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ABSTRACT

Biofuels have received a lot of attention as an important source of renewable
energy, with numerous economic impacts but current biofuel production is based
on food crops (first generation biofuels) that compete with agricultural lands and
biodiverse landscapes. Bioethanol is considered a feasible, sustainable and enduring
energy source. In comparison to traditional liquid transportation fuels, the
consumption of biofuels results in zero sulfur emissions and significantly reduces
the production of particles and hazardous pollutants. Although bioethanol
production is considered as one of the most promising alternatives to the use of
petroleum-based fuels, bioethanol fermentations are impacted by substrate and

product inhibition decreasing process productivity.

The proposed technology exploring the development of biochar-based biocatalysts
(BBB), successfully enhanced the efficiency of alcoholic fermentations. Olive
kernels, vineyard prunings, sewage sludge and seagrass residues were applied as
biowaste for biochar production through pyrolysis at two different temperatures
(250 °C and 500 °C), while a commercial type of non-biomass derived char also
employed for benchmarking purposes. Three major yeasts were immobilised on
materials exhibiting the highest surface areas and applied in repeated batch
fermentations using Valencia orange peel hydrolyzates as feedstock. The
biocatalysts developed using Sacharomyces cerevisiae and Kluyveromyces
marxianus immobilised on vineyard prunings-based biochar exhibited exceptional
ethanol productivities. However, Pichia kudriavzevii KVMP10 was not efficient
following immobilization on biochar. Immobilised biocatalysts using pistachio-nut
shells, peanut shells and corks were also employed in bioethanol fermentations and
biochar derived from pistachio shells employing S. cerevisiae was employed in
fermentations using citrus peel waste hydrolysate, exhibiting 30.8 g L™' ethanol
concentration at the elevated temperature of 41 °C, while free cells achieved
significantly lower concentration (13.4 g L™!). The protective role of using biochar
as immobilization carrier against multiple stresses encountered by S. cerevisiae was
confirmed by assessing transcription from important metabolic routes involved in
the molecular mechanisms triggered during inhibitory bioprocess conditions.

Immobilised cells exhibