with
elevated NPK levels (N: 0.09%, P: 0.04%, K: 10.5%), validated in hydroponic paddy trials
(Darmawan et al., 2020). These applications demonstrate molasses’ versatility in converting

agro-waste into soil-enriching fertilizers, aligning with Algeria’s circular agriculture goals.

Despite these opportunities, Algeria faces barriers such as phenolic inhibitors in molasses,
which hinder microbial activity without enzymatic pretreatment. Policy gaps further stall
progress, as the nation lacks incentives for high-value applications compared to EU Circular
Economy frameworks. To address this, strategic investments in pilot plants for citric acid and
vanillin production, coupled with farmer training on safe molasses use, could unlock its
potential. Regulatory enforcement under Decree No. 07-149 is also critical to mandate

valorization and reduce untreated disposal.

By prioritizing these strategies, Algeria can transform molasses from an environmental

liability into a pillar of its sustainable bio-economy.
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1.2.3. Milk/Cheese Whey

Whey, a nutrient-dense by-product of cheese manufacturing, is rich in bioactive
compounds such as soluble proteins (e.g., B-lactoglobulin), lactose, vitamins (B2, B12), and
minerals like calcium and phosphorus. Despite its potential as a functional food ingredient,
Algeria’s dairy sector struggles to harness this resource sustainably. Annual cheese production
of approximately 1,540 tons results in nearly 14 million liters of whey, with major facilities like
Giplait-Numidia generating 1,800 liters per production batch—discarding over 2.5 million
liters annually as untreated waste (Benaissa, 2018; Bouizar et al., 2021; FAO, 2023).

The environmental toll of unchecked whey disposal is substantial. Its decomposition
demands excessive oxygen, with biochemical oxygen demand (BOD) levels reaching 30,000-
50,000 mg/L, depleting aquatic ecosystems and acidifying soils in regions such as Constantine.
For instance, Giplait-Numidia’s weekly discharge of 216,000 liters into local waterways has
degraded soil fertility and aquatic biodiversity (Bouizar et al., 2021).

Several innovative strategies have been developed to valorize cheese whey, transforming
it from an environmental burden into a valuable resource. Fermentation with Kluyveromyces
marxianus converts whey lactose into bioethanol, achieving yields up to 0.62 g ethanol/g
lactose (Sandoval-Salas et al., 2021), while enzymatic biocatalysis enables the production of
oligosaccharides, lactic acid, and bioethanol under eco-friendly conditions (Illanes, 2011).
Integrated bioprocesses also allow whey to be converted into single-cell protein (SCP),
bioplastics precursors, and bioflavors, enhancing its economic viability (Addai et al., 2020).
Technologies such as membrane filtration and bioreactors further improve lactose recovery,
protein concentration, and effluent treatment, significantly reducing environmental impact
(Pais-Chanfrau et al., 2018). Additionally, techno-economic assessments (Argenta & Scheer,
2020; El-Aidie & Khalifa, 2024) confirm the scalability of these valorization systems, and
advancements in functional foods highlight whey’s role in probiotic beverages and protein-
enriched products (Barba, 2021).

Academic institutions have played a key role in advancing these valorization strategies.
Notably, initiatives such as probiotic beverages leveraging Lactobacillus cultures (Bouizar et
al., 2021), whey-enriched dairy alternatives like ricotta and ice cream, and partnerships with
industry leaders have showcased whey’s potential. A joint project between Giplait-Numidia
and the GENIAAL Food Engineering Lab successfully demonstrated whey’s application in
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chocolate mousse production, evaluating its sensory and structural properties (Bouizar et al.,
2021).

Despite these advancements, industrial adoption in Algeria remains limited. Barriers such
as fragmented policies, inadequate processing infrastructure, and lack of market incentives
hinder progress. Algeria’s environmental regulations, including Decree No. 07-149, lack
specific mandates for whey recycling, and cost-efficiency concerns often outweigh ecological
considerations for dairy firms. Addressing these challenges through supportive policy
frameworks, investment in infrastructure, and fostering academia-industry collaborations is

essential to unlock the full potential of whey within a sustainable bioeconomy model.

To address this, policymakers must prioritize circular economy frameworks, such as
subsidizing filtration technologies for lactose recovery and fostering academia-industry
partnerships. Concurrently, promoting consumer awareness of whey-based products—from
protein supplements to biodegradable packaging—could catalyze market demand, aligning

Algeria’s dairy sector with global sustainability benchmarks.

1.3. Problems related to their accumulation

The uncontrolled accumulation of agro-industrial by-products—olive oil wastewater
(OOWW), sugarcane molasses, and dairy whey—has escalated into a multifaceted crisis,
threatening ecosystems, economies, and public health across Algeria. Despite their inherent
organic value, these materials remain underutilized due to systemic inefficiencies in waste
management, technological adoption, and policy enforcement. Below, we dissect the

interconnected challenges posed by their mismanagement.

1.3.1. Environmental Impact
The uncontrolled disposal of agro-industrial by-products, such as olive mill wastewater
(OMW), molasses, and whey, poses significant environmental challenges. When these residues

are released into the environment without adequate treatment, they can lead to soil degradation,

water contamination, and air pollution.
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1.3.1.1.  Soil pollution

The uncontrolled disposal of agro-industrial by-products such as olive mill wastewater
(OMW), molasses, and whey into the environment poses significant risks to soil health and
fertility.

Olive Mill Wastewater (OMW): OMW is characterized by a high organic load and a
substantial concentration of phenolic compounds, which are known for their phytotoxic and
antimicrobial properties. These phenolics can inhibit soil microbial activity, leading to
disruptions in nutrient cycling and a decline in soil fertility. For instance, Mekki et al. (2013)
observed that the application of untreated OMW to soil resulted in a significant decrease in

microbial biomass and activity, indicating a detrimental impact on the soil's biological health.

Furthermore, the accumulation of organic matter from OMW can lead to soil
acidification, adversely affecting plant growth. The acidic nature of OMW, primarily due to
organic acids and phenolic compounds, can lower soil pH, making it less hospitable for many
plant species. Studies by (Mekki et al., 2013; Mohawesh et al., 2017) highlighted that soils
treated with OMW exhibited a significant drop in pH levels, which could impair nutrient
availability and uptake by plants.

Additionally, the leaching of phenolic compounds from OMW into deeper soil layers can
have long-term environmental implications. Research by (EIl Hassani et al., 2023) demonstrated
that phenolic compounds from OMW could percolate down to a depth of 1.2 meters within four
months of application, potentially contaminating groundwater sources.

Molasses, a nutrient-rich by-product of sugar refining, can cause serious environmental
harm when improperly disposed of on land. Studies have shown that untreated molasses
wastewater can lead to the accumulation of heavy metals (e.g., cadmium and lead), soil
acidification, and inhibited seed germination due to altered nutrient availability (Jiranuntipon,
2008; Li et al., 2020; Verma et al., 2011). A recent study showed that the addition of molasses
affects both the physical stability of soil and the structure of microbial communities. At a 10%
concentration, molasses improved soil surface hardness significantly and showed good
resistance to wind erosion, although the effect on rain erosion remained limited. Microbial
analysis revealed that moderate concentrations (1%) of molasses could enhance carbohydrate

and energy metabolism pathways, while higher concentrations (above 5%) increased the
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abundance of potentially pathogenic species, suggesting that careful dosing is essential for
environmental safety (Wang et al., 2024). These findings highlight the dual potential and risks
of molasses in soil management applications and the importance of optimized formulations for

safe environmental use.

Whey: Whey, a by-product of cheese production, is rich in organic matter, including
lactose, proteins, and fats. When disposed of in large quantities without treatment, whey can
lead to soil pollution (Zandona et al., 2021). (Marwaha & Kennedy, 2007) reported that
inadequate whey removal could affect the physical and chemical composition of the soil, reduce
agricultural production, and release volatile organic compounds, which can then pollute the air
and cause health problems. However, recent studies have explored the potential benefits of
whey application in agriculture. For instance, (Akay & Sert, 2020) investigated the effects of
whey application on soil biological properties and plant growth. Their findings indicated that
whey application positively influenced soil microbial activity and enhanced plant growth
parameters, suggesting that, when properly managed, whey can serve as a beneficial soil
amendment. Nonetheless, the application rate and environmental conditions must be carefully

considered to mitigate potential negative impacts.

In summary, the disposal of OMW, molasses, and whey without proper treatment can
lead to soil pollution through the inhibition of microbial activity, acidification, accumulation of
heavy metals, and the leaching of harmful compounds. These effects underscore the need for
effective management and treatment strategies for agro-industrial by-products to protect soil
health and prevent environmental degradation.

1.3.1.2. Groundwater contamination

The contamination of groundwater is a critical environmental concern associated with the
uncontrolled disposal of agro-industrial by-products such as olive mill wastewater (OMW),
molasses-based effluents, and dairy whey. These residues, often rich in soluble organic and
inorganic compounds, can percolate through the soil profile and infiltrate aquifers, thereby
altering the physicochemical quality of groundwater. This process is facilitated by leaching,

especially in porous soils or during periods of high rainfall and irrigation.

According to the Food and Agriculture Organization (FAO), high concentrations of

nitrates, phosphates, and dissolved organic matter in effluents can leach into groundwater,
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leading to serious health and environmental consequences. One of the most documented health
risks is methemoglobinemia (“blue baby syndrome™), which occurs primarily in infants exposed
to elevated nitrate levels in drinking water (Bouselsal et al., 2025; FAO, 2020).

Beyond nitrates, research has shown that other substances such as phenolics from OMW,
residual sugars and salts from molasses, and proteins and lactose from whey may also migrate
into groundwater systems. Multiple studies highlighted that the application of untreated
distillery effluent to agricultural soils resulted in the leaching of organic and inorganic ions,
altering key groundwater parameters such as pH, electrical conductivity, and color—ultimately
reducing water potability and ecosystem compatibility (Huang et al., 2024).

Moreover, although whey has been promoted as a potential soil amendment due to its
nutritional profile, (Akay & Sert, 2020) caution that high application rates can cause nutrient
leaching and microbial imbalances if not carefully managed. Their study found that while whey
could enhance soil microbial activity and plant growth under controlled conditions, excessive
accumulation of organic material increased the risk of contaminant transport into deeper soil

layers, particularly in poorly drained soils.

Therefore, the unregulated application or disposal of agro-industrial by-products can
significantly contribute to groundwater pollution, especially in regions lacking treatment
infrastructure or environmental monitoring systems. To reduce these risks, it is essential to
implement pretreatment strategies, establish application thresholds, and integrate monitoring
programs that track groundwater quality near disposal or reuse sites.

1.3.1.3. Greenhouse gases emission

Furthermore, the emission of greenhouse gases (GHGS) resulting from the decomposition
of agro-industrial by-products contributes significantly to climate change and atmospheric
pollution. When residues such as olive mill wastewater (OMW), molasses, or whey are disposed
of in open environments—such as lagoons, unlined pits, or surface land—anaerobic microbial
activity rapidly sets in due to the high organic load and oxygen-limited conditions. This leads
to the production of methane (CH(]) and nitrous oxide (N[JO), two of the most potent
greenhouse gases (Ahmed et al., 2019; Jiranuntipon, 2008; Zandona et al., 2021).
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Methane, in particular, has a global warming potential approximately 28-34 times greater
than carbon dioxide (COL[1) over a 100-year timescale, while nitrous oxide is approximately
298 times more potent (Lépez et al., 2013). These emissions occur not only from raw waste but
also from partially treated or even stabilized effluents when they are not managed properly. The
microbial degradation of residual sugars, lipids, proteins, and phenolic compounds in these
wastes accelerates gas production, especially in warmer climates (Kharitonov et al., 2021).

In addition, liquid effluents stored in anaerobic lagoons or disposed of in poorly ventilated
conditions tend to trap heat and moisture, creating ideal conditions for methanogenic archaea
and denitrifying bacteria. For example, dairy whey that is rich in lactose and organic nitrogen,
if left untreated, can quickly generate ammonia (NH[]) and nitrous oxide, especially when

applied in high volumes to soil (Marwaha & Kennedy, 2007).

Studies have also shown that the carbon footprint of agro-industrial waste
mismanagement increases significantly when no valorization strategies are implemented. For
instance, composting, anaerobic digestion for biogas recovery, or converting these residues into
biofuels or organic acids could significantly reduce the release of GHGs and improve
environmental outcomes (Chauhan et al., 2024; Vasi¢ et al., 2021).

Therefore, proper treatment and valorization of agro-industrial by-products are not only
essential for pollution control but also play a critical role in climate change mitigation efforts.
Implementing closed-loop systems such as anaerobic digesters, bioreactors, or bioethanol

production plants can recover energy while reducing uncontrolled emissions to the atmosphere.
1.3.2. Economic impact

The accumulation of agro-industrial by-products presents significant economic
challenges for industries, particularly concerning the treatment, storage, and disposal of these
wastes (Wagh et al., 2024). For instance, the dairy industry generates substantial volumes of
whey, a by-product of cheese production. Managing this by-product without appropriate
treatment not only incurs high costs but also represents a missed opportunity for resource
recovery (Mollea et al., 2013). Studies have highlighted that small-scale cheese producers often
face considerable expenses in disposing of surplus whey, with costs averaging around USD 105
per ton, which can significantly reduce profit margins (Giulianetti de Almeida et al., 2023a).
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Moreover, the underutilization of these by-products means that potential value-added
products, such as biofuels, bioplastics, and animal feed, are not realized (Foti et al., 2021; Wagh
et al., 2024). This under exploitation is often due to a lack of appropriate technologies or
infrastructure to process these materials efficiently. For example, whey, rich in organic and
nutrient content, remains a massive dairy residue worldwide, with about 42% used for low-
value products or directly discharged into water streams, leading to environmental issues like
eutrophication (Giulianetti de Almeida et al., 2023b).

In regions where small and medium-sized enterprises (SMEs) dominate the agro-
industrial sector, the financial burden of implementing waste valorization technologies can be
prohibitive (Takacs et al., 2022). This economic constraint often limits the adoption of
sustainable waste management practices and contributes to the persistence of uncontrolled
waste disposal. For example, molasses-based effluents, commonly generated in sugar refineries
and distilleries, are characterized by high biological oxygen demand (BOD), chemical oxygen
demand (COD), and dark-colored melanoidins, all of which require complex and energy-
intensive treatment processes (Jiranuntipon, 2008). The treatment of distillery wastewater can
account for up to 20-30% of the total operational costs of sugar-based industries, making the
adoption of advanced treatment systems unaffordable for smaller operations (Mikucka &
Zielinska, 2020).

In many cases, industries resort to direct land application or open dumping of molasses
effluents to reduce treatment costs (Jiranuntipon, 2008). However, these practices lead to soil
degradation, water contamination, and loss of biodiversity, which in turn impose hidden
economic burdens on the environment and public health (FAO, 2020). Furthermore, the dark
color and high organic content of molasses waste can cause aesthetic pollution and oxygen
depletion in surface waters, reducing their suitability for aquatic life (Kharayat, 2012). As a
result, the lack of investment in proper valorization systems not only impacts the environment

but also exposes businesses to fines, regulatory penalties, or long-term operational risks.

Developing cost-effective, low-tech solutions such as anaerobic digestion, bio-
composting, or co-fermentation with other agro-wastes could help bridge the gap between

economic feasibility and environmental responsibility for molasses-rich effluents.
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1.3.3. Health-related impact

The improper handling and accumulation of agro-industrial by-products such as olive mill
wastewater (OMW), molasses effluents, and whey not only contribute to environmental
degradation but also pose significant public health and sanitary risks. Due to their high organic
content, these by-products create favorable conditions for the rapid proliferation of
microorganisms, including pathogenic bacteria, fungi, and insects that can act as disease

vectors.

One of the most common health concerns associated with organic waste accumulation is
the emission of foul odors, primarily caused by the anaerobic decomposition of organic matter
(Abubakar et al., 2022). These odors result from the production of volatile organic compounds
(VOCs), such as ammonia, hydrogen sulfide, and volatile fatty acids, which can irritate the
respiratory system and significantly reduce the quality of life for communities near disposal or
storage sites (llyas et al., 2019). Moreover, these odors often signal underlying microbial

activity that may include harmful or opportunistic pathogens (Czarnota et al., 2023).

In the case of olive mill wastewater (OMW), its high concentration of polyphenols, lipids,
and organic acids makes it both chemically and biologically unstable. Studies have shown that
when OMW is disposed of in open lagoons or near residential or agricultural areas, it can
promote anaerobic fermentation and the growth of spoilage microbes, leading to not only bad
odors but also the possible spread of fungal spores, mosquito breeding, and waterborne
pathogens (Gueboud;ji et al., 2022a; Mekki et al., 2013). Moreover, the acidic nature and dark

coloration of OMW contribute to environmental discomfort and visual pollution.

Similarly, molasses-based distillery effluents can support the proliferation of fungal
pathogens and disrupt soil microbial communities. (Wang et al., 2024) reported that even low
concentrations (5% v/v) of raw effluent negatively affected beneficial soil bacteria such as
Rhizobium and Azotobacter, while fungal populations increased, some of which can act as plant
or human pathogens. Inappropriate land application may also lead to microbial contamination
of water bodies, increasing the risk of infections or allergies.

Whey, when left untreated or improperly stored, is known to attract insects and rodents
due to its high lactose and protein content. These residues can serve as breeding grounds for

pathogenic bacteria such as Listeria monocytogenes, Escherichia coli, and Clostridium spp.,
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especially under warm and moist conditions. It is also noted that stagnant whey near dairy plants
may lead to air and water contamination, cross-infecting adjacent food environments and

increasing the risk of foodborne illnesses (Marwaha & Kennedy, 2007; Zandona et al., 2021).

Despite the biological richness of these by-products, their reuse remains limited,
primarily due to a lack of affordable treatment technologies, insufficient technical expertise,
and weak regulatory enforcement in many developing countries (Vasi¢ et al., 2021). In such
contexts, open-air dumping, improper storage, or informal reuse practices further elevate the

risk of disease transmission and long-term environmental health issues.

1.4. Possible valorization pathways

The sustainable management of agro-industrial by-products is increasingly viewed not
only as an environmental necessity but also as a strategic opportunity for developing bio-based
economies. Instead of being discarded, these residues can be transformed into valuable
resources through various valorization approaches, depending on their chemical composition,
treatment feasibility, and end-use applications. Biotechnology plays a central role in this
transformation by enabling microbial, enzymatic, or biochemical conversions that add value

while reducing waste burden.

1.4.1. Energy recovery

One of the most widely adopted valorization strategies is energy recovery, particularly
through the production of biogas and bioethanol. Biogas, mainly composed of methane (CH[)
and carbon dioxide (CO1J), is produced by the anaerobic digestion of organic materials such as
molasses, whey, and olive mill wastewater (OMW). These by-products are rich in fermentable
sugars and volatile solids, making them ideal substrates for methanogenic microbial consortia.
Studies have demonstrated that co-digestion of whey or OMW with manure or other carbon-
rich wastes improves methane yields and process stability (Al Rabadi et al., 2021; Bovina et
al., 2021; Laabidi et al., 2023; Rubio et al., 2019; Vasic¢ et al., 2021).

Similarly, bioethanol production via alcoholic fermentation is a viable pathway,
especially using molasses, which is already employed at an industrial scale as a sugar-rich
feedstock for yeast fermentation (Wardani et al., 2023b). Saccharomyces cerevisiae is the most
common microorganism used for this process, though co-fermentation strategies combining

molasses with OMW or whey have shown improved performance by balancing nutrient profiles

46



Section I: Literature Review Chapter I

and diluting fermentation inhibitors (Ayadi et al., 2022a; Halema, 2014; Nikolaou &
Kourkoutas, 2018; Wardani et al., 2023b). Ethanol derived from these sources can serve both
as a biofuel and as a raw material for chemical synthesis, contributing to fossil fuel substitution

and carbon footprint reduction (Klein-Marcuschamer et al., 2012).

1.4.2. Agronomic valorization

Agro-industrial residues can also be reused in agriculture through composting or soil
amendment after suitable pretreatment (Akay & Sert, 2020; Carmona et al., 2023). Composting
transforms organic-rich by-products like olive pomace, vegetable peels, or whey sludge into
stable, humus-like fertilizers that improve soil fertility and structure. OMW and molasses can
be mixed with lignocellulosic waste (e.g., straw, sawdust) to enhance the carbon-to-nitrogen
ratio and accelerate compost maturation (Darmawan et al., 2020; Ozi et al., 2023; Utama et al.,
2017).

However, due to their high salt content, low pH, and presence of phytotoxic compounds
(particularly in OMW) (Carmona et al., 2023), these by-products often require aerobic
treatment, dilution, or co-composting with other biodegradable matter to reduce their
environmental risks (Ozi et al., 2023). When properly stabilized, they can contribute to soil
organic matter, water retention capacity, and microbial biomass, particularly in arid and semi-

arid regions.

1.4.3. Industrial biotechnology

A highly promising valorization pathway involves the use of agro-industrial by-products
as substrates for microbial fermentation to produce high-value bioproducts. These include:

« Organic acids (e.qg., acetic, lactic, citric),
e Industrial enzymes (e.g., cellulases, amylases, lipases),
« Natural pigments (e.g., carotenoids, melanin),

« Biosurfactants, and even bioplastics.

Such products can be obtained using engineered or naturally adapted microbial strains
capable of tolerating the inhibitory compounds present in these waste streams. For example,
whey has been successfully used for the microbial production of lactic acid using Lactobacillus
spp., while molasses has served as a substrate for citric acid production using Aspergillus niger,
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and OMW was used for acetic acid by Bacillus licheniformis and Bacillus circulans (Deme &
Asfaw, 2020; Rouam & Meziane, 2025; Saavedra et al., 2021). Olive mill residues have also
shown potential in producing polyphenol-rich extracts or being used in solid-state fermentation

for enzyme production.

1.4.4. Animal feed

After appropriate treatment to eliminate pathogens and reduce moisture, certain agro-
industrial residues may be used in livestock feeding, providing a cost-effective alternative to
conventional feed ingredients. Whey, for example, is widely used in pig and calf nutrition, also
it was used in its liquid form for supplementation with water on egg production and egg quality
in layer chickens due to its high lactose and protein content (S. Kumar et al., 2024; Ryan &
Walsh, 2016). Similarly, molasses is used as an energy supplement in ruminant diets and as a
palatability enhancer in compound feeds (Mordenti et al., 2021).

Recent research has explored the inclusion of olive mill wastewater (OMW) in animal
diets. A study by (Makri et al., 2020) investigated the effects of OMW-supplemented feed on
lambs and found that it improved the antioxidant profile of vital organs, suggesting potential
health benefits . However, caution is required, as OMW may contain polyphenols, heavy
metals, or residual oils that can be toxic to animals. Therefore, detoxification and
standardization procedures must be in place before inclusion in feed formulations. Research is
ongoing to develop fermentation-based detoxification or adsorbent-based purification
processes to render these by-products safe for feed use.

1.5. Biotechnological processes for valorization
1.5.1. Microbial fermentation

Microbial fermentation is a foundation stone of biotechnological processes, enabling the
transformation of agro-industrial by-products into a spectrum of value-added compounds. This
metabolic activity, carried out by microorganisms such as yeasts, bacteria, and fungi, involves
the breakdown of organic substrates—including carbohydrates, proteins, and lipids—into
simpler molecules. The process can occur under aerobic or anaerobic conditions, depending on

the microorganism involved and the desired end product (Sadh et al., 2018).
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1.5.1.1.  Types of Fermentation and Their Biochemical Pathways

1.5.1.1.a. Alcoholic fermentation

Predominantly facilitated by yeasts like Saccharomyces cerevisiae, alcoholic
fermentation converts sugars into ethanol and carbon dioxide. This anaerobic process is widely
applied in bioethanol production, brewing, and winemaking, especially using molasses or co-

fermentation with whey (Maicas, 2020).

Chemical Equation:

C6H1206 - 262H50H + 2C02+Energy (qu)

Glucose — Ethanol + Carbon dioxide + Energy

1.5.1.1.b. Lactic acid fermentation

This anaerobic process is driven by lactic acid bacteria such as Lactobacillus and
Streptococcus spp., which convert sugars (like lactose in whey) into lactic acid. It is commonly
used in food preservation, bioplastic precursors, and biomedicine (Konig & Frohlich, 2017).

Chemical Equation:

C6H1206 - 263H603 + Energy (EqZ)

Glucose — Lactic acid + Energy

1.5.1.1.c. Methane fermentation (anaerobic digestion)

A multi-stage process used to degrade high-organic-load waste like OMW under
anaerobic conditions. It is carried out by consortia of methanogenic archaea, yielding methane-

rich biogas, an important renewable energy source (Lyu et al., 2018).

Simplified Equation:

Organic matter - CH, + CO, + Other gases + Energy (Eq.3)

Organic matter — Methane + Carbon dioxide + Other gases + Energy
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1.5.1.1.d. Other Fermentation Types

o Acetic acid fermentation: Acetobacter spp. oxidize ethanol to acetic acid (used in
vinegar production) (Gomes et al., 2018).

« Butyric and propionic acid fermentation: Clostridium and Propionibacterium spp.
produce butyric or propionic acids from sugars or lactate (Ranaei et al., 2020).

o ABE fermentation (Acetone-Butanol-Ethanol): A mixed-product fermentation
performed by Clostridium acetobutylicum, useful in biofuel production (K. Kumar et
al., 2024).

o Hydrogen fermentation: Biohydrogen production via Clostridium spp. or dark
fermentation of carbohydrate-rich residues (Albuquerque et al., 2024).

These additional fermentation types are of increasing interest for advanced biorefineries,
particularly for the valorization of agricultural residues and the development of bio-based
chemical platforms.

1.5.1.2.  Operational modes and system configurations

Microbial fermentation can be adapted to various physical states of substrates, target
products, and process conditions, leading to the development of two main fermentation modes:
Submerged Fermentation (SmF) and Solid-State Fermentation (SSF) (Martau et al., 2021). The
choice between them depends largely on substrate characteristics, moisture content, microbial

tolerance, and downstream processing requirements.

1.5.1.2.a. Submerged fermentation (SmF)

Submerged fermentation involves the cultivation of microorganisms in a liquid nutrient
medium, where the substrate is dissolved or suspended in water. This method is particularly
well-suited for agro-industrial by-products that are naturally in liquid form or water-soluble,
such as molasses, whey, and diluted olive mill wastewater (OMW) (Shah et al., 2021). Due to
its fluid nature, SmF offers advantages in process control, aeration, pH adjustment, and nutrient
homogeneity, making it a preferred method in industrial bioreactors and large-scale
fermentation systems (Mascarin et al., 2024).

SmF is widely applied in the production of ethanol, organic acids (e.g., lactic and acetic
acids), biosurfactants, and microbial enzymes (Kirimura et al., 2011). For instance, molasses-
based SmF using Saccharomyces cerevisiae remains one of the most common methods for

industrial ethanol production (Khonngam & Salakkam, 2019).
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Despite its efficiency, SmF generates large volumes of effluent, and the energy cost for
sterilization, agitation, and aeration can be significant, especially at industrial scales. Therefore,
for high-moisture but inhibitory substrates like OMW, pre-treatment and dilution are often

necessary to avoid microbial inhibition and fouling issues (Doriya et al., 2016).

1.5.1.2.b. Solid-State Fermentation (SSF)

Solid-state fermentation operates with solid substrates that possess sufficient moisture to
support microbial growth but lack free-flowing water. This method is ideal for lignocellulosic
materials such as olive pomace, fruit peels, bran, or agricultural residues—wastes that are often

difficult to process in liquid form (Bamidele et al., 2025).

SSF is especially suitable for filamentous fungi (e.g., Aspergillus spp., Trichoderma spp.),
which thrive under low-moisture conditions and efficiently penetrate complex substrates. It has
gained recognition for its use in producing industrial enzymes (e.g., cellulases, amylases),
pigments, and biofertilizers, as well as in bioremediation (Boondaeng et al., 2024; Perwez &
Al Asheh, 2025). Importantly, SSF mimics the natural microbial habitat, often resulting in
higher yields of secondary metabolites compared to SmF (Kumar et al., 2021).

In the context of olive oil residues, SSF presents an effective route to valorize olive
pomace, a solid waste rich in fibers and polyphenols. Studies have shown that co-fermentation
of olive pomace with other substrates under SSF can lead to significant enzyme production and
phenolic recovery (Leite et al., 2021).

While SSF offers lower water consumption and energy requirements, it faces challenges
in process monitoring, scale-up, and temperature control. However, recent advances in reactor
design, forced aeration, and solid immobilization are helping to overcome these limitations and

improve SSF viability at commercial scale (Bamidele et al., 2025).

1.6. Bioconversion and biomolecule production

Bioconversion, also referred to as biotransformation or microbial transformation, is the
biological conversion of organic materials—such as plant residues, food processing waste, or
animal-derived by-products—into usable products or energy sources. This process involves the
action of living microorganisms or their enzymes, which catalyze specific chemical reactions
to modify or convert organic compounds into structurally related and often more valuable
substances (Sivasubramanian, 2018). Unlike chemical synthesis, bioconversion typically relies
on a limited number of enzymatic steps, making it highly selective, efficient, and
environmentally friendly (Sarangi & Bhatia, 2022).
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Microorganisms such as bacteria, yeasts, and filamentous fungi possess the natural ability
to transform a wide array of substrates through specific metabolic pathways. During the
bioconversion process, these microbes produce enzymes that target complex molecules—such
as carbohydrates, lipids, or proteins—and convert them into simpler or functionally altered
compounds (Kanimozhi et al., 2018). Although hundreds of bioconversion reactions are known,
only a subset is currently exploited for the commercial production of biofuels, organic acids,
enzymes, and nutraceuticals (Sarangi & Bhatia, 2022).

Agro-industrial by-products like molasses, whey, and olive mill wastewater (OMW) are
particularly suitable for bioconversion due to their rich organic content and biodegradability
(Kumar et al., 2022). However, to ensure efficient microbial assimilation, many of these
residues require pretreatment or partial hydrolysis to make their carbon sources (e.g., sucrose,
lactose, polyphenols) more accessible for microbial metabolism (Peinemann & Pleissner,
2020). This transformation not only reduces the environmental burden of organic waste but also
contributes to circular bioeconomy strategies through the generation of high-value bioproducts

under mild, low-energy conditions (Ashokkumar et al., 2022).

1.6.1. Enzymatic hydrolysis of complex substrates

Enzymatic hydrolysis is a pivotal step in the bioconversion of agro-industrial by-products,
facilitating the breakdown of complex macromolecules into fermentable monomers (Fagundes
et al., 2024). This process employs specific enzymes to cleave the bonds within
polysaccharides, rendering them into simpler sugars that microorganisms can readily assimilate

for subsequent fermentation or biosynthesis (Houfani et al., 2020).

1.6.1.2. Cellulose and hemicellulose degradation

Cellulose, a linear polymer of B-1,4-linked glucose units, and hemicellulose, a
heterogeneous polysaccharide composed of various sugar monomers, constitute significant
portions of lignocellulosic biomass found in materials like olive pomace and agricultural
residues (Achyuthan et al., 2010). The enzymatic hydrolysis of these polymers involves a
synergistic action of cellulases and hemicellulases (Khamassi & Dumon, 2023):

e Cellulases, including endoglucanases, exoglucanases, and p-glucosidases,

collaboratively degrade cellulose into glucose units (Lambertz et al., 2014).
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e Hemicellulases, such as xylanases and mannanases, target hemicellulose,

releasing sugars like xylose and mannose (Shrivastava et al., 2020).

Effective hydrolysis of lignocellulosic materials often necessitates pretreatment methods
(e.g., steam explosion, acid hydrolysis) to disrupt the complex matrix and enhance enzyme
accessibility (X. Li et al., 2022; Yu et al., 2022).

1.6.1.3. Starch hydrolysis

Starch-rich by-products, such as molasses and certain cereal residues, are hydrolyzed by

amylolytic enzymes:

e a-Amylase initiates the process by randomly cleaving internal a-1,4-glycosidic
bonds, producing dextrins (de Souza & de Oliveira Magalhaes, 2010).

e Glucoamylase further hydrolyzes these dextrins into glucose by cleaving both
a-1,4 and o-1,6 linkages (Marin-Navarro & Polaina, 2011).

This sequential enzymatic action efficiently converts starch into glucose, serving as a

substrate for various fermentation processes (Alias et al., 2021).
1.6.1.4.  Lactose hydrolysis

Whey, a by-product of the dairy industry, contains lactose, a disaccharide composed of
glucose and galactose (Tsermoula et al., 2021). The enzyme B-galactosidase (lactase) catalyzes
the hydrolysis of lactose into its constituent monosaccharides, facilitating their fermentation

into value-added products such as ethanol and lactic acid (Saqib et al., 2017a).
1.6.1.5.  Enhancing hydrolysis efficiency
To improve the efficiency of enzymatic hydrolysis, several strategies are employed:

e Enzyme immobilization: Immobilizing enzymes on various supports can enhance their
stability and reusability, reducing operational costs (Mirsalami et al., 2024).

« Membrane bioreactors (MBRs): Integrating enzymatic hydrolysis with membrane
separation allows continuous removal of hydrolysis products, alleviating product
inhibition and enhancing overall conversion rates (Al-Mardeai et al., 2022).
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e Synergistic enzyme cocktails: Utilizing a combination of enzymes tailored to the
specific substrate composition can lead to more efficient hydrolysis (Agrawal et al.,
2018).

1.6.2. Production of microbial biomass

During bioconversion, the microbial growth that occurs as microorganisms consume
agro-industrial residues not only drives product formation but also results in the accumulation
of microbial biomass, which can itself be harvested and utilized as a commercially valuable
output. This biomass, depending on the microbial species and cultivation conditions, can serve
nutritional, industrial, or environmental functions (Stikane et al., 2022).

1.6.2.2.  Single cell proteins

One of the most promising applications of microbial biomass is in the production of
Single-Cell Protein (SCP)—a protein-rich biomass derived from yeasts, fungi, algae, or
bacteria. SCP offers a sustainable and high-quality source of protein that can be used in animal
feed, aquaculture, and potentially even human nutrition, particularly in regions with limited
access to conventional protein sources (del Carmen Carranza-Méndez et al., 2022; Y. P. Li et
al., 2024). Agro-industrial residues such as molasses, whey, and starch-rich effluents have been
successfully used as substrates for SCP production by strains like Candida utilis,
Kluyveromyces marxianus, and Aspergillus oryzae (Kim et al., 2020; Li et al., 2024)

In addition, Lactic Acid Bacteria (LAB) grown on whey or lactose-rich media produce
not only lactic acid but also probiotic biomass. These bacteria, including Lactobacillus
plantarum and Streptococcus thermophilus, are increasingly utilized in functional foods,
nutraceuticals, and gut microbiome therapeutics, thanks to their proven benefits in digestive
health, immune support, and metabolic regulation (Berisvil et al., 2021; Choi et al., 2021,
Fenster et al., 2019; Martinovi¢ et al., 2023).

Filamentous fungi, such as Rhizopus, Trichoderma, and Aspergillus spp., grown in solid-
state fermentation (SSF) systems using residues like olive pomace or fruit peels, produce
mycelial biomass that can be utilized as a source of enzymes, dietary fiber, or functional
bioactive compounds. Mycelial extracts may also contain immunomodulatory polysaccharides,
phenolic antioxidants, and other secondary metabolites valuable in pharmaceutical and food
industries (Soccol et al., 2017; Yafetto, 2022).
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Beyond nutritional and biochemical value, microbial biomass also plays a key role in
circular bioresource utilization. Incorporating microbial biomass recovery into agro-industrial
biorefineries helps close the nutrient loop, reduces the need for external inputs, and supports

zero-waste strategies (Stikane et al., 2022).
1.6.3. Synthesis of high value-added products

In parallel with microbial biomass production, many microorganisms are capable of
converting agro-industrial by-products into a wide range of structurally diverse and functional
biomolecules, which are of great interest in sectors such as bioenergy, bioplastics, green
chemistry, cosmetics, and food processing. These bioconversions offer sustainable and
competitive alternatives to petroleum-derived products, especially when optimized for cost and

scalability.
1.6.3.2.  Organic Acids

Organic acids are among the most common and economically important fermentation

products:

e Lactic acid is primarily produced by Lactobacillus spp. through the fermentation of
lactose-rich whey. Global demand for lactic acid continues to rise due to its role in the
biodegradable plastics industry (Mejia-Gomez & Balcazar, 2020).

o Citricacid, produced from molasses or hydrolyzed starchy wastes by Aspergillus niger,
is widely used in the food and beverage industry (as a flavor enhancer and preservative),
as well as in pharmaceuticals and detergents. Citric acid production accounts for over
1.7 million tons annually, making it one of the most produced organic acids via
microbial fermentation (Deme & Asfaw, 2020; Ksigzek, 2023).

e Acetic acid is obtained by aerobic oxidation of ethanol by Acetobacter spp. in a two-
stage process where sugars are first fermented to ethanol and then oxidized to acetic
acid. This acid is a key ingredient in vinegar, synthetic fibers, plastics, and solvents, and
has also shown promise in antimicrobial surface treatments (Gomes et al., 2018).

1.6.3.3.  Alcohols

Fermentative production of alcohols from agro-residues is a well-established and scalable

strategy in biofuel technology:
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. Bioethanol is typically produced from molasses, but co-fermentation with whey
and olive mill wastewater (OMW) has shown improved productivity by balancing
nutrient levels and diluting inhibitory compounds (Nikolaou & Kourkoutas, 2018;
Tesfaw et al., 2021). Bioethanol serves as a transportation fuel, fuel additive, and
precursor for green chemical synthesis (Falowo & Betiku, 2023).

. Butanol, produced via acetone-butanol-ethanol (ABE) fermentation using
Clostridium acetobutylicum, offers higher energy content than ethanol and is compatible
with current fuel infrastructure. Molasses and starch-based wastes serve as ideal
feedstocks when pretreated appropriately, making butanol an attractive next-generation
biofuel (Antolinez et al., 2016; Kumar et al., 2024).

1.6.3.4.  Industriel enzymes

Microbial production of industrial enzymes is a growing application of bioconversion,

especially when using agro-wastes as low-cost substrates:

Amylases, cellulases, and proteases produced by Aspergillus, Bacillus, and
Trichoderma spp (Simair et al., 2017). are used extensively in detergent formulations,
textile desizing, paper bleaching, and food processing (e.g., baking, juice clarification).
Substrates like wheat bran, whey protein, and olive pomace have been successfully used
to grow these enzyme-producing microbes in both SmF and SSF systems (de Souza &
de Oliveira Magalh&es, 2010).

For example, Bacillus subtilis grown on dairy wastewater has shown high yields of
proteases, and Trichoderma reesei on lignocellulosic biomass can yield commercial

cellulase preparations (Keshapaga et al., 2023; Xue et al., 2025).
1.6.3.5.  Bio surfactants and natural pigments

Emerging bioproducts such as biosurfactants and natural pigments are gaining interest

due to their biodegradability, low toxicity, and broad-spectrum bioactivity:

Biosurfactants, such as rhamnolipids and sophorolipids, can be produced by
Pseudomonas, Bacillus, and Candida spp. grown on olive mill wastewater, molasses,
or glycerol-rich effluents (Russo-Martinez et al., 2025; Tan & Li, 2018). These

compounds reduce surface and interfacial tension and are increasingly used in
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bioremediation, cosmetics, oil recovery, and pharmaceuticals (Gudifia et al., 2016)
(Bjerk et al., 2021).

« Natural pigments, including carotenoids, melanins, and anthocyanins, can be extracted
from microbial fermentation on agro-residues (Grewal et al., 2022; Usmani et al., 2020).
Monascus purpureus, for instance, can produce red pigments from rice bran, molasses,
or fruit waste providing natural alternatives to synthetic food dyes and antioxidants
(Srianta et al., 2021).

These bioconversions typically require only a few enzymatic reactions, often facilitated
by highly specific microbial pathways, allowing for targeted production under mild process
conditions. The efficiency of product yield depends on multiple factors:

. Microbial strain and genetic stability,

. Nutrient and inhibitor content of the substrate,

. Fermentation system (batch, fed-batch, continuous),
. Immobilization or co-culture techniques.

In recent years, integrated biorefineries have sought to combine multiple processes e.g.,
producing enzymes, acids, and biomass in parallel to maximize value extraction from a single
feedstock. This approach not only enhances economic feasibility but also aligns with
sustainable development goals (SDGs) by reducing waste generation, replacing petrochemical
products, and promoting bio-based industrialization.

1.7. Cell immobilization

1.7.1. Principles and advantages

Cell immobilization is a widely used biotechnological strategy that involves restricting
the free movement of microbial cells by attaching them to solid supports or entrapment within
matrices, while retaining their biological activity and metabolic functionality. The goal is to
create a reusable, stable, and efficient biocatalyst system suitable for a wide range of industrial
and environmental applications (Willaert, 2011).

This technique has evolved as a solution to limitations associated with free-cell systems,

such as poor operational stability, biomass washout, and high inoculum costs in repeated-batch
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or continuous fermentation. The immobilized cells retain their capacity to grow, reproduce, and

function, although in a more spatially constrained environment (Willaert, 2011).

In addition to the well-known benefits of operational stability and reusability, recent
research highlights several physiological and process-level advantages associated with

immobilized cell systems:

1.7.1.2.  Prolonged cell activity and microenvironment optimization

Immobilization creates a favorable microenvironment for microbial cells, including
nutrient gradients, pH stabilization, and cell-cell contact, all of which help maintain high
metabolic activity over longer periods. This buffering effect is particularly beneficial for
fermenting complex or inhibitory substrates like olive mill wastewater (OMW), which can vary
in pH and contain toxic compounds (Ayadi et al., 2022a; Ge et al., 2017; Nikolaou &
Kourkoutas, 2018)

1.7.1.3.  Reuse of biomass and reduced lag phase

Immobilized cells can be reused over multiple fermentation cycles without loss of
viability, significantly reducing costs related to inoculum preparation. Additionally, the
presence of metabolically active biomass at the start of each batch often leads to a shorter lag
phase, accelerating fermentation onset and improving throughput (Willaert, 2011).

1.7.1.4.  Higher cell density and volumetric productivity

By retaining cells within the reactor space, immobilization allows for high cell loading,
enabling greater product output per unit volume. This enhances volumetric productivity and
makes continuous or fed-batch fermentation more efficient, especially in space-constrained
bioreactors (Najim et al., 2024).

1.7.1.5.  Improved substrate utilization and yield

Immobilized cells often exhibit more efficient substrate conversion, especially when
operating under high dilution rates in continuous systems. This leads to better resource use and
higher product yields compared to free-cell fermentations (Bai et al., 2011).

1.7.1.6.  Resistance to shear stress and toxicity

The physical barrier provided by the matrix or support protects the cells from mechanical

shear stress—an important feature for shear-sensitive organisms (e.g., certain yeast strains or
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mammalian cells)—as well as from toxic metabolites or substrate overload. This is particularly
useful for fermenting molasses or whey, which may have osmotic or inhibitory challenges (Guo
et al., 2020).

1.7.1.7.  Simplified separation and reduced contamination risk

Because immobilized biomass remains fixed, it simplifies cell recovery, product
separation, and reduces the need for costly centrifugation (Yoshimoto et al., 2017). Moreover,
by maintaining a stable microbial population within the reactor, immobilization helps reduce
microbial contamination risks, especially in open or semi-continuous processes (Najim et al.,
2024).

1.7.1.8.  Enhanced genetic and phenotypic stability

Some studies also suggest that long-term immobilization can promote genetic stability
and reduce the emergence of undesired mutations, particularly in engineered strains, making

immobilization useful in high-precision bioprocessing environments (Willaert, 2011).
1.7.2. Types of solid supports used

The effectiveness of an immobilization system is largely influenced by the nature of the
solid support material used (Hassan et al., 2019). Solid supports serve as physical anchors for
microbial cells, and their chemical, structural, and mechanical properties determine not only
the immobilization efficiency but also the stability, productivity, and reusability of the system
(Ge et al., 2017). Supports can be broadly classified into natural and synthetic materials, each
offering distinct advantages and limitations depending on the intended application.Natural:

alginate, agar, volcanic rocks (pozzolana), sponges, biochar (Willaert, 2011).
1.7.2.2.  Natural supports

Natural supports are often biodegradable, biocompatible, and low-cost, making them
attractive options for environmentally sustainable and economically feasible processes
especially when using agro-industrial by-products as substrates. Examples include:

e Alginate: One of the most widely used materials for cell entrapment, sodium alginate
is a polysaccharide extracted from brown algae (Giese, 2020). It forms gel beads upon
contact with calcium ions (Ca? ), offering a gentle environment for microbial
immobilization. It is ideal for lactic acid bacteria, yeasts, and fungi, but suffers from
poor mechanical strength and gradual bead degradation over time (Ge et al., 2017).
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Agar and Carrageenan: These polysaccharide gels are also used for microbial
entrapment, particularly in enzyme production and food fermentation. While relatively
inexpensive and biocompatible, they are less stable at elevated temperatures (Najim et
al., 2024).

Volcanic rocks (e.g., Pozzolan): Inert, porous, and chemically stable, volcanic
materials like pozzolan offer excellent surface area and mechanical durability. Their
rough texture enhances cell adhesion, making them particularly suited for adsorption-
based immobilization in aerobic or anaerobic fermenters. They are ideal for ethanol or
acetic acid production, as demonstrated in olive oil wastewater valorization (Najim et
al., 2024).

Sponges and biochar: These porous natural supports have high surface-to-volume
ratios and can absorb and retain significant quantities of microbial cultures. Biochar,
derived from pyrolyzed biomass, has recently gained attention for its adsorptive and
buffering capacity, particularly in wastewater treatment and bioremediation systems (R.
Liet al., 2022).

1.7.2.3.  Synthetic supports

Synthetic supports are often engineered to achieve greater mechanical strength, controlled

porosity, and chemical resistance, making them suitable for repeated industrial-scale use

(Zdarta et al., 2018). Common synthetic supports include:

Polyacrylamide beads: These polymeric supports are chemically stable and can be
tailored for specific porosity and rigidity. However, they are non-biodegradable and
may involve higher production costs (Mahajan et al., 2010).

Polyurethane foam: Highly porous and inert, polyurethane is widely used for
adsorption immobilization. It supports aerobic biofilm development and is commonly
used in packed-bed and trickling filter reactors (de Ory et al., 2020).

Silica and glass beads: These materials offer high thermal and chemical resistance,
making them ideal for harsh processing environments or solvent-rich fermentation.
Their surface can also be chemically modified to improve microbial adhesion (Giese,
2020; Zhang et al., 2016).
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1.7.2.4.  Criteria for support selection

The choice of immobilization support depends on multiple criteria as shown in the
following table:

Table 4. Main criteria for the selection of immobilization supports in biotechnological
applications (Abdelmajeed et al., 2012; Ge et al., 2017; Hassan et al., 2019; Zdarta et al., 2018).

Parameter Relevance
Compatibility Should be non-toxic and suitable for the microorganism used
Porosity Affects nutrient diffusion and surface area for adhesion

Mechanical Stability | Important for long-term use and reactor agitation

Reusability Influences operational cost and long-term sustainability

Surface Chemistry Determines cell adhesion and potential for functionalization

Cost and Availability | Key for large-scale or rural/agro-industrial settings

1.8. Immobilization techniques

Microbial immobilization involves a range of physical and chemical methods that allow
for the stable retention of viable or non-viable cells on or within a support material, while
maintaining their biological activity (Najim et al., 2024). These techniques are not limited to
microorganisms—they are also applicable to plant cells, insect cells, and mammalian cells,
making them highly versatile for biotechnological and biomedical applications (Ge et al., 2017).

Consequently, the choice and optimization of immobilization methods for cells must
consider the physiological properties and the purpose of application.

A comprehensive overview of cell immobilization strategies and their material-based
classifications is presented in Figure 2. This framework illustrates how techniques such as
adsorption, entrapment, and containment vary depending on the use of natural vs. synthetic

materials and physical vs. chemically induced retention mechanism.
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Figure 2. Classification of cell immobilization techniques based on mechanism and material
type (Willaert, 2011).

1.8.1. Surface attachement

Surface attachment (Figure 3a) involves the adsorption or binding of microbial cells onto
a solid carrier through electrostatic interactions, hydrophobic forces, or covalent bonds. The
efficiency of attachment is influenced by several factors, including the physicochemical
properties of the support (e.g., surface charge, roughness), the cell surface characteristics (such
as hydrophobicity, presence of fimbriae or flagella), and the composition of the growth medium.
Some microorganisms also secrete extracellular polymeric substances (EPS) that facilitate
adhesion. While adsorption is simple and economical, the binding may be unstable under
agitation unless reinforced by chemical linkers or pretreated supports (Abdelmajeed et al., 2012;
Geetal., 2017).

1.8.1.2.  Adsorption

Adsorption represents one of the earliest and simplest techniques for cell immobilization.
This method relies on non-covalent interactions (primarily electrostatic attractions and van der
Waals forces) between the microbial cell surface and a charged or textured support material
(Figure 3a). These interactions are influenced by the surface properties of both the
microorganism and the carrier, including factors such as hydrophobicity, surface roughness,
and ionic charge (Jesionowski et al., 2014).
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In general, hydrophobic surfaces tend to promote stronger cell adhesion than hydrophilic
ones, a factor often exploited in reactor design. For example, in animal cell culture,
microcarriers provide a large surface area that supports the adhesion of anchorage-dependent
cells, enabling high-density growth (Ferrari et al., 2019).
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Figure 3. Schematic representation of key microbial immobilization methods: (a) adsorption,
(b) entrapment, (c) covalent binding, (d) cross-linking (D. Liu et al., 2022).

Adsorption is favored for its operational simplicity, low cost, and minimal impact on cell
viability, as it does not require chemical modification or high temperatures. Common supports
used include natural rocks (e.g., pozzolan), biochar, glass beads, and synthetic foams, all of
which offer high surface area and porosity conducive to microbial retention (Willaert, 2011).

However, one key limitation of this technique is its reversible nature. A dynamic
equilibrium may develop between cell attachment and detachment, especially in systems with
agitation or hydraulic flow, leading to the coexistence of free-floating and immobilized cells.
As a result, adsorption may be less suitable for fast-growing microorganisms such as
Saccharomyces cerevisiae or E. coli, which can dominate the broth as free cells (Ge et al,,
2017).

63



Section I: Literature Review Chapter I

1.8.1.3.  Covalent binding

Covalent binding involves the chemical attachment of cells to a solid support via strong
covalent bonds (Figure 3c), typically formed using crosslinking agents like glutaraldehyde or
carbodiimide (Prabhakar et al., 2025). This technique generally uses functionalized inorganic
carriers (e.g., silica or modified polymers) that can react with groups on the microbial cell
surface (Zucca & Sanjust, 2014).

While it can offer greater immobilization stability than adsorption, its use in whole-cell
immobilization is limited. The low availability of suitable reactive groups on both the cell
membrane and carrier often reduces efficiency, and toxic crosslinkers may impair cell viability

during or after immobilization (D. Liu et al., 2022).

As a result, covalent binding is more appropriate when working with non-viable cells,
especially for biocatalytic applications where intracellular enzymes are utilized in place of
purified ones. In such cases, this method helps avoid the cost of enzyme extraction and provides
added protection to intracellular enzymes against environmental degradation (Hoarau et al.,
2017).

1.8.1.4. Entrapment

Entrapment is one of the most widely used and studied cell immobilization methods,
involving the physical confinement of cells within a gel matrix or porous particle as shown in
Figure 3b, without direct chemical bonding to the support (Bassani et al., 2019). This technique
provides a protective environment that minimizes the impact of external stressors and is

particularly suited to sensitive microbial systems (D. Liu et al., 2022).
a. Gel-Based entrapment

Cells are suspended in a gel-forming solution (e.g., alginate, k-carrageenan, gelatin,
polyvinyl alcohol) and solidified into beads or sheets. These gels are semi-permeable, allowing
substrate and product diffusion while retaining the cells inside. Calcium alginate is the most
commonly used material due to its biocompatibility, mild gelling conditions, and ease of
preparation (Ge et al., 2017; Willaert, 2011). However, mass transfer limitations and cell
leakage particularly from cell growth and bead degradation can reduce efficiency over time (D.
Liu et al., 2022).
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b. Entrapment in porous particles

Alternatively, cells can be immobilized within the pores of solid support materials such
as porous glass, ceramics, or zeolites. These carriers offer higher mechanical strength and
abrasion resistance, making them ideal for use in stirred-tank and packed-bed reactors (Bassani
et al., 2019; Willaert, 2011). This method supports large-scale operations and maintains high
cell viability during immobilization, though it may suffer from internal diffusion resistance and
lower volumetric cell density (Bouabidi et al., 2019).

Overall, entrapment methods are cost-effective, scalable, and highly compatible with
repeated-batch and continuous fermentation systems. However, they are best suited for
reactions involving small-molecule substrates, as diffusion limitations can affect performance

in more complex systems.

1.8.1.5.  Cross-linking

Cross-linking is a chemical immobilization technique where microbial cells or enzymes
are linked together using multifunctional cross-linking agents (Figure 3d), forming stable,
insoluble aggregates. Unlike covalent binding, cross-linking does not require a support matrix,
as the cells are immobilized by forming intercellular bonds. Common agents include
glutaraldehyde, diacetamide, maleic anhydride, and dialdehyde cellulose (DAC) (D. Liu et al.,
2022).

This method is widely applied in non-viable cell systems or for enzyme immobilization,
as the cytotoxic nature of the cross-linking agents can significantly impair live cells (Dzionek
et al., 2021). However, it provides high mechanical and thermal stability and simplifies the
downstream recovery process (C. H. Lee et al., 2021).

Cross-linking is an irreversible process, making it suitable for processes where biomass
reuse and high resistance to stress are more critical than cell viability. It is also commonly used
in combination with other methods such as entrapment or adsorption to improve overall

immobilization strength and durability (Bouabidi et al., 2019)
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Chapter I1:

Isolation and characterization of polyphenol-tolerant yeast strains

I1.1. Introduction

The increasing urgency to address climate change, environmental degradation, and fossil
fuel dependency has led to growing global interest in alternative, renewable energy sources.
Among these, bioethanol has emerged as a key candidate for replacing conventional petroleum-
based fuels due to its clean-burning properties and renewable nature (Devi et al., 2022).
Bioethanol is primarily generated through the microbial fermentation of sugars and starches,
with Saccharomyces cerevisiae being the most widely used organism, owing to its well-
documented ethanol tolerance and robust fermentation efficiency (Perruca Foncillas et al.,
2023).

Historically, bioethanol production has depended heavily on first-generation feedstocks
such as sugarcane, maize, and other starchy crops. While effective, this strategy raises ethical
and economic concerns, as it may intensify competition with food supplies and exert pressure
on agricultural land use, undermining the very sustainability objectives that biofuels are
intended to support (Appelt et al., 2022; H. Huang et al., 2023; Wardani et al., 2023b).

In this context, agro-industrial by-products present an attractive alternative. One such
substrate, olive oil wastewater (OOW) a major effluent generated during olive oil extraction
holds considerable promise due to its high content of fermentable organic matter, particularly
sugars (Alkhalidi et al., 2023; Massadeh et al., 2022). Algeria, being a significant olive-
producing country, generates large volumes of this effluent annually. However, OOW also
presents significant challenges: it is rich in polyphenols and fatty acids, which possess
antimicrobial properties that can inhibit microbial metabolism and compromise fermentation
performance (Canal et al., 2019; Sar & Akbas, 2023). These compounds disrupt cellular
membranes and interfere with key metabolic processes, posing a major obstacle to the direct
bioconversion of OOW into bioethanol (Abu-Lafi et al., 2017; Cuffaro et al., 2023).

Effectively valorizing OOW not only addresses the environmental concerns associated
with its disposal but also aligns with the principles of the circular economy transforming waste
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streams into value-added products. This requires the development or identification of resilient
microbial strains capable of fermenting OOW under its native, harsh conditions. In particular,
yeast strains with high tolerance to both polyphenols and elevated ethanol concentrations are
needed. These strains must exhibit specialized adaptations, such as fortified membrane
integrity, efficient efflux systems, and polyphenol-detoxifying pathways (Parapouli et al., 2020;
Villarreal et al., 2022).

To date, most bioethanol studies involving OOW have relied on strategies such as
detoxification, dilution, or the use of commercial, lab-adapted yeast strains. While these
methods have shown promise, they involve added processing steps and costs, which reduce
economic feasibility at larger scales (Calabro et al., 2018; H. Zhang et al., 2023). In contrast,
the present study explores a cost-effective and eco-friendly alternative by isolating native yeast
strains already adapted to the polyphenol-rich environment of OOW that can perform

fermentation without pretreatment or chemical supplementation.

Specifically, this chapter presents the isolation, morphological identification, and
molecular characterization via rRNA-based sequencing of yeast strains obtained directly from
olive oil wastewater samples. The focus is placed on assessing their tolerance to inhibitory
compounds, particularly polyphenols, and evaluating their bioethanol production performance

across a gradient of untreated OOW concentrations.

The approach taken here differs from conventional methods by emphasizing the potential
of native microbial strains, already adapted to harsh environmental conditions, thereby
eliminating the need for detoxification or external additives. Through this work, the chapter
contributes to the broader thesis objective of developing sustainable, low-cost bioprocesses for
the valorization of agro-industrial residues. It specifically highlights a strategy for converting a
highly polluting effluent olive oil wastewater into a renewable source of bioethanol, offering a
practical application within the context of Algerian agro-industrial waste management and the
global pursuit of greener energy alternatives.

1.2. Materials and methods
11.2.1. Sample collection and preparation
11.2.1.1. Location of the sampling site:
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In this chapter, the olive oil wastewater (OOW) used for microbial isolation and
fermentation studies was sourced from the Ennakhla olive oil production facility, located in the
commune of Medjadja, within the Wilaya of Chlef, Algeria. This site is representative of

traditional olive oil processing in the region and was selected due to the high volume of

wastewater generated during the olive oil extraction season from December to February.

Figure 4. Geographic location of the Ennakhla olive oil mill in Medjadja (Chlef,
Algeria), showing the sampling site for olive oil wastewater.

11.2.1.2. Sampling

A total of three lots of 5 liters’ containers each were collected immediately after the
decantation stage a phase where granular solids naturally settle ensuring the samples retained
both their chemical complexity and native microbial load with minimal external contamination.
Samples were transported in clean containers and preserved at 4°C to maintain their original

properties until laboratory processing.
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Figure 5. Photograph of a 5-liter container filled with freshly collected olive oil wastewater

(O0OW).
11.2.1.3. Samples preparation

Before being used in the experiments, the raw olive oil wastewater (OOWW) underwent
a two-step pretreatment process aimed at removing large particulates and reducing inhibitory
components. First, it was passed through a fine mesh sieve to eliminate visible solid debris.
Then, the filtrate was subjected to centrifugation at 5,000 rpm for 10 minutes to allow
sedimentation of suspended solids. During this step, the upper oil layer was carefully removed
to reduce the hydrophobic load and potential fermentation inhibitors. The resulting clarified
supernatant was collected and designated as the working substrate for yeast isolation,
physiological tests, and fermentation assays.

For experiments involving tolerance assessment, the clarified OOW was diluted with
distilled, autoclaved water to prepare a concentration series of 10%, 25%, 50%, 75%, and 100%
(v/v). This dilution series enabled a stepwise evaluation of yeast performance across increasing
levels of potential inhibitors, particularly polyphenols and fatty acids, which are known to be
abundant in OOW.
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To establish a baseline understanding of the substrate’s composition, comprehensive
physicochemical analyses were conducted. The pH was measured using a calibrated digital pH
meter (Hanna Instruments). Organic load parameters, namely Chemical Oxygen Demand
(COD) and Biochemical Oxygen Demand over 5 days (BODI ), were determined according to
standard protocols published by the American Public Health Association (APHA, 2017a). The
total acidity was assessed through acid-base titration, using 0.1 M NaOH and phenolphthalein

as a visual endpoint indicator.

Additional analytical methods were employed to quantify key chemical constituents.
Nitrite (NO[1~ ) concentrations were measured via a colorimetric reaction with Griess reagent,
adhering to APHA guidelines. The total polyphenol content, which plays a critical role in
microbial inhibition, was quantified using the Folin—Ciocalteu assay, following the procedure
detailed by (Russo et al., 2022) Carbohydrate content was evaluated by determining both
glucose and total reducing sugars using the 3,5-dinitrosalicylic acid (DNS) method, as described
by (Jain et al., 2020). All measurements were performed in triplicate to ensure both

reproducibility and data reliability.

11.2.2. Yeast isolation and culturing

In this chapter, yeast strains were isolated directly from the collected untreated olive oil
wastewater (OOWW) samples to assess their tolerance and fermentation capacity in this
complex substrate. The wastewater was first subjected to serial dilution using sterile saline
solution (0.9% NaCl), with dilutions ranging from 10~ *to 10~ ® . From each dilution, 100 pL
was aseptically spread onto Sabouraud Dextrose Agar (SDA) plates (Merk KGaA, Germany).
The medium was prepared with 40 g/L dextrose, 10 g/L peptone, 20 g/L agar, and 1 L of sterile
distilled water, and adjusted to a pH of 5.4 to support yeast growth.
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Figure 6: Process of dilution and inoculation of the yeast strains.

To prevent bacterial contamination, the medium was supplemented with chloramphenicol
(0.05 g/L). Inoculated plates were incubated at 30°C for 48 hours, allowing for the development

of yeast colonies.

After incubation, individual colonies were selected based on distinct morphological traits
such as colony size, elevation, surface appearance, pigmentation, and edge structure. These
candidate colonies were sub-cultured on fresh SDA plates to ensure purity and were maintained
on Sabouraud agar slants at 4°C for long-term storage. Regular sub-culturing was performed to

maintain cell viability and activity throughout the study.

In parallel, a commercial Saccharomyces cerevisiae strain (Saf-instant®, Lesaffre,
France), commonly used in industrial baking, was employed as a reference strain. This strain
was rehydrated in sterile distilled water according to the manufacturer’s instructions and used
under identical fermentation conditions to the selected isolate (Y17), enabling direct
performance comparisons during fermentations conducted in undiluted (100%) OOWW for 72

hours.
11.2.3. Morphological identification

The initial characterization of the isolated yeast strains and the commercial strain was
conducted using morphological criteria, which provided essential preliminary data for

differentiating and selecting promising candidates for further testing.
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A. Colony morphology

Colony-level traits were assessed after cultivating the isolates on Sabouraud Dextrose
Agar (SDA) plates, incubated at 30°C for 48 hours. Key phenotypic descriptors such as colony
diameter, pigmentation, margin definition, surface texture (smooth, wrinkled, or mucoid),
elevation, and overall shape were carefully recorded. These macroscopic features helped
distinguish between different strains and facilitated the identification of potentially robust

fermentative yeasts.

B. Cellular morphology

To observe microscopic characteristics, a small portion of each yeast colony was
transferred using a sterile loop and suspended in a drop of sterile distilled water on a clean
microscope slide. The cells were stained using methylene blue, which allows for the assessment
of cell viability as well as structure. Under 400x magnification using a light microscope, cell
size, shape (spherical, ovoid, or elongated), budding patterns (single, multilateral), and internal

clarity were examined.

This morphological screening provided valuable preliminary insight into yeast identity
and vitality before progressing to molecular-level identification. Particular attention was paid
to the presence of budding cells and typical features of ascomycetous yeasts, which are
indicative of the Saccharomyces genus.

11.2.4. Fermentability testing

The fermentative potential of the yeast strains isolated from olive oil wastewater was
evaluated using the Durham’s tube method, as outlined by (Reiner, 2012). In this approach,
each yeast isolate was inoculated into test tubes containing 10 mL of Sabouraud Dextrose Broth,
supplemented with 1% (w/v) glucose to provide a carbon source for fermentation. A Durham
tube, placed in an inverted position within each test tube, was used to trap the carbon dioxide

(CO1J) gas released during the fermentation process.
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Figure 7. Prepared fermentability test tubes containing Sabouraud Dextrose Broth supplemented

with 1% (w/v) glucose. Inverted Durham tubes were placed inside to capture carbon dioxide
(CO1J) produced during fermentation.

The test tubes were then incubated at 30°C for 48 hours under anaerobic conditions to
promote fermentation. The accumulation of gas in the Durham tube was monitored periodically,
with the presence of CO[] serving as an indicator of successful fermentation. Yeast isolates that
demonstrated clear evidence of CO[l production were considered positive for fermentation

activity and were subsequently selected for further studies on ethanol production.

11.2.5. Assessment of yeast tolerance to olive oil wastewater polyphenols

To assess the ability of selected yeast strains to tolerate the polyphenol-rich environment
of olive oil wastewater (OOW), an adaptation assay was performed using Sabouraud Dextrose
medium supplemented with increasing concentrations of OOW. Only isolates that showed
positive results in the fermentability test were included in this experiment.

The test media consisted of Sabouraud broth amended with OOW supernatant at
concentrations of 10%, 25%, 50%, 75%, and 100% (v/v). Each selected yeast strain was
inoculated into 10 mL of the respective medium at an initial cell density of 1 x 1001 CFU/mL.
This concentration was determined through serial dilution and colony counting on solid media.
Cultures were incubated at 30°C for 48 hours under anaerobic conditions.
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Yeast growth was monitored both visually by checking turbidity and quantitatively,
through optical density measurements at 600 nm (OD[1[](1) using a spectrophotometer. The
ability of a strain to grow at higher OOW concentrations was taken as an indicator of polyphenol
tolerance. A strain was considered tolerant if it showed significant growth in 100% OOW,
defined as an increase in OD[I[1[1 of >0.15 from the initial value of 0.05, indicating biomass

accumulation.
11.2.6. DNA extraction and 5.8S-1TS rRNA sequencing

To enable molecular identification, the most promising yeast isolate was subjected to
sequencing of the 5.8S-Internal Transcribed Spacer (ITS) region of ribosomal RNA (rRNA), a

common marker for fungal taxonomy.

Genomic DNA was extracted from freshly cultivated yeast using the method outlined by
(Fazio et al., 2024), with slight adjustments to improve yield and purity. The extracted DNA
served as the template for polymerase chain reaction (PCR) amplification of the ITS region.

PCR was carried out in 50 pL reaction mixtures using a Thermal Cycler 2720 (Applied
Biosystems, Waltham, MA, USA). The PCR mix consisted of :

25 pyL of DreamTag™ Green PCR Master Mix 2X (Thermo Fisher Scientific),

2 pL each of the universal fungal primers ITS1 (5-TCC GTA GGT GAA CCT
GCG G-3') and ITS4 (5-TCC TCC GCT TAT TGA TAT GC-3'),

« 16 pL of nuclease-free ultrapure water,

5 pL of the DNA template.

The thermal cycling protocol included:

¢ An initial denaturation step at 95°C for 15 minutes to activate the Tag
polymerase,

« 35 amplification cycles consisting of denaturation at 95 °C for 1 minute, primer
annealing at 54 °C for 2 minutes, and extension at 72 °C for 2 minutes,

« Followed by a final extension step at 72 °C for 10 minutes.

PCR products were separated on a 1.5% agarose gel prepared with 1x TBE buffer (Lonza,
Switzerland) and stained with 3 pL of GelRed nucleic acid stain (Biotium, USA).
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Electrophoresis was conducted, and the bands were visualized under ultraviolet illumination

using a gel documentation system (Axygen).

The PCR-amplified ITS products were further analyzed through Restriction Fragment
Length Polymorphism (RFLP) to differentiate among yeast isolates at the molecular level. For
this purpose, two restriction endonucleases Haelll and Hinfl (Thermo Fisher Scientific,
Waltham, MA, USA) were selected due to their frequent use in yeast genotyping.

Each restriction reaction was carried out in a total volume of 20 pL and incubated at 37 °C
for 2 hours to ensure complete digestion. The resulting DNA fragments were resolved on a
2.0% agarose gel (1x TBE buffer), stained with GelRed, and subjected to electrophoresis at 100
V for 3 hours. Distinct RFLP patterns were visualized under UV light and analyzed to identify
genetic polymorphisms among the isolates.

Based on the RFLP profiles, representative isolates from each observed cluster were
selected for further identification via Sanger sequencing. The selected PCR products were
purified using the QlAquick PCR Purification Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. Sequencing was carried out using the same ITS primers (ITS1 and
ITS4) by an external sequencing provider (Eurofins Genomics, Vimodrone, Italy).

The sequence of the most promising strain, Y17, was deposited in the GenBank database
(NCBI Resource Coordinators, 2018) and assigned an accession number. To determine its
phylogenetic position, the sequence was compared with reference sequences using the BLAST
tool available at the National Center for Biotechnology Information (NCBI;
https://blast.ncbi.nlm.nih.gov/Blast.cgi).

For phylogenetic analysis, 12 type strains were selected based on their similarity to Y17,
and one strain, Torulaspora globosa CBS 764, was included as an outgroup. The sequences
were aligned using MUSCLE (Multiple Sequence Comparison by Log-Expectation) as
implemented by (Edgar, 2004), providing a robust multiple alignment for evolutionary

inference.

To elucidate the evolutionary relationships of the selected yeast isolate Y17, a
phylogenetic tree was constructed using the Maximum Likelihood (ML) method, employing
the Kimura 2-parameter (K2P) model for nucleotide substitution (Tamura & Nei, 1993). This
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model was chosen for its ability to account for different rates of transitions and transversions,
thereby providing a more accurate estimate of evolutionary distances.

The tree with the highest log-likelihood score (-1566.20) was retained as the most
representative of the dataset. The bootstrap support values, indicating the percentage of trees in
which the associated taxa clustered together, are displayed at each branch node, reflecting the
reliability of the inferred phylogenetic relationships.

To initiate the heuristic search, initial tree topologies were generated automatically by
applying both Neighbor-Joining (NJ) and BioNJ algorithms to a matrix of pairwise distances.
These distances were computed using the Maximum Composite Likelihood (MCL) approach.
Among the resulting trees, the one with the highest log-likelihood value was selected for further
analysis.

To better capture the variation in substitution rates among different sites, a discrete
Gamma distribution was employed, divided into five rate categories (+G), with a shape
parameter (o) of 0.5515. Additionally, the model incorporated a proportion of sites considered

evolutionarily invariable (+1), which represented 49.09% of the alignment positions.

The dataset used for this analysis included 13 nucleotide sequences, consisting of 12
closely related type strains identified through BLAST analysis and one outgroup species
(Torulaspora globosa CBS 764). Prior to tree construction, all positions containing gaps or

missing data were excluded, resulting in a final alignment of 632 positions.

All phylogenetic computations and tree visualizations were performed using MEGA7
software (S. Kumar et al., 2016), a widely adopted tool for molecular evolutionary genetics

analysis.

11.2.7. Ethanol productivity measurement

The ethanol production capacity of the selected yeast strains was evaluated in free cell
batch fermentation experiments. Yeast cells were inoculated into 1,000 mL fermentation flasks
containing 700 mL of olive oil wastewater (OOW) as a fermentation medium. The flasks were
equipped with an exhaust system allowing gas to escape through a one-way valve fitted with a
22-micron filter to prevent contamination. Additionally, a second outlet was incorporated to

facilitate sampling while minimizing the risk of contamination. Fermentation was carried out
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at 30°C for 72 hours under continuous shaking at 150 rpm to ensure proper mixing and

uncontrolled pH, as shown below in Figure 7.

Sampling orifice with
a one-way valve

Exhaust pipe with a one-
way valve 22 pm filter

Fermentation flask

=

Figure 8. Fermentation Setup: Actual Photograph and Schematic Representation of the
Experimental Configuration.

Samples were collected at predetermined time intervals: t=0, t=3h, t=12h, t=24h, t=48h,
and t=72h. At each time point, pH, optical density at 600 nm (ODsoo), and glucose concentration

were measured to monitor fermentation progress.

Glucose concentration was determined using the 3,5-dinitrosalicylic acid (DNS) method,
where reducing sugars react with DNS to produce a reddish-brown color. The absorbance at
540 nm was measured and compared against a glucose calibration curve to quantify glucose
levels (Jain et al., 2020).

The ethanol in the fermentation broth was first distilled using a rotary evaporator
(rotavapor) to separate it from other components. Ethanol concentration was then determined
using the permanganate method, which involves oxidation of ethanol by potassium
permanganate (KMnO[]) in an acidic medium. The reduction of KMnO[] from purple to
colorless was monitored, and ethanol concentration was quantified by comparing against a
calibration curve prepared using standard ethanol solutions (Geies & Abdelazim, 2021; P.
Zhang et al., 2019).
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11.3. Results
11.3.1. Physicochemical characteristics of Olive Mill Wastewater (OMW)

The olive mill wastewater (OMW) used in this study was analyzed for key
physicochemical parameters and is summarized in Table 5. The effluent exhibited an acidic pH,
high organic load, and a significant concentration of polyphenols, which are known inhibitors

of microbial fermentation.

Table 5. Physicochemical Characteristics of Olive Mill Wastewater (OMW)

Parameter Mean + SD Range
pH 4.6+0.2 43-4.7
Chemical Oxygen Demand (COD) 178 +5g0OLI/L 175-185
Biochemical Oxygen Demand (BOD[)) 7+0.3g0lI/L 6.7-7.3
Average Acidity (%) 1.65 +0.05 16-17
Nitrite 30 + 2 mg/L 28 - 32
Total Polyphenols 577+0.1¢g/L 56-5.38
Glucose concentration 26.0£0.4 g/L 25.6 — 26.4
Total reducing sugars ~29.5 £ 0.7 g/L (as glucose equivalents) 28.8 —30.2

11.3.2. Colony and cellular morphology

The morphological characteristics of yeast isolates obtained from olive oil wastewater
were assessed to provide a preliminary identification and to support strain selection for further
fermentation trials. Both macroscopic (colony) and microscopic (cellular) features were

examined.

Colony morphology was evaluated after 48 hours of incubation on Sabouraud Dextrose
Agar at 30°C. The isolates displayed variations in color, surface texture, elevation, and margin

characteristics, which are important for distinguishing between yeast species.
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Figure 9. Representative images of yeast isolates Y17: Colony morphology on Sabouraud
Dextrose Agar (top view).

Microscopically, cells were stained with methylene blue to assess shape, budding
patterns, and viability. Observations were made under 400x magnification using a light
microscope. Most isolates showed ovoid to ellipsoidal cells, with either unipolar or multipolar
budding. No hyphal or pseudohyphal structures were detected, supporting the classification of
isolates as true yeasts rather than dimorphic fungi.

Representative examples of both colony and microscopic morphology are shown in
Figure 9, and a summary of morphological traits is provided in Table 6.

Y21 [F

Y06 strain Y21 strain Y17 strain
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Figure 10. Microscopic images of some yeast isolates stained with methylene blue,
illustrating cell morphology x400

Table 6. Morphological Characteristics and arrangement mode on Yeast Strains Isolated from OOW

Strain Cell Shape Arrangement Morphological Features
Y02 Spherical to ovoidal Evenly distributed Slightly wrinkled surface
Y03 Ovoidal Scattered and paired Smooth surfaces, budding
Y06 Ovoidal Scattered cells Smooth surface, moderate budding
Y07 Cylindrical to oval Chains Clear budding, uniform arrangement
Y15 Ovoidal Dense clusters Smooth surface, distinct budding
Y16 Round to oval Small dense clusters Thick cell walls, budding
Y17 Ovoidal Small clusters Uniform size, smooth surface
Y18 Elongated Dense chains and Irregular budding scars

clusters
Y19 Elongated Dense clusters Compact pseudohyphal-like
structures
Y20 Elongated with chains Moderate clustering Polar budding visible
Y21 Ovoidal Moderate clustering Smooth surface, budding
YP1 Ovoid to elongated Dense clusters Thin cell walls, budding
YP2 Elongated Chains Pseudohyphal structures

11.3.3. gas production assessment

In this chapter, the fermentability of the isolated yeast strains was evaluated through

biogas production testing, which serves as an indirect measure of yeast metabolic activity and

fermentative capacity under anaerobic conditions. The test was performed using Durham tube

assays, where the presence of gas in the inverted vial indicated active fermentation.

Among the thirteen yeast isolates tested, only strain Y17 showed a positive gas

production, forming visible gas bubbles in the Durham tubes, thereby confirming its
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fermentative potential in the olive oil wastewater medium. This result highlights Y17 as a
promising candidate for subsequent bioethanol production trials.

All other strains—Y02, Y03, Y06, Y07, Y15, Y16, Y18, Y19, Y20, Y21, YP1, and
YP2—failed to exhibit any detectable biogas production, suggesting limited or no fermentative
activity under the test conditions.

These findings are summarized in Table 7.

Table 7: Results of biogas production by yeast strains using Dhuram’s tubes.

Strain Biogas Production
Y02 Negative (-)
Y03 Negative (-)
Y06 Negative (-)
Y07 Negative (-)
Y15 Negative (-)
Y16 Negative (-)
Y17 Positive (+)
Y18 Negative (-)
Y19 Negative (-)
Y20 Negative (-)
Y21 Negative (-)
YP1 Negative (-)
YP2 Negative (-)

11.3.4. Assessment of yeast tolerance to olive oil wastewater polyphenols

The tolerance of the selected yeast strain Y17 to the potentially inhibitory compound
particularly polyphenols present in olive oil wastewater (OOW) was assessed. This was
achieved by culturing the strain in media containing increasing concentrations of OOW (10%,
25%, 50%, 75%, and 100% v/v), diluted with sterile Sabouraud medium.

The growth kinetics of Y17 in each condition were monitored spectrophotometrically by
measuring optical density at 600 nm over a 48-hour incubation period. These measurements
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served as an indicator of cell proliferation and general metabolic activity under each level of
polyphenol stress.

As shown in Figure 10, the strain was able to grow across all tested concentrations, though
a decline in growth rate was observed at higher OOW concentrations. This result reflects the
inhibitory nature of polyphenols on yeast metabolism, yet underscores Y17’s robust tolerance,
even in undiluted OOW (100%).
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Figure 11. Growth of Y17 strain in olive oil wastewater at different concentrations over time
11.3.5. DNA sequencing results

The retained yeast strain Y17 was preliminarily identified based on its distinct
morphological characteristics and its capacity for biogas and ethanol production. To confirm
its taxonomic affiliation, DNA sequencing was conducted using the 5.8S-ITS rRNA region as
a molecular marker. The sequence analysis confirmed that Y17 belongs to the Saccharomyces
genus, and it was thus classified as Saccharomyces sp. Y17.

Members of the Saccharomycetaceae family are unicellular fungi typically exhibiting
oval to spherical cells, ranging in size from 2.5-10 pum x 4.5-21 um. These yeasts are facultative
anaerobes, meaning they can thrive in both aerobic and anaerobic environments. Under aerobic
conditions, they efficiently convert sugars into biomass, CO[], and energy, while under
anaerobic conditions, they shift metabolism toward alcoholic fermentation, primarily producing
ethanol (Stanzer et al., 2023).
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Saccharomyces species possess the metabolic versatility to assimilate various sugars,
including glucose, fructose, maltose, sucrose, galactose, and raffinose, but are typically unable
to utilize lactose and cellobiose (Busi¢ et al., 2018). These characteristics make them ideal
candidates for fermentation processes involving complex agro-industrial wastewaters such as

olive oil wastewater.

Saccharomyces pastorianus CBS 1538

Saccharomyces cariocanus NRRL 27337

bootstrap { {Z Saccharomyces eubayanus PYCC 6148
0.28 % Saccharomyces bayanus CBS 380
0.45 % Saccharomyces uvarum CBS 395
0.02 { 0 Saccharomyces arboricola CBS 10644
G - 0 Saccharomyces kudriavzevii ATCC MYA-4449
/ p 0.0 Saccharomyces mikatae ATCC MYA-4448
[z Saccharomyces jurei NCYC D5088
O Saccahromyces cerevisiae Y17
i O Saccharomyces cerevisiae CBS 1171
. ? O Saccharomyces paradoxus CBS 432
5 O
|

Torulaspora globosa CBS 764

Figure 12. Maximum likelihood (ML) phylogenetic tree generated from the 5.8S-ITS sequence of the
selected strain Y17 (shaded in blue) and its closest type strains. Numbers on branches represent bootstrap
values. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
Torulaspora globosa CBS 764 served as an outgroup.

The retained yeast strain Y17 was initially identified based on its distinct morphological
characteristics and promising fermentation performance. For molecular confirmation, the 5.8S-
Internal Transcribed Spacer (ITS) region of rRNA was sequenced, as this region is widely used

for fungal and yeast identification due to its high variability among species.

The resulting sequence was deposited in the GenBank database under the accession
number PQ566690. Phylogenetic analysis was performed to determine the evolutionary
relationship between Y17 and closely related yeast species. As illustrated in Figure 12, the strain
Y17 clustered closely with Saccharomyces cerevisiae CBS 1171, Saccharomyces paradoxus
CBS 432, and Saccharomyces cariocanus NRRL 27337, forming a distinct green clade.
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Sequence alignment revealed a 98.68% similarity between Y17 and S. cerevisiae CBS
1171, supporting its identification as a member of the Saccharomyces genus. This high degree
of similarity, combined with morphological and physiological traits, confirms that strain Y17

belongs to the Saccharomyces cerevisiae species complex.

11.3.6. Batch fermentation results with 100% Olive Oil Wastewater (OOW)

Batch fermentation trials with free cells were conducted using undiluted olive oil
wastewater (OOW) as the sole substrate, employing both the Saccharomyces cerevisiae strain
Y17 (Figure 13a) and a commercial yeast strain (Figure 13b) under identical conditions. The
performance of each strain was assessed over a 72-hour period by monitoring glucose
consumption, ethanol production, and pH changes (Figure 13).

At the onset of fermentation (t = 0), both systems exhibited a glucose concentration of
26.0 £ 0.4 g/L and a pH of 4.8 £ 0.1, with no detectable ethanol. After 12 hours, strain Y17
produced 3.2 + 0.2 g/L of ethanol, while the commercial strain yielded only 1.2 £ 0.1 g/L.

By 48 hours, ethanol concentration in the Y17 fermentation reached 10.8 + 0.5 g/L, with
residual glucose reduced to 7.0 = 0.3 g/L. In comparison, the commercial strain produced 6.0 +
0.4 g/L of ethanol and retained a significantly higher glucose level of 20.0 + 0.5 g/L.

At the conclusion of the fermentation (72 h), Y17 attained a maximum ethanol
concentration of 11.3 + 0.5 g/L, with glucose nearly depleted (1.0 + 0.1 g/L). Conversely, the
commercial yeast reached 8.6 + 0.4 g/L of ethanol and left 5.2 + 0.2 g/L of residual glucose.

Throughout fermentation, a progressive decline in pH was observed for both strains.
However, Y17 exhibited a more pronounced acidification, reaching a final pH of 3.8 + 0.1,
compared to 3.9 = 0.1 for the commercial strain.

The ethanol yield for Y17 was calculated at 0.45 g/g of glucose consumed, slightly
surpassing that of the commercial strain (0.41 g/g). These findings highlight the enhanced
fermentative potential and stress tolerance of the native Y17 strain in untreated OOW,
demonstrating superior sugar assimilation and ethanol productivity under harsh environmental

conditions.
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Figure 13. Comparative fermentation profiles of strain Y17 (A) and commercial S.
cerevisiae (B) in 100% olive oil wastewater (OOW). The graph illustrates glucose
consumption, ethanol production, and pH variation over 72 hours.

11.4. Discussion
11.4.1. Physicochemical characteristics of Olive Mill Wastewater (OMW)

The physicochemical parameters of the olive mill wastewater (OMW) analyzed in this
study are consistent with those commonly reported for similar agro-industrial effluents. The
measured pH of 4.6 + 0.2 falls within the typical acidic range of 4.5-5.5 cited in previous studies
(Bougherara et al., 2021b; Bouharat et al., 2018; Bouknana et al., 2014). The chemical oxygen
demand (COD) was determined to be 178 + 5 gO[1/L, while the biochemical oxygen demand
over five days (BOD(1) was 7 + 0.3 gO[]/L, yielding a COD/BOD!] ratio greater than 25. This
elevated ratio indicates the predominance of recalcitrant organic matter, which is poorly
biodegradable—an observation that aligns with findings reported by (Gueboudji et al., 2022b)
and with our prior investigations on OMW from the same geographical region (Rouam &
Meziane, 2025).

The polyphenol content measured in the OMW was 5.77 = 0.1 g/L, placing it within the
inhibitory range (0.5-8 g/L) commonly associated with microbial growth suppression
(Vavouraki et al., 2020). The antimicrobial nature of these phenolic compounds is well
established, and their presence can significantly hinder the development of non-tolerant

microbial populations during fermentation (Russo et al., 2022; Sar & Akbas, 2023).

These findings emphasize the complex and inhibitory composition of OMW,

underscoring its challenges as a fermentation substrate. Such environmental stress likely played
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a critical role in selecting for resilient yeast strains, particularly the polyphenol-tolerant
Saccharomyces cerevisiae strain Y17 isolated in this study.

11.4.2. Colony and cellular morphology

The morphological characterization of yeast strains isolated from olive oil wastewater
(OOW) provides valuable insights into their potential performance in fermentation processes.
As summarized in Table 6, the isolates exhibited significant diversity in cellular shape,
arrangement, and structural features traits that may influence their metabolic efficiency and
adaptability to harsh environmental conditions.

A variety of cell morphologies were observed, including spherical, ovoidal, cylindrical,
and elongated forms. For example, strains Y02 and Y21 exhibited spherical cells, arranged in
loose clusters and evenly dispersed populations, respectively. Spherical morphology is
generally associated with a stable growth phase, whereas ovoidal forms, as seen in strains Y03
and Y06, often reflect active metabolic states, characterized by smooth surfaces and evident
budding activity (J. Kim & Rose, 2015). Similar correlations between morphology and
metabolic activity have been reported in previous studies, highlighting the potential impact of
cell structure on fermentation outcomes (Sinigaglia et al., 2010).

The occurrence of elongated cells, particularly in strains Y18, Y19, Y20, and YP2,
suggests a possible stress-induced morphological shift. Such pseudohyphal or filamentous
structures are typically associated with environmental stress responses, such as nutrient
limitation or toxic compound exposure (conditions commonly found in OOW). These forms
indicate adaptive strategies that enable the strains to persist under adverse conditions (Ben Sassi
et al., 2008; Bleve et al., 2011; J. Kim & Rose, 2015).

Furthermore, certain strains exhibited structural adaptations that may confer additional
resilience. For instance, strain Y16, characterized by thickened cell walls, is likely to possess
enhanced tolerance to environmental stressors, which could contribute to increased survival and

performance during fermentation (Ben Sassi et al., 2008; Boutafda et al., 2019).

Overall, the morphological heterogeneity observed among the isolated strains
underscores their diverse physiological states and adaptive capacities which are factors that are

critical for selecting robust candidates for industrial bioconversion processes.
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11.4.3. Gas production assessment

To evaluate the fermentative potential of the isolated yeast strains, a gas production assay
was performed using Durham tubes, which serve as indicators of biogas generation during
anaerobic fermentation. among the thirteen yeast strains isolated from olive oil wastewater
(OOW), only strain Y17 demonstrated measurable gas production, suggesting its active
engagement in fermentative metabolism under the tested conditions. This finding is particularly
notable, as it positions Y17 as a promising candidate for bioethanol production utilizing OOW
as a substrate.

This observation is visually supported by the positive result seen in Figure 14, where gas

accumulation is clearly visible in the inverted Durham tube inoculated with strain Y17.

Figure 14. Gas production observed in Durham tube inoculated with strain Y17, showing
positive biogas formation as an indicator of fermentative activity.

The absence of gas formation in the remaining strains may indicate a limited capacity for
anaerobic sugar metabolism, despite the presence of viable and morphologically active cells.
This phenomenon can be attributed to several factors. First, although Sabouraud medium
supports general yeast growth, it may be suboptimal for inducing fermentation due to possible
deficiencies in micronutrients or cofactors essential for the activation of fermentative pathways
(Villarreal et al., 2022). Additionally, the high glucose concentration typically found in this
medium might have triggered catabolite repression, a regulatory mechanism where yeast cells
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suppress alternative metabolic routes in favor of glucose respiration, thereby inhibiting
fermentation (H. Zhang et al., 2023).

It is also important to recognize that visible growth indicators, such as budding or colony
expansion, do not necessarily correlate with fermentative activity. Yeasts can proliferate under
aerobic or semi-aerobic conditions without producing biogas if energy metabolism is routed
through oxidative pathways ((G. dos S. Costa et al., 2024; Cuffaro et al., 2023). Moreover, the
genetic heterogeneity among environmental isolates likely played a role in the observed
variability. Some strains may lack key enzymes, such as pyruvate decarboxylase or alcohol
dehydrogenase, required for efficient ethanol and gas production (Ndubuisi et al., 2023; Perruca
Foncillas et al., 2023).

This aligns with previous findings where not all yeast strains exhibit equal fermentative
capabilities, especially when challenged with non-standard substrates or environmental
stressors, such as those present in agro-industrial effluents like OOW (Ben Sassi et al., 2008;
Kieliszek et al., 2017). The positive result observed with strain Y17 thus represents a critical
step in selecting efficient yeast candidates for valorizing OOW through bioethanol production.

11.4.4. Assessment of yeast tolerance to olive oil wastewater polyphenols

The ability of yeast strains to withstand the toxic effects of polyphenols is a crucial factor
when utilizing olive oil wastewater (OOW) as a substrate for bioethanol production. Due to the
inherently high polyphenolic load in OOW, only robust microbial strains can effectively
ferment such substrates. In the current study, the isolate Y17 demonstrated strong tolerance
across a range of OOW concentrations, indicating its suitability for fermentation in polyphenol-

rich environments.

Polyphenols, while valuable for their antioxidant properties in food and health contexts,
exhibit potent antimicrobial activity. They can compromise microbial viability by altering
membrane integrity, impairing transport systems, and interfering with enzymatic activity,
ultimately hindering cellular metabolism (Cuffaro et al., 2023; De Rossi et al., 2025; Sar &
Akbas, 2023).

Strain Y17's ability to grow and ferment under elevated polyphenol concentrations

suggests that it harbors inherent or adaptive mechanisms for resistance. These may include
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reinforced cell wall and membrane structures, active efflux pumps, or enzymatic systems
capable of neutralizing phenolic compounds (De Rossi et al., 2025; Villarreal et al., 2022). The
strain’s resilience underscores the importance of screening for polyphenol-tolerant yeasts when
designing bioconversion processes using agro-industrial residues like OOW.

11.4.5. DNA Sequencing results

The phylogenetic analysis based on the internal transcribed spacer (ITS) rRNA region
(Figure 12) confirmed the taxonomic identity of yeast strain Y17. This strain clustered within
a well-supported monophyletic group alongside Saccharomyces cerevisiae CBS 1171, S.
paradoxus CBS 432, and S. cariocanus NRRL 27337. Notably, Y17 was positioned in the same
clade as the reference strain S. cerevisiae CBS 1171, indicating a close evolutionary
relationship.

These molecular findings confirm that strain Y17 belongs to the genus Saccharomyces,
and more specifically, to the species Saccharomyces cerevisiae. Its affiliation with this taxon is
further supported by phenotypic traits observed during the initial morphological identification.
On Sabouraud Dextrose Agar, Y17 formed colonies and cellular structures typical of S.
cerevisiae, including ellipsoidal cells with multilateral budding patterns.

The confirmed identity of Y17 as S. cerevisiae Y17 reinforces its relevance as a promising
bioethanol-producing strain. This species is well-documented for its robustness and adaptability
to stressful fermentation environments, such as high ethanol levels and the presence of
antimicrobial polyphenols both characteristic of olive oil wastewater (OOW) (Devi et al., 2022;
Wardani et al., 2023b). In addition, S. cerevisiae possesses a highly versatile metabolism,
allowing it to efficiently ferment a range of sugars even in the presence of inhibitory substances
(H. Huang et al., 2023).

Overall, these results emphasize the potential of Y17 as a high-performing, stress-tolerant
yeast strain suitable for the conversion of complex agro-industrial by-products like OOW into

bioethanol, contributing both to waste valorization and sustainable energy production.

11.4.6. Batch fermentation with 100% Olive Oil Wastewater (OOW)

In fermentation experiments utilizing undiluted olive oil wastewater (OOW),
Saccharomyces cerevisiae Y17 demonstrated high fermentative performance. After 72 hours,
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the strain produced a peak ethanol concentration of 11.3 g/L, corresponding with a sharp
glucose depletion from 26.0 g/L to just 1.0 g/L and a pH drop from 4.8 to 3.8. This yielded an
ethanol conversion efficiency of 0.43 g ethanol per g glucose consumed—placing it within the
upper range of yields previously reported for untreated or minimally processed OOW (Ayadi
et al., 2022a; Nikolaou & Kourkoutas, 2018; Sarris et al., 2013). The production of over 10 g/L
ethanol by 48 hours closely parallels the kinetics described in batch fermentations conducted
by Sarris et al., where final ethanol levels ranged from 12 to 15 g/L.

Under the same fermentation conditions, the commercial Saccharomyces cerevisiae Saf-
instant® strain produced a lower ethanol concentration (8.6 g/L), with a residual glucose level
of 5.2 g/L and a slightly lower yield (0.41 g/g). These results underscore Y17’s superior
fermentative capacity in complex substrates, a trait likely derived from its environmental origin
and natural resistance to phenolic toxicity. This aligns with the observations of Parapouli et al.
(2020), who reported that wild S. cerevisiae isolates often outperform industrial strains in
challenging or inhibitor-rich media.

Significantly, fermentation was achieved without prior detoxification or physicochemical
treatment of the OOW, and the process remained effective despite a steady acidification of the
medium. The final pH of 3.8 falls within the typical range observed in OOW fermentations,
where acid accumulation is a natural consequence of yeast metabolic activity (Ayadi et al.,
2022a). Unlike many protocols that require immobilization to stabilize fermentation in such
media, strain Y17 performed efficiently in free-cell form, suggesting a high level of metabolic

resilience.

Comparative data from studies using non-Saccharomyces yeasts (e.g., Pichia, Candida)
further highlights the strength of Y17. While certain non-conventional strains exhibit phenolic
detoxification capabilities, they often display poor tolerance to ethanol accumulation and
reduced productivity under stress (Abdelhadi et al., 2010; Dragicevi¢ et al., 2010; Foti et al.,
2021; Jamai & Ettayebi, 2015; Ndubuisi et al., 2023). In contrast, Y17 maintained high ethanol
output and growth throughout the fermentation period.

These findings confirm the promising potential of S. cerevisiae Y17 as a robust
biocatalyst for direct ethanol production from OOW. Its ability to withstand inhibitory
conditions and achieve substantial ethanol yields without additional treatment makes it an
attractive candidate for sustainable bioethanol applications. Future studies may focus on scaling
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up the process, investigating the genetic and biochemical basis of Y17’s phenol tolerance, and
exploring co-culture strategies with organisms capable of enhancing phenolic degradation prior

to fermentation.

11.5. Conclusion

This study successfully isolated and characterized a native yeast strain, Saccharomyces
cerevisiae Y17, from olive oil wastewater (OOW)—a substrate recognized for its complex
composition and inhibitory load due to high polyphenol content. Among the isolates tested,
Y17 exhibited outstanding tolerance to 100% untreated OOW and demonstrated efficient
ethanol production, reaching 11.3 g/L after 72 hours of fermentation.

The performance of Y17 underscores its strong adaptability to harsh environmental
conditions, effective glucose metabolism, and sustained fermentative activity even under
acidifying conditions. Notably, this wild-type strain outperformed the commercial S. cerevisiae
Saf-instant® under identical fermentation settings, reinforcing the potential of indigenous
strains in processing non-conventional, inhibitor-rich feedstocks.

These findings support the valorization of OOW as a promising substrate for sustainable
bioethanol production, offering the dual advantage of renewable energy generation and eco-
friendly waste management. The identification of S. cerevisiae Y17 as a robust, phenol-tolerant
strain opens avenues for future research, including process scale-up, fermentation optimization,
and potential integration with detoxification or immobilization technologies. Ultimately, this
work contributes to advancing circular bioeconomy strategies through the biotechnological

valorization of agro-industrial byproducts.
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Chapter 111

Bioethanol production from agro-industrial by-products using
immobilized yeasts

11.1. Introduction

In Algeria, the agro-food sector generates millions of tons of by-products and residues
each year. Although often treated as waste, these materials are rich in organic compounds and
fermentable sugars, presenting significant potential for biotechnological valorization. Among
the most prominent examples are cheese whey from dairy industries, olive mill wastewater
(OMW) from olive oil production, and sugarcane or sugar beet molasses from the sugar
industry. Instead of contributing to environmental burden, these by-products can serve as low-
cost substrates for the production of bioethanol, a renewable energy source (Abu Tayeh et al.,
2014; Alvarez-Cao et al., 2020; Pasotti et al., 2017). In recent years, considerable attention has
been given to the bioconversion of agro-industrial residues, with particular interest in strategies

that combine multiple waste streams to enhance fermentation efficiency.

The production of bioethanol from such waste not only addresses pressing environmental
issues associated with waste disposal but also contributes to the development of sustainable,
low-carbon energy alternatives. Bioethanol, as a renewable fuel, holds significant promise for
reducing greenhouse gas emissions and decreasing reliance on fossil fuels (Falowo & Betiku,
2023). Although various methods exist for bioethanol production, fermentation remains the
most widely studied approach due to its ability to utilize a broad range of carbon-rich substrates
(Duque et al.,, 2021). Nonetheless, most existing studies have focused on single-waste
fermentation, overlooking the potential advantages of co-fermentation systems.

Enzymatic hydrolysis has emerged as a crucial pre-treatment step for enhancing the
fermentability of complex waste materials. Through enzymatic breakdown, polysaccharides are
converted into simpler sugars, thereby improving the efficiency of subsequent fermentation
processes (Vasi¢ et al., 2021). Despite its success in single-substrate systems, the application
of enzymatic hydrolysis in multi-waste fermentations remains relatively unexplored (Cheng et

al., 2020). Furthermore, the immobilization of yeast cells a technique that offers enhanced

93



Section I1: Experimental Methodology Chapter 111

stability, reusability, and tolerance to fermentation stresses has not been widely investigated in
the context of mixed-substrate fermentations (de Araujo et al., 2024).

This Chapter focuses on evaluating the synergistic effects of co-fermenting olive oil mill
wastewater, milk whey, and sugarcane molasses for bioethanol production. Special emphasis is
placed on optimizing enzymatic hydrolysis using a commercial multi-enzyme complex,
Natuzyme, by testing different enzyme concentrations to maximize the release of fermentable
sugars. Additionally, the impact of yeast immobilization on pozzolan, a highly porous volcanic
rock, is assessed to determine improvements in fermentation performance compared to free-

cell systems (Indira et al., 2015).

The objectives of this research are to optimize the enzymatic hydrolysis process for
enhanced sugar availability, evaluate the influence of immobilized yeast on fermentation
kinetics and ethanol yield, and identify the most effective combination of OMW, MW, and
molasses in terms of ethanol production. Through an integrated approach combining waste
valorization, enzymatic treatment, and cell immobilization, this study aims to develop a more

efficient and sustainable strategy for bioethanol production from agro-industrial residues.

11.2. Materials and methods

1.2.1. Sample collection

Agro-industrial by-product samples were collected from various local industries across
Algeria. Each sample was coded upon collection and stored at 4°C in a dark environment within
the Laboratory of Natural Bio-Resources, University of Hassiba Benbouali, Chlef, until further

use. The substrates employed in this study included:

e Olive Oil Waste-Water (OOWW): Samples were collected from the EI Nakhla olive
mill, located in northwestern Algeria (36°26'03” N, 1°41'32" E), during the olive

harvesting season (October—December) to ensure maximum sugar concentration.

e Milk Whey (MW): Sourced from the El Saada dairy production facility, specialized in
yogurt and cheese manufacturing, situated in northern Algeria (35°68'63” N, 0°34'50"

W).

e Sugarcane molasses (SCM): Obtained from the Berrahal sugar refinery, located in
western Algeria (35°91'53"” N, 0°07'78" E).
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e Pozzolan Rocks: Used as a natural immobilization support, collected from the ENG
Pozzolan quarry in western Algeria (35°28'58" N, 1°40'95” W).

e Natuzyme: A commercial multi-enzyme complex, acquired from Safana, an animal

nutrition supplier based in eastern Algeria.

11.2.2. Samples preparation
111.2.2.1. Olive Oil Wastewater (OOWW):

The raw OOWW underwent a multi-step pretreatment process to reduce its content of
solids, oils, and inhibitory compounds. Initially, it was passed through a fine mesh sieve to
remove visible solid debris. The filtrate was then centrifuged at 5,000 rpm for 10 minutes to
sediment suspended solids. After centrifugation, the upper oil layer was carefully removed to
minimize the hydrophobic load. The clarified aqueous phase was subsequently diluted at a 1:10
ratio with distilled water to further lower the concentration of naturally occurring inhibitory
substances.

111.2.2.2. Sugarcane Molasses (SCM):

SCM was diluted at a 1:10 ratio with distilled water to reduce its high viscosity and sugar
concentration, thereby standardizing it for fermentation. The diluted solution was mixed
thoroughly until homogeneity was achieved before use.

111.2.2.3. Milk Whey (MW):

Due to its high water content, milk whey was diluted at a 1:5 ratio with distilled water.
This level of dilution was selected to retain sufficient concentrations of fermentable sugars

while improving consistency across experiments.

111.2.2.4. Pozzolan Rocks (Immobilization Support):

To prepare the pozzolan rocks for use as immobilization support, a detailed multi-step
treatment protocol was applied to ensure the appropriate size, porosity, and sterility of the
material. These steps aimed to eliminate physical impurities, organic residues, and microbial
contaminants while enhancing the surface characteristics of the support.

o Crushed into small aggregates (4—6 mm in diameter) using a motorized metal hammer.
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o Sieved to obtain uniform particle size (see process in Figure 14).

o Heated in a muffle furnace at 500 °C to increase porosity and destroy biological
residues.

o Allowed to cool, then rinsed several times with tap water.

e Immersed in alcohol for 24 hours to remove residual organic matter.

o Treated with hydrogen peroxide solution for disinfection and oxidation of remaining
contaminants.

e Washed thoroughly with distilled water to eliminate chemical residues.

e Dried inan oven at 105 °C for 10 hours.

o Sterilized by autoclaving at 120 °C for 20 minutes.

e Figure 14. The crushing and sieving process of the Pozzolan rocks.

Before enzymatic hydrolysis and fermentation, all liquid substrates and prepared

pozzolan supports were sterilized to avoid microbial contamination.

11.2.3. Yeast strain and preparation of inoculum

The yeast strain used in this study was Saccharomyces cerevisiae Y17, previously isolated
from olive oil  wastewater (OOWW) for its  polyphenol  tolerance.
To prepare the inoculum, the strain was first cultured on Sabouraud agar medium (composed
of 40 g/L dextrose, 10 g/L peptone, and 20 g/L agar) and incubated at 30°C for 48 hours.
Subsequently, a pre-culture was initiated by inoculating selected yeast colonies into 100 mL of
a sterilized mixture of the diluted substrates. The culture was incubated at 30°C under orbital
shaking at 150 rpm for 24 hours, allowing the yeast cells to reach the exponential growth phase,

which is ideal for fermentation initiation.
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111.2.4. Static fermentation tests

Preliminary fermentation tests were performed to evaluate the feasibility of ethanol
production under the designed experimental conditions and to troubleshoot potential
operational issues. Static fermentation assays were carried out over a 48-hour period using the
S. cerevisiae Y17 strain. The production of carbon dioxide (COLJ), a by-product of ethanolic
fermentation, was monitored as an indirect indicator of ethanol production. This evaluation was
based on the stoichiometric relationship where one mole of glucose produces two moles of
ethanol and two moles of CO(1, as described by Kumara Behera and Varma (2017).

The CO[J produced during fermentation was quantified using a gas collection system
based on the displacement of a syringe piston connected to a sealed fermentation tube.
Each fermentation test was conducted in triplicate to ensure the reliability and reproducibility
of the results.

«— Syringe

Syringe piston
displacement

Sealed fermentation
tube

-— Fermentation medium

Figure 15. The gas collection system based on the displacement of a syringe piston
connected to a sealed fermentation tube.

11.2.5. Formulation of fermentation media using agro-industrial waste mixtures
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To optimize fermentation performance and enhance ethanol production, different
formulations were prepared by mixing the three pretreated agro-industrial wastes—olive oil
wastewater (OOWW), milk whey (MW), and sugarcane molasses (SCM)—in varying
proportions. Four mixtures were tested to evaluate the effect of substrate composition on yeast

fermentation efficiency (Table 9).

Table 9: Composition of fermentation media using different mixtures of agro-industrial

wastes
Mixtures ooww MW SCM
Mix 1 33% 33% 33%
Mix 2 25% 25% 50%
Mix 3 50% 25% 25%
Mix 4 25% 50% 25%
111.2.6. Enzymatic hydrolysis

To enhance sugar availability, enzymatic hydrolysis was carried out using Natuzyme, a
commercial enzyme complex from Bioproton, recognized for its broad-spectrum activity on
polysaccharides. The enzyme mixture contains phytase, a-amylase, xylanase, f-mannanase, -
glucanase, cellulase, protease, lipase, and pectinase, which together facilitate the breakdown of

complex carbohydrates.

et Weight 20kg

NATUZYME <&

FEED FNZYME FOR PIGS AND POULTRY

Figure 16. The Label for the composition and posology of Natuzyme.
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Three different enzyme concentrations were tested: 0.25%, 0.5%, and 0.75% (w/v), based
on results from preliminary trials. Enzymatic hydrolysis was performed at 30°C with the pH
adjusted to 5.0 using 0.1M HCI or NaOH. The incubation period lasted for 48 hours, during
which continuous stirring was maintained at 150 rpm.

Figure 17. The enzymatic hydrolysis setup (0.25%,0.5% and 0.75%).

To quantify glucose concentrations before and after the hydrolysis process, the 3,5-
dinitrosalicylic acid (DNS) method was employed, as outlined by (Jain et al., 2020).

11.2.7. Static FreeCell (non-immobilized) fermentations assays

111.2.7.1. Fermentation of individual substrates at varying enzyme doses

To assess the effect of enzymatic hydrolysis on fermentative gas production from each
agro-industrial waste, static batch fermentations were conducted using non-immobilized (free)
cells of Saccharomyces cerevisiae Y17. The three substrates olive oil wastewater (OOWW),
milk whey (MW), and sugarcane molasses (SCM) were fermented individually.

Each substrate underwent enzymatic pretreatment at four different Natuzyme
concentrations: 0% (untreated), 0.25%, 0.5%, and 0.75% (w/v). Hydrolysis was carried out for
48 hours at 30 °C and pH 5.0 with constant agitation at 150 rpm, following the procedure
outlined in Section 111.2.6. After hydrolysis, 200 mL of each treated substrate was transferred

into a 250 mL sealed flask and inoculated with yeast for static fermentation.
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COL[] evolution was monitored over a 72-hour period using a gas collection system based
on syringe piston displacement (see Section 111.2.4). The cumulative CO[] volume was used as
an indirect measure of ethanol production, based on the stoichiometric fermentation equation:

CoHy,05 = 2C,HOH + 2CO0,

This equation implies that 1 mole of glucose yields 2 moles of ethanol and 2 moles of
CO[, allowing ethanol yield to be inferred from CO[l volume. Each fermentation was

performed in triplicate to ensure statistical accuracy and reproducibility.

111.2.7.2. Fermentation of substrate mixtures (mix 1-4) with and without

enzymatic treatment

To explore the effect of combining agro-industrial wastes on ethanol fermentation
efficiency, four different substrate mixtures (Mix 1 to Mix 4; see Table 9) were formulated and
tested using free cells of S. cerevisiae Y17 and Saf-instant commercial. Each mix was evaluated
under two conditions: without enzymatic hydrolysis (0%) and with 0.5% (w/v) Natuzyme

treatment.

Following hydrolysis (for enzyme-treated samples) or dilution (for untreated ones),
200 mL of each mix was transferred into 250 mL Erlenmeyer flasks and subjected to static
fermentation for 72 hours. CO[J evolution was monitored using the same displacement system

described previously.

Cumulative CO[ production was measured for each condition and compared across the
four mixtures to identify the most efficient substrate combination and the effect of enzymatic
treatment. As before, results were used to infer ethanol yield using the glucose fermentation

equation, and all assays were performed in triplicate for statistical reliability.

111.2.8. Simultaneous Saccharification and Batch Fermentation (SSF) with
Free Cells

Fermentation assays were conducted using batch culture in 1 L glass flasks, each
containing 700 mL of'the selected substrate mixtures. The fermentations were carried out under

agitation at 150 rpm and a constant temperature of 30 °C for a total duration of 72 hours. These
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trials were performed using free (non-immobilized) yeast cells, allowing direct contact between

the microbial biomass and the fermentation medium.

To maintain sterile and semi-anaerobic conditions, the flasks were equipped with one-
way gas release valves and 22-micron filters, permitting the escape of CO[1 while preventing
external contamination as shown in Figure 19. Sampling was performed aseptically through a
dedicated sampling port at regular intervals.

Based on previous optimization studies, a single enzyme concentration of 0.5% (w/v)
Natuzyme® was used for all substrate formulations. The process was conducted as a
simultaneous saccharification and fermentation (SSF), where enzymatic hydrolysis of complex

carbohydrates and ethanol fermentation occurred concurrently.

The four substrate mixtures tested (Mix 1, Mix 2, Mix 3, and Mix 4) were prepared from
combinations of olive oil wastewater (OOWW), milk whey (MW), and sugarcane molasses
(SCM), as described in Section I11.2.5.

Throughout the fermentation, the following parameters were measured:

° pH
« Residual glucose concentration (via the 3,5-dinitrosalicylic acid [DNS] method)
« Ethanol concentration

111.2.9. Simultaneous saccharification and Batch fermentation (SSF) with

immobilized cells

Fermentation experiments were performed using batch culture in 1 L glass flasks, each
containing 700 mL of substrate mixture, incubated at 30 °C with continuous shaking at 150 rpm
for a period of 72 hours. To maintain sterility and anaerobic conditions, the flasks were
equipped with one-way gas release valves and 22-micron filters to prevent contamination as
shown in Figure 19. Sampling was carried out in a sterile zone using a dedicated sampling
orifice. Based on preliminary optimization results, the best-performing enzyme dose of 0.5%
was selected and applied uniformly across all four fermentation mixtures (Mix 1, Mix 2, Mix 3

and Mix 4) to enhance the hydrolysis of complex substrates and improve fermentability.
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9 \r\, ) Q M\ o e Sampling orifice with

‘ "N 2% a one-way valve

. Exhaust pipe with a one-
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Fermentation flask

Immobilized cells in
pozzolan rocks

Shaker

Immobilized Cells Free Cells

Figure 19. Fermentation setup schematic representation of the experimental
configuration for both free and immobilized cells.

111.2.10. Cell immobilization

In a previous study (Ayadi et al., 2022), we developed a method for yeast cell
immobilization using pozzolan, a naturally occurring, porous volcanic rock known for its high
surface area, which enhances cell attachment and retention. The pozzolan was first washed
thoroughly to remove any debris, followed by drying, and then autoclaved at 121°C for 15
minutes to ensure sterility and eliminate any potential contaminants. Sterile pozzolan was
subsequently introduced into YPD medium, which had been inoculated with pre-cultured
Saccharomyces cerevisiae Y17. The mixture was incubated at 30°C for 24 hours to facilitate
biofilm formation and effective cell immobilization (Figure 20). To confirm the success of the
immobilization process, microscopic observations were conducted to examine the formation of
the yeast biofilm on the pozzolan particles. Additionally, viable cell counting was performed to
ensure that the immobilized cells were still metabolically active and capable of contributing to

the fermentation process.
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Figure 20. Pozzolane rocks under binocular observation x40 : (1) before yeast immobilization,
showing a porous structure, and (2) after immobilization, highlighting yeast clusters formation
on the surface.

11.2.11. Analytical methods

To monitor the progress of fermentation, several key parameters were measured:

e pH: The pH of the fermentation broth was measured using a BANTE-210 benchtop pH
meter.

e Optical density (ODsoo): The optical density at 600 nm (OD600) was measured to
estimate cell growth using a Shimadzu UV-1800 spectrophotometer, which was
connected to a computer for data analysis.

e Glucose concentration: Glucose concentration in the fermentation broth was
determined using the 3,5-Dinitrosalicylic Acid (DNS) method, as described by Jain et
al. (2020). The reagent used was 3.5-DNS 97+ from Alfa Aesar, Germany.

o Ethanol concentration: Ethanol was separated from the fermentation broth using a
rotary evaporator (Rotavapor Bichi R-100). The ethanol concentration was then
determined via potassium permanganate titration, as outlined by P. Zhang et al. (2019).

These analytical methods enabled a comprehensive assessment of the fermentation
process, including cell growth, substrate consumption, and ethanol production.

111.2.12. Statistical analysis

A detailed statistical analysis was performed using GraphPad Prism 10 to investigate
the relationships between enzyme dosage, glucose release, and biogas production. The aim was
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to assess both the direct influence of enzyme dosage on glucose concentration and biogas yield,
as well as to evaluate the correlation between glucose levels and biogas production.

Linear regression

To evaluate the effect of enzyme dosage on glucose release and biogas production, a
simple linear regression model was applied for each substrate (MW, OOWW, and SCM) at two
distinct time points (T1: 24 hours and T2: 48 hours). In these models, enzyme dosage was
considered the independent variable, while glucose concentration and biogas yield were treated
as dependent variables in separate analyses.

The linear regression model used is represented by the following equation:
Y=By+BX+e (4)

Where:

e Y represents the dependent variable (either glucose or biogas),

o X denotes the enzyme dose,

e o isthe intercept,

e P1isthe slope,

e € isthe error term.

Significance of the model was assessed using the coefficient of determination (R2R"2R2)
and the p-value (p<0.05p < 0.05p<0.05).

Pearson correlation analysis

Additionally, Pearson correlation analysis was conducted to explore the relationship
between glucose concentration and biogas yield. Prior to this analysis, normality,
homoscedasticity, and linearity assumptions were tested to ensure the validity of the data. The
statistical analysis highlighted the direct effects of enzyme dosage on glucose availability and
biogas production, as well as the correlation between glucose concentration and biogas yield,

thus providing insights into the efficiency of the fermentation process.

111.3. Results and discussion

11.3.1. Physicochemical parameters of co-products

104



Section I1: Experimental Methodology Chapter 111

The physicochemical characteristics of olive oil wastewater (OOWW), milk whey (MW),
and sugarcane molasses (SCM) were analyzed to evaluate their potential as substrates for
fermentation (Table 10). These properties are critical because they directly affect yeast growth,

enzymatic hydrolysis performance, and ultimately, ethanol yield.

Table 10: Physicochemical parameters of OOWW, MW and SCM.

Parameter OOWW | SCM MW Methods

Reducing Sugars (%) 3.42 37.02 4.1 3.5 DNS Method (Jain et al.,
2020)

Protein (%) 1.1 0.4 1.03 Lowry’s Method (Waterborg &
Matthews, 1984)

Fat (%) 2.19 0.0 0.21 (Clément, 1956)

DBO5 02/1 (g.L-1) 11 52.4 7.3 ISO 5815-1:2019

DCO 02/1 (g.L-1) 123 102.2 14 ISO 15705:2002

pH 4.73 4.99 4.89 pH meter (BANTE-210)

a. Olive oil wastewater (OOWW)

The OOWW analyzed in this study presented compositions comparable to those reported

in previous literature, though some variations were observed.

The fat content measured was 2.19%, slightly higher than the ranges reported by Esmail
et al. (2013) (1-2.5%) and Djeziri et al. (2023) (1.25%). Nevertheless, it remains within the
broader interval described by Bouknana et al. (2014) (0.8-27.4 g/L). Variations in fat content
are often attributed to differences in olive processing methods, harvest seasons, and

geographical origins of the olive cultivars.

The reducing sugar content was 3.42 g/L, falling within the range observed by Bouknana
et al. (2014) (3.52-10.48 g/L), suggesting a moderate level of fermentable sugars available for

yeast metabolism.

In terms of chemical oxygen demand (COD), OOWW exhibited a value of 123 g/L,
higher than that reported by Esmail et al. (2013) (104 g/L) and Djeziri et al. (2023) (90.5 g/L),
yet similar to Bouknana et al. (2014) (120 g/L) and lower than the value recorded by Ayadi et
al. (2022) (183 g/L).

Regarding biochemical oxygen demand (BOD1]), the value obtained (11 g/L) was lower
than those reported by Esmail et al. (2013) (35 g/L), Djeziri et al. (2023) (29 g/L), and Bouknana
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et al. (2014) (17-25 g/L), but was relatively close to the value found by Ayadi et al. (2022) (7
g/L).

The measured pH of 4.73 was slightly higher than the value reported by El Kafz et al.
(2023) (4.09), yet slightly lower compared to Ayadi et al. (2022) (4.88).

Overall, these findings confirm that OOWW remains a challenging but promising
substrate, requiring pretreatment or supplementation to optimize its use in fermentation

processes.

b. Sugarcane molasses (SCM)

The reducing sugar content of SCM in this study was 37.02%, noticeably lower
than the 51.36% reported by S.H.A. Hassan et al. (2019). This discrepancy may be attributed
to potential dilution effects or variations in sugar extraction and processing methods.

The COD value measured at 102.2 g/L was lower than the 132.25 g/L reported by Hakika
et al. (2019), while the BOD(] of 52.4 g/l was higher than their reported 31.25 g/L. The
relatively lower sugar content observed could explain the reduced COD values and suggests

that the SCM used might have been of lower concentration or partially diluted.

Regarding pH, the value of 4.99 falls between those reported by previous studies: higher
than Hakika et al. (2019) (3.8) and slightly lower than the value reported by S.H.A. Hassan et
al. (2019) (5.1). This intermediate pH may favor yeast activity without requiring extensive
adjustment.

c. Milk whey (MW)

In the case of MW, the protein content found in this study (1.03%) was higher than that
reported by Lievore et al. (2015) (0.84%), but lower compared to Lachebi and Yelles (2018)

(6.2%), possibly reflecting differences in whey processing or origin.

The fat content measured at 0.21% was close to the 0.08% reported by Lievore et al.
(2015), but much lower than the 1.6% found by Lachebi and Yelles (2018), indicating that

partial skimming might have been performed on the MW used in this study.

For reducing sugars, the MW sample contained 4.1%, which was slightly lower than the
6.2% reported by Lachebi and Yelles (2018). This relatively modest sugar concentration
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suggests that MW alone may not be sufficient for robust fermentation unless supplemented, for

instance, with SCM.

The COD and BOD[ ] values recorded were 14 g/L and 7.3 g/L, respectively. These values
were somewhat higher than those reported by Lachebi and Yelles (2018), who found COD and
BOD[ levels of 11 g/L and 6.4 g/L, respectively.

Lastly, the pH of MW (4.89) was slightly higher than those reported by Lievore et al.
(2015) (4.37) and Lachebi and Yelles (2018) (4.5), yet remained within a favorable range for

yeast fermentation processes.

The physicochemical characterization of OOWW, SCM, and MW revealed significant
variability in their composition, reflecting their diverse origins and processing conditions.
OOWW presented moderate sugar content and a high COD, indicating potential for
fermentation after appropriate pretreatment. SCM exhibited the highest reducing sugar
concentration, although slightly lower than literature values, positioning it as a key supplement
to enhance fermentability. MW, while richer in protein, contained lower sugar levels,
suggesting it would benefit from combination with other substrates. Overall, the
complementary profiles of these co-products offer promising potential for their valorization in

biotechnological applications such as ethanol production.

111.3.2. Effect of enzymatic hydrolysis on sugar release and biogas production

111.3.2.1. Glucose concentration before and after enzymatic treatment

To evaluate the efficacy of enzymatic hydrolysis, glucose concentrations were measured
at Tl (before treatment) and T[] (after 48 hours of treatment) for the different wastewaters
(OOWW, SCM, and MW) at varying enzyme doses (0.25%, 0.5%, and 0.75%). The results are
summarized in Table 11 and illustrated in Figure 21.

Table 11: Percentage increase in glucose concentration after enzymatic hydrolysis

Waste Type | Enzyme Dose (%) | TO (g/L) | T2 (g/L) | % Increase
OOWW 0.25 3.42 7.58 121.6%
0.5 3.42 10.42 204.4%
0.75 3.42 11.12 225.1%
SCM 0.25 27.02 61.45 127.4%
0.5 27.02 79.24 193.2%
0.75 27.02 86.35 219.5%
MW 0.25 8.2 17.98 119.3%
0.5 8.2 23.84 190.7%
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| 0.75 | 8.2 |26.21 | 219.6%

The enzymatic treatment resulted in a significant increase in glucose concentration (p <
0.05) for all substrates and enzyme doses. Linear regression analysis revealed strong
correlations (R% > 0.85) between enzyme dose and glucose release.

Among the substrates, OOWW exhibited the highest relative increase in glucose
concentration (up to 225.1%), which can be attributed to the hydrolysis of complex
carbohydrates such as cellulose into fermentable sugars.
SCM and MW displayed comparable percentage increases (219.5% and 219.6%, respectively),
indicating effective enzymatic activity, even though MW primarily contains lactose.

Interestingly, the largest jumps in glucose concentration occurred between enzyme doses
of 0.25% and 0.5%, with increases exceeding 190% across all substrates. This suggests that a
0.5% enzyme dose represents the most efficient and economically viable concentration for
large-scale hydrolysis applications.
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Figure 21. Glucose release after enzymatic hydrolysis at different Natuzyme concentrations.

The ability to sustain a consistent glucose concentration increase of around 200% across
all substrates at higher enzyme doses clearly demonstrates the efficiency of the enzymatic
hydrolysis process. This performance can be attributed to the diverse enzymatic composition

of Natuzyme, where each enzyme specifically targets key substrate components. For OOWW,
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enzymes such as cellulase, xylanase, B-glucanase, and pectinase played crucial roles in breaking
down complex polysaccharides and structural carbohydrates, enhancing glucose release even
in the presence of inhibitory phenolic compounds (Bhardwaj et al., 2021; Nguyen et al., 2018).

In the case of SCM, the high percentage increase in glucose concentration can be
explained by the activity of a-amylase, responsible for degrading residual starch, and
potentially invertase, which hydrolyzes sucrose into glucose and fructose, thereby promoting
rapid sugar availability for fermentation (Manoochehri et al., 2020). Regarding MW, the
presence of B-galactosidase likely contributed to the hydrolysis of lactose into glucose and
galactose, enhancing the fermentable sugar pool (Saqib et al., 2017b).

These enzymes act synergistically, optimizing the breakdown of complex carbohydrates,
increasing substrate accessibility, and maximizing glucose yield, all of which are critical for
efficient bioethanol production from agro-industrial residues.

Moreover, the plateau effect observed at the 0.75% enzyme dose suggests a point of
substrate saturation, where further enzyme addition results in diminishing returns. This
highlights the importance of enzyme dose optimization for industrial-scale applications to
balance process efficiency and economic viability (Bisswanger, 2017).

111.3.3. Enzymatic hydrolysis effect on biogas production for each
individual substrates

The influence of enzymatic hydrolysis on biogas generation was assessed by measuring
biogas volumes at T[] (24 hours) and T[] (48 hours) following the addition of varying enzyme
doses (0%, 0.25%, 0.5%, and 0.75%). The evolution of biogas production under different
conditions is presented in Figure 22.
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Figure 22. Biogas production (mL) at T1 and T2 Across different enzyme doses for OOWW,

SCM, and MW

After 48 hours (T[]), SCM exhibited the highest biogas production, reaching 47 + 2 mL
at a 0.75% enzyme dose, followed by OOWW with 34 £ 1.5 mL, and MW with a substantially
lower yield of 8.7 £ 1 mL.

The superior performance of SCM can be attributed to its elevated sugar content, which

enhances microbial metabolic activity during anaerobic digestion. In contrast, OOWW's

moderate biogas yield is likely influenced by the presence of polyphenolic compounds, known
microbial inhibitors (Calabro et al., 2018), which may partially suppress microbial fermentation

despite improved sugar availability.

110



Section I1: Experimental Methodology Chapter 111

Conversely, MW recorded the lowest biogas output, a result that may be explained by its
compositional profile rich in lactose and proteins which are less efficiently converted into
biogas compared to simple sugars (Kovacs et al., 2013).

Importantly, control samples (0% enzyme dose) exhibited markedly lower biogas
production at both T[] and T[J, emphasizing the critical role of enzymatic pre-treatment in

enhancing fermentative performance.

The most substantial improvement in biogas production was observed between the 0.25%
and 0.5% enzyme doses, particularly for SCM, where biogas output increased by over 35%.
However, a saturation trend emerged beyond the 0.5% dose, indicating diminishing returns with

further enzyme supplementation.

Statistical analysis revealed a significant enhancement in biogas production with
increasing enzyme doses (p < 0.05). The strong linear relationship between enzyme dose and
biogas yield (Rz > 0.80) supports the efficiency of enzymatic hydrolysis in augmenting
anaerobic digestion. Additionally, the high correlation observed between glucose release and
biogas production (r > 0.85) further confirms that substrate availability directly drives microbial
activity and subsequent biogas generation.

111.3.4. Fermentation of substrate mixtures (mix 1-4) with and without
enzymatic treatment

To evaluate the efficiency of ethanol production using complex agro-industrial by-
product mixtures, a comparative study was conducted between the commercial Saccharomyces
cerevisiae strain (Saf-Instant) and the isolated Y17 strain. Both strains were tested across four
fermentation mixtures (Mix 1 to Mix 4), under static conditions at 30 °C for 72 hours. The
impact of enzymatic hydrolysis (Natuzyme at 0.5%) was also assessed by comparing treated
(ENZ 0.5%) and untreated (ENZ 0%) conditions.

111.3.4.1. COLl Release and estimated Ethanol production

The ethanol yield was estimated indirectly via the volume of CO[J released, applying the
stoichiometric relationship of 1:1 (mol:mol) between ethanol and CO[] production in alcoholic
fermentation. The results are presented in Table 12, and they reflect both the improvement due
to enzymatic pretreatment and the relative performance of the two yeast strains.
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Table 12: Results of the CO> release and the estimation Ethanol for the 4 mixes, using

both Y17 and Saf-instant strains in the FreeCell fermentation.

Mixture  Yeast ENZ CO[l (mL £ Estimated Ethanol % Increase (ENZ

Dose SD) (mL) 0.5% vs 0%)

Mix1  Saf- 0% 115+25 9.07 —
Instant 0.5% 170+ 1.8 13.41 +46.8%

Y17 0% 125+2.0 9.86 —
0.5% 17.2+2.3 13.57 +37.6%

Mix 2  Saf- 0% 19.2+23 15.15 —
Instant 0.5% 24.7+2.8 19.48 +28.6%

Y17 0% 184+ 15 14.52 —
0.5% 254+ 3.5 20.04 +38.0%

Mix3  Saf- 0% 9.8+2.0 7.74 —
Instant 0.5% 148 £ 3.0 11.67 +51.0%

Y17 0% 11.2+1.3 8.84 —
0.5% 16.2+3.2 12.78 +44.5%

Mix 4  Saf- 0% 13.2+25 10.42 —
Instant 0.5% 18.0+2.8 14.20 +36.3%

Y17 0% 12.0+ 3.0 9.47 —
0.5% 17.8+2.8 14.05 +48.4%

Ethanol estimation: Based on the theoretical stoichiometry where 1 mole of glucose — 2 mol ethanol + 2 mol
CO1, and knowing that COU and ethanol are produced in a 1:1 molar ratio, the ethanol volume (in mL) is

estimated by: Ethanol (mL) = CO, (mL) x % ~ €0, (mL) x 0.789

The fermentation performance of the commercial Saccharomyces cerevisiae strain (Saf-
Instant) and the isolated Y17 strain was evaluated across four substrate mixtures (Mix 1 to Mix
4). The impact of enzymatic hydrolysis using 0.5% Natuzyme was assessed by comparing
treated (ENZ 0.5%) and untreated (ENZ 0%) conditions. Ethanol yield was estimated indirectly
through the volume of CO[] released, applying the stoichiometric relationship of 1:1 (mol:mol)

between ethanol and CO[J production in alcoholic fermentation.

The addition of 0.5% Natuzyme significantly enhanced CO[] production and,
consequently, ethanol yield across all mixtures and both yeast strains. The percent increase in
estimated ethanol production due to enzymatic pretreatment ranged between +28.6% and
+51.0%, confirming the positive effect of enzymatic saccharification in releasing fermentable

sugars from complex polysaccharides present in olive oil wastewater, molasses, and milk whey.
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111.3.4.2. Effect of enzymatic hydrolysis

The observed enhancement in ethanol yield aligns with findings from previous studies.
For instance, (Yamada et al., 2009) reported that the enzymatic hydrolysis of potato processing
by-products using a combination of amylase and pectinase increased ethanol concentration
from approximately 20 mg/mL to 50 mg/mL, demonstrating the efficacy of enzymatic

pretreatment in improving fermentable sugar availability .

Similarly, a study on cassava pulp hydrolysate indicated that optimal enzymatic
hydrolysis conditions led to a high glucose concentration (160 g/L), which, upon fermentation,
resulted in an ethanol concentration of 68 g/L with a yield of 0.48 g ethanol/g glucose
(Valeriano et al., 2018).

In our study, Mix 3, which initially exhibited the lowest ethanol yield, benefited the most
from enzymatic treatment, with a 51% increase observed in the Saf-Instant trials. This suggests
that Mix 3 was more recalcitrant in its untreated form and required hydrolysis to improve sugar

accessibility.

111.3.4.3. Yeast strain comparison

While both strains responded positively to enzymatic treatment, the Y17 strain generally
performed better than Saf-Instant in most mixtures after enzymatic hydrolysis. Notably, in Mix
2, Y17 produced 25.4 mL CO[] (estimated 20.04 mL ethanol) compared to 24.7 mL CO[]
(19.48 mL ethanol) for Saf-Instant.

The better performance of Y17 may be attributed to its adaptation to the specific
substrates used. Native yeast strains have been reported to exhibit enhanced fermentation
capabilities in certain conditions. For example, (Shaghaghi-Moghaddam et al., 2018) found that
traditional and industrial S. cerevisiae strains had higher bioethanol productivity compared to
wild strains, highlighting the importance of strain selection based on substrate compatibility.

111.3.5.  Simultaneous Saccharification and Batch Fermentation (SSF) with Free Cells

Fermentation assays were performed batch conditions using free (non-immobilized) yeast cells.
All trials were carried out in 1 L glass flasks containing 700 mL of substrate mixture, maintained at
30 °C under agitation (150 rpm) for 72 hours. Anaerobic, sterile conditions were assured throughout
the process. The simultaneous saccharification and fermentation (SSF) system used a 0.5% (w/v)
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dose of the enzymatic complex Natuzyme®, enabling in-situ hydrolysis of polysaccharides and

immediate fermentation of released sugars. Ethanol and glucose concentrations, along with pH

(initially adjusted to 5.5), were measured at multiple time points, with ethanol quantified through

chemical oxidation and distillation methods, the results are illustrated in Figure 23.
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Figure 23. Kinetics of Batch FreeCell fermentation for the 04 mixes, (1) mix1, (2) mix2, (3)
mix3 and (4) mix4, for Y17 and the Saf-instant commercial S. cerevisiae.

The four substrate mixtures—MIX 1 to MIX 4—were formulated with different proportions of
olive oil wastewater (OOWW), milk whey (MW), and sugarcane molasses (SCM). The performance
of the strain Y17 was compared to that of the commercial Saccharomyces cerevisiae Saf-instant yeast,

across these mixtures in free-cell configurations.

As presented in Figure 23, MIX 2 supported the highest ethanol production levels for both
strains, with final titers of 26.75 g/L for Y17 and 25.59 g/L for the commercial yeast after 72 hours
of fermentation. This can be attributed to the optimized combination of SCM and whey, providing a
readily fermentable sugar profile and balanced nutrient composition. These findings are in agreement
with results reported by (Abu Tayeh et al., 2014) who obtained up to 30 g/L ethanol from SSF
fermentation of OOWW, and (Halema, 2014) who reported yields of approximately 22 g/L from
sugarcane molasses. The comparable outcomes indicate that the Y17 strain, isolated from OOWW,
is capable of efficiently converting sugars in enriched waste-based media, performing at levels similar
to an industrial standard.

In MIX 1, Y17 produced 18.49 g/L of ethanol, slightly higher than the commercial yeast (16.88
g/L). Although this mixture contains potentially inhibitory compounds from OOWW, ethanol
production remained significantly above levels typically reported for untreated or singly used
OOWW. For instance, (Ayadi et al., 2022a)observed ethanol yields ranging from 8.5 to 14 g/L using
OOWW without enzymatic treatment. These results underscore the beneficial effect of enzymatic

hydrolysis and substrate mixing, and the robustness of Y17 in complex matrices.

MIX 3, consisting primarily of SCM and MW, resulted in ethanol concentrations of 17.04 g/L
(Y17) and 15.20 g/L (commercial yeast). Although this mixture was slightly less rich in fermentable
sugars compared to MIX 2, it still sustained high ethanol yields, comparable to those reported by
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(Chauhan et al., 2024) for agro-industrial residues (~16 g/L). The consistently better performance of
Y17 in MIX 3 suggests enhanced sugar utilization efficiency and potential adaptation to nutrient-

limited environments.

Finally, MIX 4, yielded the lowest ethanol concentrations: 12.10 g/L (Y17) and 12.83 g/L

(commercial yeast).

These results highlight the critical role of substrate formulation and yeast strain selection in
bioethanol production from agro-industrial residues. The Y17 strain demonstrated equal or higher
fermentative capacity compared to a commercial yeast across all mixtures, especially in complex or
inhibitory environments (Shaghaghi-Moghaddam et al., 2018). Moreover, the use of SSF with
Natuzyme® significantly enhanced sugar availability and conversion, enabling ethanol titers that
compare favorably with the literature. These findings affirm the potential of locally isolated, stress-

tolerant yeasts for cost-effective bioethanol production from underutilized agro-waste streams.

111.3.6.  Simultaneous Saccharification and Batch Fermentation (SSF) with Immobilized
Cells

The pH of the fermentation environment plays a pivotal role, influencing both enzymatic
activity and microbial growth—Kkey factors essential for maximizing ethanol yields (Yang et
al., 2016). In this study, the initial pH across all fermentations was uniformly adjusted to 5.5 to

create optimal starting conditions.
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Figure 24. Kinetics of Batch Immobilized fermentation for the 04 mixes, (1) mix1, (2) mix2,
(3) mix3 and (4) mix4, for Y17 and the Saf-instant commercial S. cerevisiae.

111.3.6.1. pH evolution during fermentation

Throughout the fermentation process, a progressive acidification was observed in all

mixtures, consistent with the expected metabolic dynamics of ethanol-producing systems.

Organic acid accumulation, particularly pyruvic acid—a central intermediate in ethanol

biosynthesis pathways—is a characteristic byproduct of active fermentation (Darwin et al.,

2019).
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As illustrated in Figure 22, all mixtures exhibited similar downward pH trends. Mix 1
declined from pH 5.5 to 5.02 after 72 hours of fermentation. Mix 2 decreased to 5.05, while
Mixes 3 and 4 reached final pH values of 4.98. Notably, the differences between strains (Y17
vs. Saf) were marginal in terms of pH evolution, indicating that both immobilized systems

maintained comparable acid-base dynamics during fermentation.

These final pH values remain within a range that supports both yeast viability and
enzymatic activity (Mohd-Zaki et al., 2016). The observed acidification patterns confirm active
metabolic processing without excessive acid accumulation, which might otherwise inhibit cell

function or enzymatic catalysis (Yusuf et al., 2023).
111.3.6.2. Ethanol production

Ethanol concentrations varied significantly across the different substrate mixtures,
reflecting the combined influence of substrate composition, enzymatic pre-treatment, and yeast
strain performance under immobilized conditions. Among the mixtures, Mix 2 yielded the
highest ethanol concentration (34.56 g/L) when fermented with the Y17 strain, clearly
outperforming Mix 1 (25.34 g/L), Mix 3 (23.50 g/L), and Mix 4 (16.58 g/L). These results
underscore the critical importance of sugar availability and composition, as Mix 2 had the

richest glucose profile post-hydrolysis, enhancing substrate assimilation and ethanol synthesis.

Importantly, when comparing the performance of the isolated Y17 yeast strain with that
of the commercial Saccharomyces cerevisiae Saf strain, Y17 demonstrated better productivity
in nearly all cases. For example, in Mix 1, Y17 produced 25.34 g/L. compared to 22.51 g/L by
Saf, while in Mix 3, it reached 23.5 g/L versus 20.0 g/L. The most pronounced difference was
observed in Mix 3, with a +3.5 g/L advantage for Y17. In Mix 2 Y17 still outperformed Saf
(34.56 g/L vs. 33.10 g/L). The only exception was in Mix 4, where Saf marginally surpassed
Y17 (17.10 g/L vs. 16.58 g/L).

This trend highlights the robust adaptability of Y17 to diverse substrates, particularly
those with lower initial sugar concentrations or higher inhibitory compounds like polyphenols,
which are abundant in OOWW. Its prior isolation and adaptation from OOWW likely conferred
greater resistance to phenolic toxicity, osmotic stress, and acidification factors known to impair
commercial strains under complex fermentation environments (Ayadi et al., 2022; Darwin et

al., 2019). Moreover, these findings suggest that local yeast isolates such as Y17 may
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outperform industrial strains under non-conventional fermentation conditions, particularly
when optimized enzymatic hydrolysis is used to liberate fermentable sugars from complex

matrices.

The results of this study also compare favorably with prior reports. Ayadi et al. (2022)
achieved only ~14 g/LL of ethanol using immobilized cells on OOWW without enzymatic
hydrolysis, emphasizing the value of enzyme supplementation.

In summary, ethanol yield followed the order:

Y17 - Mix 2 (34.56 g/L) > Saf — Mix 2 (33.10 g/L) > Y17 — Mix 1 (25.34 g/L) > Saf —
Mix 1 (22.51 g/L) > Y17 - Mix 3 (23.5 g/L) > Saf — Mix 3 (20.0 g/L) > Saf - Mix 4 (17.1 g/L)
> Y17 - Mix 4 (16.58 g/L).

1.4, Conclusion

The present study underscores the promising potential of enzymatic hydrolysis and
immobilized yeast cells on pozzolane for bioethanol production from heterogeneous agro-
industrial waste substrates, namely Olive Oil Wastewater (OOWW), Sugarcane Molasses
(SCM), and Milk Whey (MW). Optimization of the fermentation process particularly the
application of enzymatic hydrolysis significantly improved sugar release and, consequently,
ethanol yields, with a maximum concentration of 34.56 g/L achieved in Mix 2. This
performance not only surpassed traditional fermentation approaches but also exceeded several
reported values in the literature for waste-based fermentation systems.

A key outcome of the study was the comparison between the isolated Y17 yeast strain,
isolated from OOWW, and the commercial Saccharomyces cerevisiae Saf strain, both under
immobilized and free cell conditions. The Y17 strain performed better in most cases then the
Saf-instant strain across most mixtures, particularly under complex or low-glucose conditions.
These findings confirm the more adaptability and fermentative capacity of the Y17 strain, likely
due to its pre-adaptation to the inhibitory compounds present in OOWW, including polyphenols
and organic acids.

The immobilization technique enhanced both strains' fermentation stability, reusability,
and resistance to contamination, all of which are advantageous for industrial applications.
Moreover, the correlation between glucose consumption and ethanol production reinforces the
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importance of optimizing both hydrolysis efficiency and initial sugar concentrations. Mixes
enriched with SCM, such as Mix 2, demonstrated enhanced ethanol biosynthesis, emphasizing

the benefits of co-substrate strategies.

Beyond ethanol production, the residual biomass from fermentation retained sufficient
organic load to support biogas generation, supporting the development of integrated biorefinery
systems. This circular approach not only maximizes resource utilization but also aligns with the

goals of waste valorization and renewable energy production.

In conclusion, this research demonstrates the technical and economic viability of using
agro-industrial by-products for sustainable and scalable bioethanol production via SSF. It
highlights the efficiency of enzymatic pre-treatment, the robustness of immobilized systems,
and the critical role of yeast strain selection. Collectively, these innovations pave the way for
the advancement of eco-friendly, high-yield biofuel technologies rooted in circular economy

principles.
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Chapter IV

Acetic acid production using Bacillus from bovine rumen

1V.1. Introduction

The production of olive oil generates considerable waste, particularly olive oil mill
wastewater (OMW), which poses environmental challenges due to its high organic load and
potential for pollution (Sar & Akbas, 2023). OMW is characterized by high levels of chemical
oxygen demand (COD) and biochemical oxygen demand (BOD), along with an acidic pH,
making it a candidate for valorization through microbial fermentation (Bouharat et al., 2018).

Microbial fermentation is a crucial biochemical process that converts organic substrates
into valuable products, including organic acids, which play essential roles in various industrial
applications (Senanayake et al., 2023). Among these, acetic acid is particularly noteworthy due
to its wide use as a preservative, flavoring agent, and chemical feedstock (Qiu et al., 2021). The
rumen of ruminant animals harbors a diverse microbial community capable of fermenting
fibrous plant materials into volatile fatty acids (VFAs) (Mizrahi et al., 2021). This unique
microbial ecosystem provides an opportunity to exploit specific strains for efficient

fermentation processes (Graham et Knelman, 2023).

Previous research has primarily focused on Saccharomyces cerevisiae and acetic acid
bacteria for acetic acid production, leaving room for exploration of other microbial candidates
like Bacillus (Angeloni et al., 2024; Ayadi et al., 2022b; Carmona et al., 2023; Fronteras et al.,
2021; Ntougias et al., 2013). Studies on the use of olive oil mill wastewater (OMW) as a
substrate have highlighted its potential for producing value-added products such as bioethanol

and acetic acid, often relying on traditional microbial strains.

Therefore, this study aims to evaluate the capacity of Bacillus strains isolated from bovine
rumen to produce acetic acid through fermentation of olive oil mill wastewater. Specifically, it
focuses on identifying efficient acid-producing strains, characterizing their species, and

assessing their fermentation performance.

The hypothesis is that Bacillus strains isolated from bovine rumen can efficiently ferment
OMW to produce acetic acid, offering a sustainable solution for waste management and
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bioenergy generation. The use of OMW as a substrate presents a dual opportunity: providing
an environmentally sustainable solution for waste valorization while simultaneously producing

valuable bioproducts.
V.2. Material and methods

IVV.2.1. Sample collection and analysis

OMW samples were collected from the Nakhla oil mill located in Chlef, Algeria, during
the peak olive processing season. Samples were filtered through a fine mesh to eliminate any
large contaminants and autoclaved before fermentations, Samples were stored at 4 °C when not
in use. Physicochemical analyses were conducted to determine pH using a digital pH meter
(Hanna Instruments), while chemical oxygen demand (COD) and biochemical oxygen demand
(BOD5) were measured following standard methods (APHA, 2017b). Organic matter content
was assessed through gravimetric methods by drying the samples at 105 °C for 24 hours and
measuring the weight loss. Acidity was determined by titration with 0.1 M NaOH using
phenolphthalein as an indicator. Nitrites (NO[1~ ) were quantified using the colorimetric
method with Griess reagent, following the protocol described in (APHA, 2017a). Total
polyphenols were measured using the Folin-Ciocalteu method, as described by (Russo et al.,

2022). All analyses were performed in triplicate to ensure reproducibility.

1VV.2.2. Microbial isolation and screening

Bovine rumen juice was obtained from a freshly slaughtered Holstein cow at the Taiba
slaughterhouse in Chlef, Algeria. The rumen contents were filtered through sterile gauze to
collect the liquid fraction. Serial dilutions were prepared and spread onto MRS (de Man, Rogosa
and Sharpe) and M17 agar plates supplemented with 2% CaCQO3 to facilitate the identification
of acid-producing colonies through the formation of clear halos. The MRS medium composition
included peptone (10 g/L), beef extract (10 g/L), yeast extract (5 g/L), glucose (20 g/L), Tween
80 (1 mL/L), ammonium citrate (2 g/L), sodium acetate (5 g/L), magnesium sulfate (0.1 g/L),
manganese sulfate (0.05 g/L), and dipotassium phosphate (2 g/L). Anaerobic conditions were
maintained using a 2.5 L anaerobic culture jar from MERK. Plates were incubated anaerobically
at 37 °C for 48 hours. A total of 25 distinct colonies were isolated and subcultured to obtain

pure strains.
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1VV.2.3. Primary identification and evaluation of isolated strains

Initial identification of the isolated strains was performed through a combination of
morphological and biochemical tests. Microscopic observations were conducted to assess cell
morphology and Gram staining characteristics. Oxidase and catalase tests were performed to

evaluate enzymatic activity, aiding in preliminary strain classification.

A preliminary fermentation assay was conducted to assess the metabolic activity of the
isolated strains through gas (H[1 + COL1) production. The assay used a fermentation medium
consisting of 25% (v/v) olive oil mill wastewater (OMW) and 75% MRS broth, supplemented
with calcium carbonate (CaCOL[]) as a pH buffer. Fermentations were carried out in 100 mL
airtight bottles equipped with graduated syringes to accurately measure cumulative gas
production (Figure 23). Each bottle was inoculated with 5% (v/v) of a 24-hour fresh culture and

incubated at 37 °C for five days under static conditions.

The volume of gas produced, primarily composed of hydrogen (H[J) and carbon dioxide
(CO0J)), was monitored as an indicator of microbial fermentative activity, particularly
acidogenesis and acetogenesis processes. During these metabolic stages, fermentable substrates
are converted into volatile fatty acids (e.qg., acetic acid), hydrogen, and carbon dioxide according

to the general reaction (Angelidaki et al., 2018):
C¢H,,04 —» 2CH,COOH + 2C0, + 4H, (5)
where glucose is converted into acetic acid, carbon dioxide, and hydrogen.

Strains exhibiting the highest gas production were selected for further characterization

and analysis.
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Figure 25: Primary fermentation setup.

Following these initial tests, the API 50 CHB/E system (bioMérieux), a biochemical assay
designed to characterize carbohydrate metabolism, was employed. The system evaluates the
fermentation of 49 different carbohydrates, providing a metabolic fingerprint that aids in

species-level identification.
1VV.2.4. Fermentation trials for acetic acid production

To evaluate long-term acetic acid production, a separate fermentation trial was conducted
over a period of 120 hours. Fresh OMW medium (500 mL) with pH adjusted to the value of 6
to favor the Acidogenesis because methanogenesis (methane production) requires a higher pH
(6.5-8.5) and longer incubation times as discussed by (Liew et al., 2016). The OMW was
inoculated with 5% (v/v) of Bacillus strains selected based on their biogas production
efficiency. The flasks were incubated at 37 °C with continuous shaking at 150 rpm to ensure

optimal oxygenation and nutrient distribution.

Samples were collected at regular intervals to monitor critical parameters, including pH,
optical density at 600 nm (OD600), and acetic acid concentration. pH measurements provided
insights into acidification dynamics, while OD600 reflected biomass growth over time.

Acetic acid was quantified following the method outlined by (Sode, 2014), This method

involves a classic acid—base titration using NaOH.
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IVV.2.5. Data analysis

All experiments were conducted in triplicate. Data are presented as mean + standard
deviation (SD). Statistical analysis was performed using GraphPad Prism 10 software.
Differences between strains and fermentation parameters were evaluated using analysis of

variance (ANOVA), with significance considered at p < 0.05.

V.3 Results
IVV.3.1. Physicochemical characteristics of OMW

The physicochemical analysis of olive oil mill wastewater (OMW) (Table 12) revealed
several important characteristics that underscore its potential for microbial fermentation. The
recorded pH of 4.5 £ 0.2, chemical oxygen demand (COD) of 183 £ 5 gO[/L, and biochemical
oxygen demand (BOD() of 7+ 0.3 gO[J/L indicate a highly organic-rich environment suitable
for fermentation processes. The average acidity measured at 1.65 + 0.05% further emphasizes
the high organic load present in the OMW.

Table 12: Results of Physicochemical Characteristics of OMW.

Parameter Mean £ SD Range
pH 45+0.2 43-47
Chemical Oxygen Demand (COD) 183 +590LI/L 178 - 188 gO(1/L
Biochemical Oxygen Demand (BOD5) 7+0.3900/L 6.7-7.3g0LI/L
Average Acidity (%) 1.65 +£0.05 16-17
Nitrite (mg/L) 312 29-33
Total polyphenols (g/L) 581+0.1 57-59

The high COD/BODL! ratio observed in this study suggests the presence of non-
biodegradable organic compounds. Additionally, the detection of 31 + 2 mg/L nitrites and 5.81
+ 0.1 g/L total polyphenols in the OMW highlights its complex composition.

1VV.3.2. Microbial isolation and characterization

IVV.3.2.1.  Biochemical and morphological characterization of the isolated strains

The results of the biochemical tests conducted on the isolated bacterial strains are
summarized in Table 13. A total of 25 strains were evaluated for Gram staining, catalase

activity, oxidase activity, and morphological form, revealing a diverse array of bacterial types
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predominantly classified as cocci and bacilli. The majority of strains exhibited Gram-negative

characteristics, with notable exceptions among Gram-positive strains.

The identification of specific strains with positive catalase and oxidase activities, such as
JR/IGN/-4/1/3, JRIGN/-6/1/1, and JR/GN/-6/3/1, suggests their metabolic versatility. The
morphological diversity observed among the strains—ranging from cocci to bacilli and

coccobacilli—demonstrates their ecological adaptability.

Chapter 1V

Table 13: Results of Gram staining and biochemical tests for isolated strains.

Strain ID Gram Stain | Catalase Oxydase Form
1. JR/GN/-5/1/1/1 - - - Cocci
2. SR2/M17/SM/1/2 - - - Cocci
3. JR/GN/-4/1/3 + + - Cocci
4. JR/GN/-6/1/1 + + - Cocci
5. JR/GN/-4/3/2 + - - Cocci
6. JR/GN/-4/4/1 - + - Coccobacilli
7. JR/IGN/-6/3/1 + + - Bacilli
8. JR/IGN/-8/2/2 - + - Cocci
9. A/GN/SM/1 + - - Coccobacilli
10. | JR/IGN/-4/4/4 + - - Cocci
11. | AIGN/-1/1 - + - Cocci
12. | JRIGN/-6/2/1 - + - Coccobacilli
13. | JRIGN/-6/2/5 + e - Bacilli
14. | JRIGN/-8/2/5 + + - Bacilli
15. | AIGN/-7/1 + + - Coccobacilli
16. | JR/IGN/-6/2/1 - + - Coccobacilli
17. | JRIGN/-6/2/2 + + - Bacilli
18. | JR/GN/-6/3/3 - + + Coccobacilli
19. | JR/IGN/-4/4/1 + + - Bacilli
20. | SR2/SM/M17/1/3 - - - Cocci
21. | JR/IGN/-4/2/1 + + - Bacill
22. | SR2IM17/-7/1 + - - Coccobacilli
23. | SR2/M17/-5/4/1 - - - Cocci
24. | SR2/CIm /-9/4 + - - Bacilli
25. | JR/IGN/-4/1/1 - - - Coccobacilli
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1VV.3.2.2. Evaluation of biogas production of the isolated strains

The results expressed in Figure 24 of the batch fermentation trials indicated significant
variability in gas production among the isolated bacterial strains. Notably, strains 2, 4, 6, 7, 10,
11, 17, 21, and 22 exhibited no gas production, while strains 1, 3, 5, 8, 9, 12, 16, 18, 20, 23, and
25 showed low levels of gas production. In contrast, strains 13, 14, 15, and 19 demonstrated
substantial gas production starting on the third day of incubation. Strain 14 emerged as the
highest gas producer with approximately 14 mL, followed closely by strains 19 (12.6 mL) and
13 (12.2 mL), while strain 15 produced around 11.8 mL.

i Y
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Figure 26: Gas production rate (mL/day) of different strains over 5 days. Values represent
mean + SD.

1VV.3.2.3. Biochemical identification using API 50CHB/E

The fermentation profiles of strains 13, 14, 15, 19, and 24 were further characterized using
the APl 50 CHB/E galleries. This analysis identified two Bacillus species: Bacillus
licheniformis (strains 13, 19, and 24) and Bacillus circulans (strains 14 and 15). The results
obtained from the API galleries confirm their classification at the species level (Table 14).

The acetic acid production of five yeast strains (13, 14, 15, 19, and 24) was monitored
over a period of 120 hours (Graph 2). Among the five yeast strains tested, Strain 15 exhibited
the highest acetic acid production, achieving 28 g/L at 108 hours.
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Table 14: Results of APl 50 CHB/B strains identification

Strain N° Result of API

13 Bacillus licheniformis
14 Bacillus circulants

15 Bacillus circulans

19 Bacillus licheniformis
24 Bacillus licheniformis

1VV.3.3. Acetic acid production and fermentation kinetics

The acetic acid production of five yeast strains (13, 14, 15, 19, and 24) was monitored
over a period of 120 hours. The data revealed distinct trends in growth (OD[I[1[1), acid
production, and pH variation among the tested strains.

Strain 15 exhibited the highest acetic acid production, reaching 28.1 g/L at 108 hours
before slightly stabilizing at 28.0 g/L at 120 hours. This strain demonstrated a continuous
increase in acetic acid concentration, with significant production acceleration after 24 hours
(8.7 g/L), peaking between 84 and 108 hours. The pH of the fermentation medium gradually
decreased, reaching 4.87 at 120 hours, indicating active acidification.

Strains 13 and 14 showed moderate acetic acid production levels, with maximum
concentrations of 15.7 g/L and 16.2 g/L, respectively, at 120 hours. Their pH values decreased
to 5.38 and 4.87, respectively, by the end of fermentation. Growth patterns differed among the
strains, with OD[I[1[] values peaking earlier (between 48 and 72 hours) and subsequently
declining, suggesting possible cellular stress or nutrient depletion.
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Figure 27: Acetic acid production over time by different Bacillus strains (13, 14, 15, 19, 24).

1V.4. Discussion

The physicochemical characteristics of OMW observed in this study align with previous
research, reporting similar values for pH (4.5-5.5), COD (40-100 g/L), and BOD[] (20-50 g/L)
(Bougherara et al., 2021b; Bouharat et al., 2018; Bouknana et al., 2014; Russo et al., 2022). The
high COD/BOD!] ratio (>2.5) indicates the presence of slowly biodegradable or recalcitrant
organic compounds, which can hinder biological treatment methods, as previously reported by
(Gueboudji et al., 2022b). Additionally, polyphenol concentrations ranging from 0.5to 8 g/L in
OMW (Vavouraki et al., 2020) are known to exert antimicrobial effects, which may have
contributed to growth inhibition in certain strains during fermentation (Russo et al., 2022; Sar
& Akbas, 2023).
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The observed cumulative gas production by strains 13, 14, 15, and 19
(13.8+ 1.2 mL/100 mL OMW) reflects an active microbial metabolism capable of fermenting
olive oil mill wastewater (OMW) components. Although Bacillus species are not classical
methanogens, they can play an important indirect role in biogas production. Specifically,
Bacillus strains are known for their robust hydrolytic and acidogenic activities, facilitating the
breakdown of complex organic matter into simpler molecules such as volatile fatty acids
(VFAs), hydrogen (H[1), and carbon dioxide (CO[]) (Al Rabadi et al., 2021; Harirchi et al.,
2022).

The gas measured during fermentation is therefore primarily attributed to H(/ and CO[
production during acidogenesis and acetogenesis stages, rather than direct methane production.
The absence of methanogenic archaea in the system likely limited methane (CH[J) formation,
which explains why the gas volume remains slightly lower compared to typical full anaerobic
digestion systems that include both bacterial and archaeal consortia (Angelidaki et al., 2018;
Harirchi et al., 2022).

Nevertheless, the detected gas production confirms that the Bacillus strains were
metabolically active and could efficiently degrade the OMW substrates into intermediate
products essential for biogas generation. In contrast, the absence of gas production in certain
strains suggests deficiencies either in substrate utilization pathways (e.g., inability to hydrolyze
complex polyphenolic compounds present in OMW) or in key enzymatic activities related to
fermentative metabolism. In particular, lack of fermentative pathways leading to H(1 and CO[
generation (e.g., via pyruvate fermentation routes) could explain the non-producing profiles
(Liew et al., 2016).

This variability between strains highlights the importance of carefully selecting strains
not only for substrate tolerance but also for their capacity to drive the early steps of anaerobic
digestion. Optimizing the metabolic performance of such strains, possibly through co-
cultivation with methanogens or through genetic or process engineering, could further enhance
gas production and process stability.

The API 50CHB/E biochemical identification confirmed that Bacillus licheniformis and
Bacillus circulans are key contributors to OMW fermentation. These species are well-
documented for their ability to degrade complex carbohydrates and efficiently produce organic
acids (lactic acids, a-ketoglutaric acid, and y-aminobutyric acid) (Park et al., 2021; Serin et al.,
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2012). Bacillus licheniformis, in particular, is known for its tolerance to extreme environmental
conditions, making it a promising candidate for large-scale bioprocess applications (Shleeva et
al., 2023; Tamang et al., 2016). Previous studies have reported its use in anaerobic digestion
systems, where it enhances hydrolysis and acidogenesis, leading to improved biogas yields
(Shleeva et al., 2023).

The acetic acid production observed in this study highlights the potential of microbial
fermentation for olive mill wastewater (OMW) valorization. Among the tested strains, Strain
15 exhibited the highest acetic acid production (28.1 g/L at 108 hours), surpassing values
typically reported for Saccharomyces cerevisiae, which range from 20 to 40 g/L (De Leonardis
et al., 2019; Fronteras et al., 2021). This suggests that Bacillus strains, particularly Bacillus
licheniformis and Bacillus circulans, could be viable candidates for direct OMW fermentation,
without requiring co-culturing with acetic acid bacteria such as Acetobacter aceti, which is
commonly used in two-step fermentation systems (Fronteras et al., 2021).

The acetic acid production observed in this study highlights the potential of microbial
fermentation for OMW valorization. Among the tested strains, Strain 15 exhibited the highest
acetic acid production (28.1 g/L at 108 hours), exceeding values typically reported for
Saccharomyces cerevisiae (which range between 20-40 g/L, depending on substrate
composition) (De Leonardis et al., 2019; Fronteras et al., 2021). This suggests that Bacillus
strains could be viable candidates for direct OMW fermentation, eliminating the need for co-
culturing with acetic acid bacteria such as Acetobacter aceti, which is typically used in two-
step fermentation systems (De Leonardis et al., 2019; Qiu et al., 2021).

The findings of this study indicate that Bacillus strains can efficiently ferment OMW to
produce acetic acid and biogas, making them strong candidates for industrial-scale waste
valorization. Compared to other microbial strains, Bacillus species offer advantages such as
high environmental adaptability, resilience to acidic pH, and efficient enzyme production,

which are essential for large-scale fermentation.

1V.5. Conclusion

This study demonstrated the capacity of five Bacillus strains (13, 14, 15, 19, and 24) to
produce acetic acid from olive oil mill wastewater (OMW), highlighting their potential for

bioconversion of agricultural waste. Among the strains tested, Bacillus strain 15 exhibited the
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highest acetic acid yield, reaching 28 g/L at 108 hours, significantly outperforming the other
strains. Strains 19 and 24 followed with moderate production, while strains 13 and 14 showed
lower yet consistent acidification and biomass growth.

The use of Bacillus strains for acetic acid production from OMW represents a novel
approach, as previous studies have primarily focused on Saccharomyces cerevisiae and acetic
acid bacteria. This work not only contributes to the valorization of olive oil production by-

products but also introduces Bacillus as a promising candidate for sustainable acetic acid

fermentation.

Future research should focus on optimizing fermentation conditions to enhance yields,
scaling up the process for industrial applications, and further investigating the metabolic
pathways involved in Bacillus-mediated acid production. This study opens new avenues for
biotechnological innovation in the valorization of olive oil wastewater, promoting circular

economy principles and reducing environmental impact
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General conclusion

This thesis explored the biotechnological valorization of agro-industrial by-products,
primarily olive oil wastewater (OOWW), sugarcane molasses (SCM), and milk whey (MW),
through innovative microbial strategies to produce molecules of industrial interest such as
bioethanol, biogas, and acetic acid.

In the first phase, a native yeast strain, Saccharomyces cerevisiae Y17, was successfully
isolated from olive oil wastewater. The strain demonstrated remarkable tolerance to the toxic
environment of untreated OOWW and outperformed commercial yeast strains in ethanol
production. This highlighted the potential of indigenous microbial resources for sustainable
bioprocessing of inhibitor-rich substrates, offering an eco-friendly solution for waste

management while contributing to renewable energy generation.

Building upon these findings, the second phase of the work integrated simultaneous
saccharification and fermentation (SSF) using immobilized S. cerevisiae Y17 on pozzolane
supports. This strategy, combined with enzymatic hydrolysis, significantly enhanced glucose
availability and fermentation efficiency, resulting in a maximum ethanol concentration of 34.56
g/L under optimized conditions. The immobilization technique provided improved process
stability, reduced contamination risks, and enabled potential biomass reuse, demonstrating its
industrial relevance for scalable and economically viable bioethanol production.

Expanding the valorization approach, the third phase assessed the capacity of selected
Bacillus strains to convert OOWW into acetic acid. Bacillus strain 15 achieved the highest
production yield (28 g/L), establishing the feasibility of using alternative bacterial systems for
acidogenesis from agro-industrial residues — a relatively novel avenue compared to traditional

acetic acid fermentation practices.

Overall, this thesis demonstrates that integrating microbial strain selection, enzymatic
enhancement, and immobilization technologies can create efficient and sustainable
bioprocesses for transforming agro-industrial wastes into value-added bioproducts. The results
underline the potential of developing scalable, circular bioeconomy models that address both
environmental challenges and renewable energy needs. Future research directions include
process scale-up, detailed metabolic profiling, and the design of integrated biorefineries capable
of sequentially producing multiple bio-based products from a single waste stream.
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General conclusion

Through these contributions, this work advances the field of microbial biotechnology and opens
new perspectives for the sustainable and innovative exploitation of agro-industrial by-products.

Future research directions could include:

o Exploring mixed cultures (e.g., yeast and Bacillus or acetic acid bacteria) to improve

substrate utilization and product yield.

e Evaluating the long-term stability and reusability of immobilized cells to enhance

industrial applicability.

e Investigating additional agro-industrial wastes (e.g., date palm residues or fruit peels)

to diversify feedstocks.

o Testing alternative immobilization materials or genetically enhanced strains to further

improve process efficiency.
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Appendix 1: APl 50CHB Biochemical Test Results
The API 50 CHBYJE test (bioMérieux, France) was employed to assess the carbohydrate
assimilation profile of the isolated Bacillus strains. The test strip contains 50 different
carbohydrate substrates and was interpreted according to the manufacturer's instructions. The
yeast suspension was prepared in APl 50 CHB/E medium and incubated at 30 °C for 48-72
hours. Positive reactions were determined based on turbidity and color change.

Composition of the Strip
The composition of the API® 50 CH strip is given below in the list of tests:
Strip 0-9

TUBE | TESTS ACTIVE STRAIN | STRAIN | STRAIN | STRAIN | STRAIN
INGREDIENTS 13 14 15 19 24
0 Control - - - - -
1 GLY Glycerol + + + + +
2 ERY Erythritol - + - - +
3 DARA D-Arabinose + + + + +
4 LARA L-Arabinose + + + + +
5 RIB D-Ribose + + + + +
6 DXYL D-Xylose + + + + +
7 LXYL L-Xylose - + + - +
8 ADO D-Adonitol + + + + +
9 MDX Methyl-R-D- + + - - +
xylopyranoside
Strip 10-19
TUBE | TESTS ACTIVE STRAIN | STRAIN | STRAIN | STRAIN | STRAIN
INGREDIENTS 13 14 15 19 24
10 GAL D-Galactose + + + + +
11 GLU D-Glucose + + + + +
12 FRU D-Fructose + + + + +
13 MNE D-Mannose + + + + +
14 SBE L-Sorbose + + + + +
15 RHA L-Rhamnose + + + + +
16 DUL Dulcitol + + + + +
17 INO Inositol + + + + +
18 MAN D-Mannitol + + + + +
19 SOR D-Sorbitol + + + + +
Strip 20-29

155



Appendices

TUBE | TESTS ACTIVE STRAIN | STRAIN | STRAIN | STRAIN | STRAIN
INGREDIENTS 13 14 15 19 24
20 MDM Methyl-a-D- - - - - -
mannopyranoside
21 MDG Methyl-a-D- + + + + +
glucopyranoside
22 NAG | N-Acetylglucosamine - + + - +
23 AMY Amygdalin - + - - +
24 ARB Arbutin - + - - +
25 EsC E-scul-in + + + + +
Ferric citrate
26 SAL Salicin + + + + +
27 CEL D-Cellobiose + + + + +
28 MAL D-Maltose + + + + +
29 LAC D-Lactose (bovine + + + + +
origin)
Strip 30-39
TUBE | TESTS ACTIVE STRAIN | STRAIN | STRAIN | STRAIN | STRAIN
INGREDIENTS 13 14 15 19 24
30 MEL D-Melibiose + + + + +
31 SAC D-Saccharose + + + + +
(sucrose)
32 TRE D-Trehalose + + + + +
33 INU Inulin - - - - -
34 MLZ D-Melezitose - + + - +
35 RAF D-Raffinose + + + + +
36 AMD Starch (amidon) + + + + +
37 GLYG Glycogen - - - - -
38 XLT Xylitol - - - - -
39 GEN Gentiobiose - - - - -
Strip 40-49
TUBE | TESTS ACTIVE STRAIN | STRAIN | STRAIN | STRAIN | STRAIN
INGREDIENTS 13 14 15 19 24
40 TUR D-Turanose - - - - -
41 LYX D-Lyxose - - - - -
42 TAG D-Tagatose - + + + +
43 DFUC D-Fucose - + - - +
44 LFUC L-Fucose + + + + +
45 DARL D-Arabitol + + + + +
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46 LARL L-Arabitol + + + + -

47 GNT Potassium gluconate - - - - -

48 2KG Potassium 2- - - - - -
ketogluconate
49 5KG Potassium 5- - - - - .

ketogluconate

The reading of these reactions is done using a reading table, and the identification is
obtained through the identification table. The identification is carried out using the APl WEB
software

Appendix 2: Identification of the 16S rRNA sequences of strain Saccharomyces cerevisiae
Y17

Saccharomyces cerevisiae isolate Y17 internal transcribed spacer 1, partial
sequence; 5.8S ribosomal RNA gene and internal transcribed spacer 2, complete
sequence; and large subunit ribosomal RNA gene, partial sequence

GenBank: PQ566690.1

FASTA  Graphics

Go to

©

LOCUS PQ566690 814 bp DNA linear PLN ©1-FEB-2025

DEFINITION Saccharomyces cerevisiae isolate Y17 internal transcribed spacer 1,
partial sequence; 5.8S ribosomal RNA gene and internal transcribed
spacer 2, complete sequence; and large subunit ribosomal RNA gene,
partial sequence.

ACCESSION PQ566690

VERSION PQ566690.1
KEYWORDS
SOURCE Saccharomyces cerevisiae (brewer's yeast)

ORGANISM Saccharomyces cerevisiae
Eukaryota; Fungi; Dikarya; Ascomycota; Saccharomycotina;
Saccharomycetes; Saccharomycetales; Saccharomycetaceae;

Saccharomyces.
REFERENCE 1 (bases 1 to 814)
AUTHORS Rouam,D. and Mezine,M.A.
TITLE Screening of indigenous yeasts isolated in Algeria from olive
wastewater
JOURNAL  Unpublished
REFERENCE 2 (bases 1 to 814)
AUTHORS Rouam,D. and Mezine,M.A.
TITLE Direct Submission
JOURNAL  Submitted (©6-NOV-2024) Agriculture, Food and Environment,
University of Catania, Santa Sofia, Catania, Catania 95123, Italy
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Sequence: EFT0773424 Samgies: 15431 Cuality: 0.8 — Page:1/3
0-10  — 02022024
20.28
=3 —

aal K \) ) y)

b} 2 0 0 50 @ 0 =
AAA GG GG ATECCTAACE TG ATTTGAGGTC AMCT TTAAG AACAT TG TTCGBCCTAG ACEC TCTECTTETTATCGATAACGT TCCAATAC

0 100 1w 120 130 P 50 18
GCTCAGTATAAMAAAAAB ATTAGC CBCAGT TG BTAAAACC TAAAACGACCG TACTTGCATTATACCTCAAGCAGCG CAG AG AAAC

5 198 210 = 240 250
CTCTCTTTGGBAAAAAAARACAT CCAATG AAMAAAGGC CAGCAATTTCAAGTTAACTCCAAAGAGTATCACTECAGTAGC CAAACAGAAT

A A

20 zr =0 200 100 ER 3z 3
GTTTGEAGAAGGAAAT GACGCTCAAACAGGCATGCCCCCTEGAATACCAAGGGGCGCAATGTGCGEG TTCAMAGATTCGATGATTC

a0 50 380 e s 0 400 410
ACGEG AATTCTEGCAAT TCACATTACEBTATCGEGECATTTEGCTECGTTETTCATCGATGCGAGBAACCAAGAGATCCGTTGTTEGAAAG

20 : TTa - A L am T TR g aw il {
CAGTTACGAAAAT TCTTET T TTTOACAAAAAT TTAATGAATAGATAAAATTGTTTIGTGTTTGT

430 430
FTELETAATET T EAKALTTITE

Sequence: EFT0773424 Samples: Quality: 0-8 — Page:2/3
Bases: 10.10 — 02022024
Average spaci 28
Average quality == 10: 4, 20: 20, 30: 785 =3 —

A =0 540 =0 =0 ED a0
TACCTCTGGEGCCCCGAT TGCTCGAATGCECAAAGAAAAAGT TGCAAAGATAT GAAAACTCCACAGTGTGTTGTATTGAAACGGT

0 s & & B &40 550 a0 70
TTTAATTGTCCTATAACAAAMAGCACAGAAATCTCTCACCG T TTGGAATAGCAAGAAAGAAMACTTACAAGCCTAGCAAGACCGC

110

a0 B o B 0 P =0
BCACTTAAGCECAGGCCCEBGECTEEGECTCTCCATCTECTTEGTCTTETTGCCCAGTAAAAGETCTCATGCTCTTECCAAAACARAANA

TE0 fii] 50 B &0 ain
AATCCATT TTCAAAATTATTAAATTTCTTTAATEBATCCTTCGGCAGE TCACCCTACGE AA
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Abstract

The valorization of olive mill wastewater (OMW) through microbial fermentation presents an innovative approach to addressing
environmental challenges associated with olive oil production. This study aimed to investigate the potential of Bacillus strains isolated
from bovine rumen for acetic acid production using olive oil mill wastewater as the primary substrate. Physicochemical analyses revealed
high organic load (chemical oxygen demand of 183 g O, L', biological oxygen demand of 7 g O, L™!) and acidic pH (4.5) in olive oil mill
wastewater, making it suitable for microbial growth. A total of 25 bacterial strains were isolated, and preliminary screening based on
biogas production identified five efficient acid-producing Bacillus strains. Species-level identification using the bacterial identification
system confirmed the presence of Bacillus licheniformis and Bacillus circulans. Batch fermentations conducted over 120 h produced up
to 14 mL of biogas per 100 mL of culture and acetic acid concentrations of 28 g L}, highlighting the strains’ strong acidification capacity.
This study demonstrates the feasibility of bioconverting agricultural waste into valuable bioproducts, contributing to sustainable waste

management, bioenergy generation, and promoting circular economy practices.

Key words: acetic acid, Bacillus, bovine rumen. olive mill wastewater, wastewater valorization.
Abbreviations: BOD, biological oxygen demand; COD, chemical oxygen demand; OMW, olive mill wastewater.

Introduction

The production of olive oil generates considerable waste,
particularly olive mill wastewater (OMW), which poses
environmental challenges due to its high organic load
and potential for pollution (Sar, Akbas 2023). OMW is
characterized by high levels of chemical oxygen demand
(COD) and biochemical oxygen demand (BOD), along
with an acidic pH, making it a candidate for valorization
through microbial fermentation (Bouharat et al. 2018).
Microbial fermentation is a crucial biochemical process
that converts organic substrates into valuable products,
including organic acids, which play essential roles in
various industrial applications (Senanayake et al. 2023).
Among these, acetic acid is particularly noteworthy due to
its wide use as a preservative, flavoring agent, and chemical
feedstock (Qiu et al. 2021). The rumen of ruminant
animals harbors a diverse microbial community capable of
fermenting fibrous plant materials into volatile fatty acids
(Mizrahi et al. 2021). This unique microbial ecosystem
provides an opportunity to exploit specific strains for
efficient fermentation processes (Graham, Knelman 2023).

Previous research has primarily focused on
Saccharomyces cerevisiae and acetic acid bacteria for acetic
acid production, leaving room for exploration of other
microbial candidates like Bacillus (Ntougias et al. 2013;
Fronteras et al. 2021; Ayadi et al. 2022; Carmona et al.
2023; Angeloni et al. 2024). Studies on the use of OMW
as a substrate have highlighted its potential for producing
value-added products such as bioethanol and acetic acid,
often relying on traditional microbial strains.

Therefore, this study aims to evaluate the capacity of
Bacillus strains isolated from bovine rumen to produce
acetic acid through fermentation of olive oil mill
wastewater. Specifically, it focuses on identifying efficient
acid-producing strains, characterizing their species, and
assessing their fermentation performance. The hypothesis
is that Bacillus strains isolated from bovine rumen can
efficiently ferment OMW to produce acetic acid, offering a
sustainable solution for waste management and bioenergy
generation. The use of OMW as a substrate presents a dual
opportunity: providing an environmentally sustainable
solution for waste valorization while simultaneously
producing valuable bioproducts.
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Materials and methods

Sample collection and analysis

OMW samples were collected from the Nakhla oil mill
located in Chlef, Algeria, during the peak olive processing
season. Samples were filtered through a fine mesh to
eliminate any large contaminants and autoclaved before
fermentation. Samples were stored at 4 °C when not in use.
Physicochemical analyses were conducted to determine
pH using a digital pH meter (Hanna Instruments), while
chemical oxygen demand (COD) and biochemical oxygen
demand (BOD,) were measured following standard
methods (APHA 2017b). Organic matter content was
assessed through gravimetric methods by drying the
samples at 105 °C for 24 h and measuring the weight loss.
Acidity was determined by titration with 0.1 M NaOH
using phenolphthalein as an indicator. Nitrites (NO,")
were quantified using the colorimetric method with Griess
reagent, following the standard protocol (APHA 2017a).
Total polyphenols were measured using the Folin-Ciocalteu
method, as described by Russo et al. (2022). All analyses
were performed in triplicate to ensure reproducibility.

Microbial isolation and screening

Bovine rumen juice was obtained from a freshly slaughtered
Holstein cow at the Taiba slaughterhouse in Chlef, Algeria.
The rumen contents were filtered through sterile gauze to
collect the liquid fraction. Serial dilutions were prepared
and spread onto de Man, Rogosa and Sharpe medium and
M17 agar plates supplemented with 2% CaCO, to facilitate
the identification of acid-producing colonies through the
formation of clear halos. The medium composition included
peptone (10 g L), beef extract (10 g L), yeast extract (5
g L), glucose (20 g L"), Tween 80 (1 mL L"), ammonium
citrate (2 g L"), sodium acetate (5 g L™'), magnesium sulfate
(0.1 g L"), manganese sulfate (0.05 g L!), and dipotassium
phosphate (2 g L™'). Anaerobic conditions were maintained
using a 2.5 L anaerobic culture jar from Merk. Plates were
incubated anaerobically at 37 °C for 48 h. A total of 25
distinct colonies were isolated and subcultured to obtain
pure strains.

Primary identification and evaluation of isolated strains
Initial identification of the isolated strains was performed
through a combination of morphological and biochemical
tests. Microscopic observations were conducted to assess
cellmorphology and Gram staining characteristics. Oxidase
and catalase tests were performed to evaluate enzymatic
activity, aiding in preliminary strain classification.

A preliminary fermentation to evaluate the capacity
of the isolated strains to ferment OMW was conducted
using a mix of 25% OMW and 75% de Man, Rogosa and
Sharpe medium supplemented with CaCOj; as a pH buffer
in 100 mL sealed bottles equipped with graduated syringes
to measure the volume of biogas produced. The medium
was inoculated with 5% (v/v) of a 24 h fresh culture and
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incubated in 37 °C for a period of five days. The strains
demonstrating the highest biogas production were selected
for further analysis.

Following these initial tests, the API 50 CHB/E system
(bioMérieux), a biochemical assay designed to characterize
carbohydrate metabolism, was employed. The system
evaluates the fermentation of 49 different carbohydrates,
providing a metabolic fingerprint that aids in species-level
identification.

Fermentation trials for acetic acid production

To evaluate long-term acetic acid production, a separate
fermentation trial was conducted over a period of 120 h.
Fresh OMW medium (500 mL) was pH adjusted to the
value of 6 to favour acidogenesis because methanogenesis
(methane production) requires a higher pH (6.5 to 8.5) and
longer incubation times as discussed previously (Liew et al.
2016). The OMW was inoculated with 5% (v/v) of Bacillus
strains selected based on their biogas production efficiency.
The flasks were incubated at 37 °C with continuous shaking
at 150 rpm to ensure optimal oxygenation and nutrient
distribution.

Samples were collected at regular intervals to monitor
critical parameters, including pH, optical density at 600 nm
(OD,,,), and acetic acid concentration. pH measurements
provided insights into acidification dynamics, while OD,
reflected biomass growth over time.

Acetic acid was quantified following the method
outlined by Sode (2014). This method involves a classic
acid-base titration using NaOH.

Data analysis

All experiments were conducted in triplicate. Data are
presented as mean * standard deviation (SD). Statistical
analysis was performed using GraphPad Prism 10 software.
Differences between strains and fermentation parameters
were evaluated using analysis of variance (ANOVA), with
significance considered at p < 0.05.

Results

Physicochemical characteristics of OMW

The physicochemical analysis of olive mill wastewater
(OMW) (Table 1) revealed several important characteristics
that underscore its potential for microbial fermentation.
The recorded pH 4.5, COD 0of 183 g O, L', and BODs of 7 g
O, L indicate a highly organic-rich environment suitable
for fermentation processes. The average acidity measured
at 1.65% further emphasizes the high organic load present
in the OMW.

The high COD/BODs ratio observed in this study
suggests the presence of non-biodegradable organic
compounds. Additionally, the detection of 31 mg L' nitrites
and 5.81 g L™ total polyphenols in the OMW highlights its
complex composition.



Table 1. Physicochemical characteristics of olive mill wastewater
samples

Parameter Mean + SD Range
pH 45402 43-47
COD (g O, L") 18345 178 - 188
BOD, (g0, L) 7.0+ 0.3 6.7-7.3
Average acidity (%) 1.65 £ 0.05 1.60 - 1.70
Nitrite (mg L) 31+2 29 - 33
Total polyphenols (g L) 5.81+0.1 5.70 - 5.90

Microbial isolation and characterization

The results of the biochemical tests conducted on the
isolated bacterial strains are summarized in Table 2. A total
of 25 strains were evaluated for Gram staining, catalase
activity, oxidase activity, and morphological form, revealing
a diverse array of bacterial types predominantly classified
as cocci and bacilli. The majority of strains exhibited Gram-
negative characteristics, with notable exceptions among
Gram-positive strains.

The identification of specific strains with positive
catalase and oxidase activities, such as JR/GN/-4/1/3, JR/
GN/-6/1/1, and JR/GN/-6/3/1, suggests their metabolic
versatility. The morphological diversity observed among
the strains - ranging from cocci to bacilli and coccobacilli
- demonstrates their ecological adaptability.

Olive mill wastewater for acetic acid production by Bacillus strains

The results of the batch fermentation trials shown in
Fig. 1 indicate significant variability in gas production
among the isolated bacterial strains. Notably, strains 2, 4, 6,
7,10, 11, 17, 21, and 22 exhibited no gas production, while
strains 1, 3, 5, 8, 9, 12, 16, 18, 20, 23, and 25 showed low
levels of gas production. In contrast, strains 13, 14, 15, 19
and 24 demonstrated substantial gas production starting
from the third day of incubation. Strain 14 emerged as the
highest gas producer with approximately 14 mL, followed
closely by strains 19 (12.6 mL), 24 (12.0 mL) and 13 (12.2
mL), while strain 15 produced around 11.8 mL within 120
h.

The fermentation profiles of strains 13, 14, 15, 19, and
24 were further characterized using the API 50 CHB/E
galleries. This analysis identified two Bacillus species:
Bacillus licheniformis (strains 13, 19, and 24) and Bacillus
circulans (strains 14 and 15). The results obtained from the
API galleries confirm their classification at the species level
(Table 3).

The acetic acid production of five yeast strains (13, 14,
15, 19, and 24) was monitored over a period of 120 h. The
data revealed distinct trends in growth (shown as ODsoo),
acid production, and pH variation among the tested strains
(Fig. 2).

Strain 15 exhibited the highest acetic acid production,
reaching 28.1 g L' at 108 h before slightly stabilizing at

Table 2. Results of Gram staining and biochemical tests for isolated strains

No. Strain ID Gram stain
1 JR/GN/-5/1/1/1 -
2 SR2/M17/SM/1/2 -
3 JR/GN/-4/1/3 +
4 JR/GN/-6/1/1 +
5 JR/GN/-4/3/2 +
6 JR/GN/-4/4/1 -
7 JR/GN/-6/3/1 +
8 JR/GN/-8/2/2 -
9 A/GN/SM/1 +
10 JR/GN/-4/4/4 +
11 A/GN/-1/1 -
12 JR/GN/-6/2/1 -
13 JR/GN/-6/2/5 +
14 JR/GN/-8/2/5 +
15 A/GN/-7/1 +
16 JR/GN/-6/2/1 -
17 JR/GN/-6/2/2 +
18 JR/GN/-6/3/3 -
19 JR/GN/-4/4/1 +
20 SR2/SM/M17/1/3 -
21 JR/GN/-4/2/1 +
22 SR2/M17/-7/1 +
23 SR2/M17/-5/4/1 -
24 SR2/Clm /-9/4 +
25 JR/GN/-4/1/1 -

Catalase

Form
Cocci
Cocci

- Cocci

+ +

- Cocci
Cocci
- Coccobacilli
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Fig. 1. Biogas production rate of different yeast strains over 5 days. Values represent mean + SD.
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Fig. 2. Acetic acid production (A), OD__ (B) and pH (C) over time by selected Bacillus strains.
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28.0 g L at 120 h (Fig. 2A). This strain demonstrated a  peaking between 84 and 108 h. The pH of the fermentation
continuous increase in acetic acid concentration, with medium gradually decreased, reaching 4.87 at 120 h,
significant production acceleration after 24 h (8.7 g L),  indicating active acidification (Fig. 2C).
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Table 3. Results of API 50 CHB/B strains identification

Strain No. Result of API

13 Bacillus licheniformis
14 Bacillus circulans

15 Bacillus circulans

19 Bacillus licheniformis
24 Bacillus licheniformis

Strains 13 and 14 showed moderate acetic acid
production levels, with maximum concentrations of 15.7
and 16.2 g L, respectively, at 120 h (Fig. 2A). Their pH
values decreased to 5.38 and 4.87, respectively, by the end
of fermentation (Fig. 2C). Growth patterns differed among
the strains, with ODsoo values peaking earlier (between 48
and 72 h) and subsequently declining, suggesting possible
cellular stress or nutrient depletion (Fig. 2B).

Discussion

The physicochemical characteristics of OMW observed
in this study align with previous research, reporting
similar values for pH (4.5 to 5.5), COD (40 to 100 g
L), and BODs (20 to 50 g L) ( Bouknana et al. 2014;
Bouharat et al. 2018; Russo et al. 2022; Bougherara et al.
2021). The high COD/BODs ratio (> 2.5) indicates the
presence of slowly biodegradable or recalcitrant organic
compounds, which can hinder biological treatment
methods, as previously reported by Gueboudji et al. (2022).
Additionally, polyphenol concentrations ranging from 0.5
to 8.0 g L' in OMW (Vavouraki et al. 2020) are known to
exert antimicrobial effects, which may have contributed to
growth inhibition in certain strains during fermentation
(Russo et al. 2022; Sar, Akbas 2023).

In terms of biogas production, strains 13, 14, 15, 19,
and 24 exhibited the most efficient metabolic pathways
for OMW fermentation, with cumulative gas production
reaching 13.8 mL 100 mL™"' of OMW, comparable to values
reported in anaerobic digestion studies, where biogas yields
typically range between 20 to 45 mL CH, 100 mL™" (Al
Rabadi et al. 2021; Laabidi et al. 2023). The absence of gas
production in certain strains suggests either an inability to
metabolize the available substrates or a lack of key enzymes
involved in methanogenesis (Liew et al. 2016). This
variability underscores the importance of strain selection
and metabolic optimization to enhance biogas yields and
improve process stability.

The API 50CHB/E biochemical identification
confirmed that Bacillus licheniformis and Bacillus circulans
were key contributors to OMW fermentation. These
species are well-documented for their ability to degrade
complex carbohydrates and efficiently produce organic
acids (lactic acids, a-ketoglutaric acid, and y-aminobutyric
acid) (Serin et al. 2012; Park et al. 2021). Bacillus
licheniformis, in particular, is known for its tolerance to

Olive mill wastewater for acetic acid production by Bacillus strains

extreme environmental conditions, making it a promising
candidate for large-scale bioprocess applications (Tamang
et al. 2016; Shleeva et al. 2023). Previous studies have
reported its use in anaerobic digestion systems, where it
enhances hdrolysis and acidogenesis, leading to improved
biogas yields (Shleeva et al. 2023).

The acetic acid production observed in this study
highlights the potential of microbial fermentation for OMW
valorization. Among the tested strains, strain 15 exhibited
the highest acetic acid production (28.1 g L™ at 108 h),
surpassing values typically reported for Saccharomyces
cerevisiae, which range from 20 to 40 g L' (De Leonardis
et al. 2019; Fronteras et al. 2021). This suggests that
Bacillus strains, particularly Bacillus licheniformis and
Bacillus circulans, could be viable candidates for direct
OMW fermentation, eliminating the need for co-culturing
with acetic acid bacteria such as Acetobacter aceti, which
is typically used in two-step fermentation systems (De
Leonardis et al. 2019; Qiu et al. 2021).

Conclusions

The findings of this study indicate that Bacillus strains
can efliciently ferment OMW to produce acetic acid and
biogas, making them strong candidates for industrial-
scale waste valorization. Compared to other microbial
strains, Bacillus species offer advantages such as high
environmental adaptability, resilience to acidic pH, and
efficient enzyme production, which are essential for large-
scale fermentation.

The use of Bacillus strains for acetic acid production
from OMW represents a novel approach, as previous studies
have primarily focused on Saccharomyces cerevisiae and
acetic acid bacteria. This work not only contributes to the
valorization of olive oil production by-products, but also
introduces Bacillus as a promising candidate for sustainable
acetic acid fermentation. Future research should focus on
optimizing fermentation conditions to enhance yields,
scaling up the process for industrial applications, and
further investigating the metabolic pathways involved in
Bacillus-mediated acid production. This study opens new
avenues for biotechnological innovation in the valorization
of olive oil wastewater, promoting circular economy
principles and reducing environmental impact.
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ABSTRACT

This work describes a new method for fermentative ethanol production using a triple waste substrate mixture of
olive oil wastewater (OOWW), milk whey (MW), and sugarcane molasses (SCM). Enzymatic hydrolysis was
performed using a commercial enzyme complex, Natuzyme, at concentrations of 0.25%, 0.5%, and 0.75%.
Fermentation was performed at 30 °C, pH 5.5, and 150 rpm using immobilized cells of Saccharomyces cerevisiae
(Sc) previously isolated from OOWW. The ethanol yields produced by immobilized S. cerevisiae ranged from 16.56
g/L to a maximum of 34.56 g/L at the 0.5% enzyme concentration, demonstrating an optimal balance between
hydrolytic efficiency and yeast activity. Four different fermentation formulations were prepared by varying the
proportions of the waste components, resulting in different substrate compositions and fermentation outcomes.
These results demonstrate the potential of valorizing heterogeneous waste streams for the sustainable
production of ethanol. This study advances environmentally responsible waste management and opens a

promising avenue for large-scale ethanol production using yeast immobilization techniques.

Key words: renewable biofuels;

agro-industrial by-products;

enzymatic bioconversion; immobilized

fermentation; multi-substrate fermentation; sustainable energy

INTRODUCTION

In Algeria, various agro-food industries
generate their primary products and millions
of tons of by-products and residues annually.
These by-products represent a significant
source of energy and nutrients. For instance,
milk whey (MW) from cheese production, olive
oil wastewater (OOWW) from olive oil
processing, and sugarcane molasses (SCM)—a
residual syrup from sugar refining—are all rich
in fermentable sugars and organic compounds.
Although molasses is widely used in some
industrial applications, a considerable portion,
especially from small or semi-industrial sugar
facilities, remains underutilized or discarded in
regions lacking ethanol recovery systems.
Consequently, SCM can be regarded as a by-
product with significant valorization potential.
Moreover, national estimates indicate that
Algeria produces approximately 1 to 1.5
million cubic meters of OOWW (from about
100,000-150,000 tons of olives), around
96,000 to 160,000 tons of SCM, and nearly

100,000 tons of MW each year (Bouizar et al,,
2021; Djeziri et al., 2023; Tebbouche et al,
2024). These large volumes, if not properly
managed, contribute to environmental
pollution and represent a valuable bioethanol
production resource and other bioproducts
(Abu Tayeh et al, 2014; Alvarez-Cao et al, 2020;
Pasotti et al., 2017; Rouam & Meziane, 2025). Their
efficient utilization in fermentation processes
has gained increasing interest, particularly
when integrated into multi-waste co-
fermentation systems.

Enzymatic hydrolysis of agro-industrial waste
has attracted growing attention due to its
efficiency in breaking down complex
carbohydrates into fermentable sugars (Vasi¢
et al.,, 2021). Although enzymatic treatment is
well established for single substrates, its
application in multi-waste systems remains
underexplored (Cheng et al.,, 2020). Similarly,
yeast immobilization—a  technique that
enhances fermentation performance by
improving cell stability, ethanol tolerance, and
reusability—has rarely been studied in the
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context of co-fermentation (de Araujo et al,
2024).

This study investigated the synergistic effects
of co-processing three types of agro-industrial
waste—OOWW, MW, and SCM —for
bioethanol production. We focus on two main
strategies: optimizing enzymatic hydrolysis
using Natuzyme (a commercial multi-enzyme
complex), and applying yeast immobilization
using Saccharomyces cerevisiae cells
embedded in pozzolan, a porous volcanic rock.
The use of immobilized yeast aims to improve
fermentation efficiency and process stability.
The main objectives of this research are to
optimize enzymatic hydrolysis to increase
sugar availability, assess the impact of yeast
immobilization on ethanol yield in a
heterogeneous waste system, and compare
different substrate formulations by varying
the ratios of OOWW, MW, and SCM to identify
the most efficient combination.

Despite extensive research on bioethanol
production from individual agro-industrial
by-products, few studies have explored the
combination of multiple waste streams in a
single co-fermentation process. Most existing
studies also rely on free-cell systems, which
suffer from reduced stability, contamination
risk, and lower reusability. Furthermore, the
application of enzymatic hydrolysis in multi-
waste systems remains largely unexplored,
particularly when coupled with yeast
immobilization. This study addresses these
gaps by proposing an integrated approach
that combines enzymatic pretreatment and
immobilized yeast fermentation using a
mixture of OOWW, MW, and SCM. By doing so,
the study will enhance ethanol yield, improve
process robustness, and promote the circular
use of agro-industrial waste—a critical step
toward sustainable and scalable biofuel
technologies.

MATERIALS AND METHODS
Materials

Samples of agro-food by-products were
collected from local agro-industries. Each
sample was coded and stored at 4 °C in a dark
environment at the Laboratory of Natural Bio-
Resources, University of Hassiba Benbouali,
Chlef, Algeria, until further analysis. The
substrates used in this study were:

e Olive oil wastewater (OOWW): Sourced
from the El Nakhla olive mill, located in
northwestern Algeria (36°26'03" N,
1°41'32" E). Samples were collected
during the olive harvesting period
(October-December) to ensure maximum

sugar content.

e Milk whey (MW): Obtained from El Saada
dairy production unit, a yogurt and cheese
factory in northern Algeria (35°68'63" N,
0°34'50" W).

e Sugarcane molasses (SCM): Collected from
Berrahal sugar refinery, located in western
Algeria (35°91'53" N, 0°07'78" E).

e Pozzolan rocks: Used as an immobilization
support, collected from the ENG Pozzolan
quarry in western Algeria (35°28'58"” N,
-1°40'95" S).

3 Natuzyme was purchased from Safana, an
animal nutrition company in eastern
Algeria.

Methods
Samples Preparation

To standardize the substrate composition and
offer optimal fermentation conditions, OOWW
and SCM were diluted 1:10 with distilled water
to reduce the inhibitory compounds present in
OOWW. MW was diluted 1:5, due to its high
water content, to avoid excessive dilution of
fermentable sugars.

Pozzolan rocks were crushed to smaller
aggregates varying from 4 to 6mm in diameter.
All the samples were sterilized by autoclave at
121 °C for 15 min to eliminate contaminants
before the enzymatic hydrolysis and
fermentation.

Yeast Strain and Preparation of Inoculum

The yeast strain used in this study was
Saccharomyces cerevisiae Y17, that we
previously isolated from OOWW. To prepare
the inoculum, the yeast was cultured on
Sabouraud agar medium (40 g/L dextrose, 10
g/L peptone, 20 g/L agar) and incubated at
30 °C for 48 h. A pre-culture was prepared by
inoculating selected yeast colonies in 100 mL of
sterilized substrate mixture and incubated at
150 rpm for 24 h to reach the exponential
growth phase.

Static Fermentation Tests

Preliminary tests were conducted to assess the
feasibility of ethanol production, and optimize
the experimental conditions, troubleshoot
potential issues in the experimental setup.
Primary fermentation tests were conducted
over a 48-h’ period using the Sc Y17 strain. The
production of CO2z, a by-product of ethanoic
fermentation, was measured to estimate the
volume of ethanol produced. This was based on
the stoichiometry of the fermentation equation,
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where one mole of glucose produces two
moles of ethanol and two moles of CO2, as
described by (Kumara Behera & Varma, 2017).
The volume was measured based on the
displacement of the syringe piston attached to
a sealed test tube. Each test was run three
times to ensure the results were reliable.

Enzymatic Hydrolysis

To improve sugar availability, enzymatic
hydrolysis was performed using Natuzyme
from Bioproton, a commercial enzyme
complex known for its broad-spectrum
activity on polysaccharides with the following
labeled composition: phytase, o-amylase,
xylanase, B-mannanase, 3—glucanase, cellulase,
protease, lipase and pectinase.

Three enzyme concentrations were tested:
0.25%, 0.5%, and 0.75% (w/v), based on
preliminary trials.

Enzymatic hydrolysis was conducted under a
temperature of 30 °C; pH was adjusted to 5.0
(using 0.1 M HCI or NaOH) for an incubation
time of 48 h with continuous stirring at 150
rpm.

The 3,5-Dinitrosalicylic Acid (DNS) method
was used to measure the concentration of
glucose both before and after hydrolysis (Jain
etal., 2020).

Simultaneous Saccharification and
Fermentation (SSF) with Immobilized Cells

Fermentation experiments were performed
using batch culture in 1 L glass flasks, each
containing 700 mL of substrate mixture
incubated at 30 °C with continuous shaking at
150 rpm for a period of 72h of fermentation.
To maintain sterility and anaerobic conditions,
flasks were equipped with one-way gas
release valves and 22-micron filters to prevent
contamination. Sampling was assured in a
sterile zone using the sampling orifice.

Four different fermentation formulations
(Table 1) were tested, adjusting the ratios of
OOWW, MW, and SCM. The overall
experimental procedure is summarized in
Figure 1.

Table 1. Fermentation media (Mixtures)
compositions.

Mixtures ooww MW SCM
Mix 1 33% 33% 33%
Mix 2 25% 25% 50%
Mix 3 50% 25% 25%
Mix 4 25% 50% 25%

Collection of OOWW, MW, and
SCM

v

Pre-treatment (filtration/dilution)

v

Enzymatic Hydrolysis
(Natuzyme: 0.25%, 0.5% 0,7%)
(48 h at 30°C, pH 5.0, 150 rpm)

!

Yeast Immobilization
(S. cerevisiae on pozzoolan)

1

Simultaneous Saccharification and
Fermentation (SSF), (72h
at 30°C, pH 5.5,150 rpm)

Sampling at:
0h,3h,12h,24h, 48 h,72h

v

Analysis:
Glucose (DNS)
ODgoo
pH
Ethanol (K MnOy)

Fig. 1. Schematic representation of the experimental
procedure. Three agro-industrial by-products
(OOWW: olive oil wastewater, MW: milk whey,
and SCM: sugarcane molasses) were pretreated
and hydrolyzed enzymatically. Fermentation
was carried out using immobilized S. cerevisiae
on pozzolan. Samples were collected at regular
intervals for glucose, ethanol, ODsoo, pH, and CO»
analysis.

Cell Immobilization

In our previous study (Ayadi et al, 2022), we
developed a method for cell immobilization
using pozzolan, a porous volcanic rock capable
of enhancing cell attachment and retention. The
pozzolan was washed and dried then
autoclaved at 121 °C for 15 min.

Sterile pozzolan was placed in YPD medium
(pre-cultured S. cerevisiae Y17) and incubated
at 30 °C for 24 h to allow biofilm formation.
Successful immobilization was confirmed by
microscopic observation as shown in Figure 2
and viable cell counting.

Fig. 2. Pozzolane rocks under binocular observation x40:
(1) before yeast immobilization, showing a porous
structure, and (2) after immobilization,
highlighting yeast clusters formation on the
surface.
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Analytical Methods

To monitor fermentation progress, the
following key parameters were measured, the
pH was measured using BANTE-210 benchtop
pH meter, the optical density (ODsoo) was
measured using the Shimadzu UV-1800
coupled to a computer, (Jain et al, 2020)
described the method for glucose
determination using the 3,5-Dinitrosalicylic
Acid (DNS) method, we used 3.5 DNS 97+ from
Alfa Aesar Germany. Ethanol was separated
from the fermentation broth using a rotary
evaporator (Rotavapor Biichi R-100) and then
its concentration was determined via
Potassium permanganate titration described
by (Zhang et al., 2019).

Statistical Analysis

A comprehensive statistical analysis was done
using GraphPad Prism 10. To study the
correlation between enzyme dosage, glucose
release, and the production of biogas. This
analysis was designed to study both the direct
effect of enzyme dose on these parameters
and the correlation between glucose
concentration and biogas yield.

Linear Regression

A simple linear regression model was applied
to determine the effect of enzyme dose on
glucose release and biogas production for
each substrate (MW, OOWW, SCM) at two-
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time intervals (T1l: 24 h and T2: 48 h). The
enzyme dose was treated as the independent
variable, while glucose concentration and
biogas production were treated as dependent
variables in separate models.

Equation (1) describes the linear regression
model that was used.

Y=BF+FX+e (N

The dependent variable is Y (glucose or biogas),
X is the enzyme dose, (o is the intercept, 1 the
slope, and ¢ the error term. Significance was
determined by R? and p-values (p < 0.05).

Also, the relationship between glucose
concentration and  biogas yield was
investigated wusing a Pearson correlation
analysis. Normality, homoscedasticity, and
linearity assumptions were tested to ensure
data validity.

This analysis pointed out how enzyme dose
affects glucose availability and its production of
biogas, besides interrelating both variables.

RESULTS AND DISCUSSION

Physicochemical Parameters of Co-
Products

The physicochemical properties of OOWW, MW,
and SCM were analyzed to assess their
suitability as fermentation substrates (Table 2).
The composition of these by-products
influences yeast growth, enzymatic hydrolysis
efficiency, and ethanol production.

Table 2. Physicochemical parameters of OOWW, MW and SCM.

Parameter ooww SCM Mw Methods
. 3.5 DNS Method (Jain et
Reducing Sugars (%) 3.42 37.02 4.1 al,, 2020)
Lowry’s Method
Protein (%) 1.1 0.4 1.03 (Waterborg & Matthews,
1984)
Fat (%) 3.19 0.0 0.21 (Clément, 1956)
DBO5 0z/1 (g-L™1) 11 52.4 7.3 1SO 5815-1:2019
DCO 02/1 (g°L1) 123 102.2 14 1SO 15705:2002
pH 4.73 4.99 4.89 pH meter (BANTE-210)

ooww

The OOWW composition observed in this
study were consistent with those from
previous investigations, but there were some
differences. For instance, the fat content
(3.19%) was slightly higher than the range
reported by Esmail et al.,, 2013 (1-2.5%) and
Djeziri et al.,, 2023 (1.25%), while also falling
within what (Bouknana et al,, 2014) reported
(0.8-27.4 g/L). This can be explained by

different factors such as processing of olives,
seasonal changes, and geographic specificity of
olive cultivars.

Secondly, the reducing sugar content was 3.42
g/L, within the range of 3.52-10.48 g/L
obtained by (Bouknana et al., 2014), indicating
medium availability of fermentable sugars.

The COD of OOWW was 123 g/L, higher than
that obtained by (Esmail et al, 2013) and
(Djeziri et al.,, 2023) at 104 g/L and 90.5 g/L,
respectively. It was similar to (Bouknana et al,,
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2014) (120 g/L) but lower than (Ayadi et al.,,
2022) 183 g/L. The BOD5 11 g/L was lower
than (Esmail et al.,, 2013) (35 g/L), (Djeziri et
al,, 2023) 29 g/L, and (Bouknana et al., 2014)
17-25 g/L, but comparable to (Ayadi et al,,
2022) 7 g/L.

The pH of OOWW in this study was 4.73, which
is slightly higher than (el Kafz etal., 2023) 4.09
but lower than 4.88 reported by (Ayadi et al,,
2022).

SCM

The value of reducing sugars in SCM 37.02% is
considerably low compared to 51.36% found
by (Hassan et al.,, 2019), indicating possible
dilution effects or wvariations in sugar
extraction efficiency.

The COD (102.2 g/L) in this study was lower
than (Hakika et al., 2019) 132.25 g/L, and the
BOD;s 52.4 g/L was higher than what (Hakika
et al, 2019) reported at 31.25 g/L. This lower
value of sugars might be due to the low
concentration of the SCM used in this study.
The pH of SCM 4.99 was higher than that
reported by Hakika et al, 2019 at 3.8, but
lower than the one obtained by Hassan et al,,
2019 at 5.1.

MW

Lastly, the composition of MW in this study
was compared with previous reports, where
our MW contained a higher protein content
1.03%, than the (0.84%) mentioned by
(Lievore et al., 2015) but lower than (Lachebi
& Yelles, 2018) at 6.2%.

The fat content in this study (0.21%) was
comparable to (Lievore et al.,, 2015)(0.08%)
but much lower than (Lachebi & Yelles, 2018)
(1.6%), suggesting partial skimming in our
sample.

Comparing the reducing sugar content in this
study (4.1%) was lower than the 6.2%
reported by (Lachebi & Yelles, 2018), which
may affect its fermentability unless
supplemented with SCM.

The COD and BODs of our MW was 14 g/L and
7.3 g/L, respectively, which were slightly
higher than the values reported by (Lachebi &
Yelles, 2018) COD of 11 g/L and BODs of 6.4
g/L.

For the pH of MW in this study 4.89 was
slightly higher than (Lievore et al, 2015) at
4.37 and (Lachebi & Yelles, 2018) at a value of
4.5.

Only glucose was measured using the DNS
method, which primarily detects reducing
sugars. Other carbohydrates, such as sucrose
and lactose may have been present but were

not individually quantified. Their contribution
to ethanol production likely occurred indirectly
through enzymatic hydrolysis.

Effect of Enzymatic Hydrolysis on Sugar
Release and Biogas Production

Glucose Concentration before and after
Enzymatic Treatment

To evaluate the efficacy of the enzymatic
hydrolysis, Glucose  concentration  was
compared at TO (before treatment) and at T2
(after 48 h of treatment) for the different
wastewaters at varying concentrations (0.25%,
0.5% and 0.75%), the results are presented in
Table 3 and illustrated in Figure 3.

Table 3. Percentage increase in glucose concentration
after enzymatic hydrolysis.

Waste Type lf;szg?;/s) TO (g/L) T2 (g/L) % Increase

oowWw 0.25 3.42 7.58 121.6%
0.5 3.42 10.42 204.4%

0.75 3.42 11.12 2251%

SCM 0.25 27.02 61.45 127.4%
0.5 27.02 79.24 193.2%

0.75 27.02  86.35 219.5%

MW 0.25 8.2 17.98 119.3%

0.5 8.2 23.84 190.7%

0.75 8.2 26.21 219.6%

The results showed a significant increase in
glucose concentration (p < 0.05) across all
substrates with increasing enzyme doses. The
R? values from linear regression analyses were
consistently above 0.85, indicating a strong
correlation between enzyme dose and glucose
release.

The results showed that OOWW exhibited the
highest percentage increase (up to 225.1%),
which could be explained by the high content of
complex sugars such as cellulose that could be
hydrolyzed to simple fermentable sugars.

Both CM and MW showed a similar increase
(219.5% and 219.6%, respectively), which
indicates a positive enzymatic activity despite
MW containing lactose.

The greatest amount of glucose was observed
between the enzyme doses of 0.25% and 0.5%,
where the increases were over 190%. This
shows that 0.5% is the most efficient and
economical for large-scale hydrolysis.
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Fig. 3. Glucose release after enzymatic hydrolysis at
different Natuzyme concentrations.

The ability to maintain a consistent increase of
200% across all substrates at higher enzyme
doses demonstrates the efficiency of the
enzymatic hydrolysis. This can be attributed
to the component enzymes found in Natuzyme,
each of which targets important substrate
components for OOWW. Enzymes such as
cellulase, xylanase, 3-glucanase, and pectinase
were essential in the breakdown of complex
polysaccharides and structural carbohydrates,
which improved the release of glucose despite
inhibitory phenolic compounds (Bhardwaj et
al, 2021; Nguyen et al., 2018).

For the SCM, the high percentage increase in
glucose concentration is due to the action of a-
amylase (breaking down residual starch) and
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potentially invertase (hydrolyzing sucrose into
glucose and fructose), facilitating rapid sugar
availability for fermentation (Manoochehri et
al,, 2020). Lactose in MW would be hydrolyzed
into glucose and galactose in the presence of 3-
galactosidase (Saqib etal., 2017).

These enzymes work synergistically to
optimize the breakdown of complex
carbohydrates, augmenting substrate

accessibility and glucose yield, which are
critical for efficient bioethanol production from
agro-industrial wastes.

The plateau effect observed at 0.75% enzyme
dose suggests a point of substrate saturation,
where further enzyme addition yields
diminishing returns, indicating the necessity
for enzyme dose optimization in industrial

applications (Bisswanger, 2017).

Enzymatic Hydrolysis Effect on Biogas
Production

To assess the impact of enzymatic hydrolysis on
biogas production, biogas volumes were
measured at T1 (24 h) and T2 (48 h) following
the addition of different enzyme doses (0.25%,
0.5%, and 0.75%). The biogas production
trends are illustrated in Figure 4.
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Fig. 4. Biogas production (mL) at T1 and T2 Across different enzyme doses for OOWW, SCM, and MW.

After 48 h (T2), SCM produced the most biogas,
up to 47 + 2 mL at a 0.75% enzyme dose,
followed by OOWW with 34 + 1.5 mL and MW,
yielding 8.7 £ 1 mL.

SCM'’s higher performance can be caused by
the high sugar content, promoting strong
microbial activity during anaerobic digestion.
While OOWW’s moderate biogas yield can be
justified by the presence of polyphenolic
inhibitors, as explained by Calabro et al., 2018,
which may partially inhibit microbial activity
despite improved sugar availability.

MW produced the least biogas, likely due to its
composition rich in lactose and proteins,
which are less readily converted into biogas
compared to simple sugars (Kovacs et al,
2013).

The highest increase in biogas production was
observed between the 0.25% and 0.5%
enzyme doses, particularly in SCM, where
biogas yield improved by over 35%.
Comparatively, the 0% enzyme dose showed
lower biogas production at both t1 and t2,
indicating that the absence of the enzyme
complex has a negative impact on
fermentation and biogas production.

A significant increase in biogas production
was observed with higher enzyme doses (p <
0.05). The R? values were greater than 0.80,
proving that a strong linear relationship
existed between the dose of the enzyme and
the yield of biogas. Similarly, a strong
correlation of glucose release with biogas
production, r > 0.85, indicates the direct effect
of substrate availability on microbial activity.
Although methane, hydrogen, and other gases
may be produced during anaerobic digestion,
only CO, was measured as a proxy for ethanol
fermentation due to its direct stoichiometric

link to glucose conversion.

Simultaneous Saccharification and
Fermentation (SSF) with Immobilized Cells

The pH of the fermentation process is critical
because it directly affects enzymatic activity and
microbial growth, both of which are required
for optimal ethanol production (Yang et al,
2016). In this study, pH was initially adjusted to
5.5 across all fermentations.

pH

During fermentation, there was a progressive
acidification of all the mixtures, which was
expected since the production of organic acids,
such as pyruvic acid, is a common metabolic by-
product of fermentation and one of the main
precursors of ethanol production (Darwin etal,,
2019). For example, as shown in Figure 5, Mix 1
had its pH drop from an initial 5.5 to 5.02 at the
end of 72 h. Also, Mix 2 went down to 5.05 while
Mix 3 declined to 4.98 toward the end of the
fermentation period. These consistent trends
show active fermentations across the mixtures
with the pH within a range not inhibitory to
microbial activity (Mohd-Zaki et al., 2016).
Although a continuously decreasing pH
indicates continuous fermentation, it also
suggests that the process is under good control,
preventing drastic drops that could inhibit
microbial growth or enzyme activity. Keeping a
stable pH close to pH of enzymes is still
important to ensure maximum ethanol
production, since extreme acidity could impair
microbial viability and fermentation efficiency
(Yusufetal, 2023).
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Fig. 5. Variation of ethanol concentration (g/L), glucose concentration (g/L), and optical density (ODgoo) during
fermentation of different waste mixtures. Measurements were taken over 72 h. Mix1 (1), Mix2 (2), Mix3 (3)

and Mix4 (4).
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Microbial Biomass

Optical density at 600 nm (ODggp) was an
indicator used for microbial biomass in
fermentation. In all fermentation mixes, a
DOesoo first started increasing and therefore
reflected active microbial growth. For
example, Mix 1 had an initial reading of 1.536
that peaked to 2.4 at 48 h, after which there
was a slight decline in 2.312 at 72 h; it may be
due to nutrient depletion, particularly glucose,
or other environmental factors (Maier &
Pepper, 2015).

Interestingly, Mix 3 showed a fast exponential
phase at 12 h, maintaining relatively stable
levels around 2.96-3.0 until the end of
fermentation. This demonstrates that, in
contrast to other mixes, such stability suggests
longer microbial activity and most likely an
efficient use of the nutrients that are available
(Gonzalez & Aranda, 2023).

These differences in the pattern of optical
density show the differences in dynamics for
microbial growth and activity, each depending
on the mixture composition. The slight
decrease in DOsoo observed after the peak in
all mixtures could be attributed to a decrease
in cell growth or changes in microbial
population composition, possibly due to
nutrient limitation (diauxic pattern) or the
accumulation of inhibitory metabolites
(Galdieri et al., 2010).

Glucose Consumption

Glucose concentration was one of the key
parameters in this study, since it is the main
carbon source for microbial fermentation
(Carteni et al., 2020). All mixtures showed a
gradual decrease in glucose concentration
throughout the 72-h period, indicating active
fermentation. In Mix 1, glucose concentration
decreased from 4.06 g/L at the beginning to as
low as 0.16 g/L at 72 h, showing efficient
glucose utilization.

By the end of the fermentation period, Mix 2’s
glucose concentration had significantly
decreased to 0.05 g/L from its initial higher
concentration of 8.67 g/L. Mix 2’s faster and
more thorough glucose depletion points to a
more effective fermentation process, possibly
as a result of the higher initial glucose
availability, which also probably helped to
produce the higher ethanol yield (34.5g/L)
that was noted (Chang et al.,, 2018).

Both Mixes 3 and 4 produced intermediate
amounts of ethanol because the glucose
depletion was slightly slower than in Mix 2 but
faster than in Mix 1. These results evidently

suggest that initial glucose concentration has a
crucial role in driving the process of ethanol
production, since higher glucose availability
increases microbial activity and ethanol yield.
However, high initial substrate concentrations
may inhibit substrate utilization and/or reduce
end-product yields, implying that there is an
optimal glucose concentration range beyond
which ethanol production efficiency may
decline (Jessen & Orlygsson, 2012).

Ethanol Production

The ethanol concentration, the main point of
interest, was significantly different among the
mixtures. Mix 2 produced the highest ethanol
concentration of 34.56 g/L after 72 h,
significantly outperforming Mix 1 with 25.34
g/L and Mix 3 with 23.5 g/L. This is greater than
the 14 g/L reported by (Ayadi etal., 2022), who
only used immobilized cells and untreated
OOWW.

Mix 2’s superior performance could be
explained by enzymatic treatment, which
provided hydrolysis of complex sugars into
fermentable sugars like glucose. Mix 2 also
contained the highest SCM ratio and thus had
enough and continuous substrate for ethanol
production.

The order of ethanol yield across the mixtures
(Mix 2 > Mix 1 > Mix 3) is consistent with the
trends observed in glucose consumption and
pH changes, this again confirmed that substrate
availability and controlled fermentation
conditions are crucial.

Mix 4 generated the least amount of ethanol
(16.58 g/L) for having the lowest initial glucose
concentration. This further confirms that
higher initial glucose concentrations lead to
greater ethanol production, if other conditions
such as pH and microbial activity are
adequately maintained.

This further confirms that higher initial glucose
concentrations lead to greater ethanol
production, provided that other conditions,
such as pH and microbial activity are
adequately maintained. Compared to earlier
studies, the ethanol yield achieved in this work,
34.56 g/L using Mix 2 with 0.5% enzymatic
dose, stands out as significantly higher. This
enhanced performance can be attributed to the
combined use of enzymatic hydrolysis and
yeast immobilization, which together improved
substrate accessibility and fermentation
efficiency. Unlike conventional approaches that
often rely on free yeast cells or single substrates,
this study introduces a co-fermentation system
that integrates three agro-industrial by-
products—OOWW, MW, and SCM—while using
S. cerevisiae immobilized on pozzolan, a natural
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porous material. This configuration not only
increased ethanol yield but also offered
operational benefits such as cell reuse,
process stability, and reduced contamination
risk.

A comparative overview of ethanol
production across related studies is presented
in Table 4. As shown, the optimized conditions
in this study yielded results that are superior
or comparable to those reported using
synthetic sugars, treated lignocellulosic
biomass, or engineered microbial strains,

Table 4. Comparative ethanol yields from the literature.

highlighting the potential of this strategy for
scalable and sustainable bioethanol production.
As shown, our results demonstrate a
competitive or even superior ethanol yield
compared to existing studies, validating the
effectiveness of combining enzymatic
treatment, co-substrate utilization, and cell
immobilization for bioethanol production. This
positions our process as a promising candidate
for future scale-up and industrial application.

Fermentation Ethanol Yield
Study/Author Substrate(s) Used Treatment Method Mode (2/L) Remarks
Enzymatic Highest yield at
This study OOWW + MW + SCM hydrolysis + Batch SSF 34.56 0.5% enzyme, Mix
immobilized yeast 2
Ayadi et al. 00WW Immobilized yeast, Batch 14.00 No enzymatic
(2022) no enzyme pretreatment
Duque et al. Lignocellulosic Enzymatic i Requires
(2021) residues hydrolysis Free-cell 2530 detoxification step
Pasotti etal Cheese whey Engineered E. coli Free-cell 19.70 Lactose-to-gthanol
(2017) conversion
Changetal. Synthetic sugar,
(2018) Glucose Fed-batch Free-cell 33.20 high control setup
CONCLUSIONS valorization = through  biogas  production

This study demonstrates the effectiveness of
simultaneous saccharification and
fermentation (SSF) using immobilized
Saccharomyces cerevisiae on pozzolan for
bioethanol production from a combination of
three agro-industrial by-products: olive oil
wastewater (OOWW), sugarcane molasses
(SCM), and milk whey (MW). The integration of
enzymatic  hydrolysis using Natuzyme
significantly improved glucose availability,
resulting in higher ethanol yields, with a
maximum concentration of 34.56 g/L observed
for Mix 2 with 0.5% enzyme concentration.

By applying immobilized yeast fermentation in
a co-substrate system, this work overcomes
several limitations reported in earlier studies
that used single substrates or free-cell systems.
Using pozzolan as a natural, cost-effective
immobilization support contributed to process
stability, biomass reusability, and
contamination risk reduction. These combined
strategies not only improved fermentation
performance but also offered a scalable and
sustainable solution for the valorization of
agro-industrial waste.

Furthermore, the correlation between glucose
consumption and ethanol yield underscores the
importance of optimizing enzymatic treatment
and fermentation conditions. In addition to
bioethanol, the potential for residual biomass

highlights the broader applicability of this
integrated biorefinery concept. Overall, the
findings of this study provide a strong foundation
for the future development of industrial-scale
processes that support circular economy
principles and green energy production.
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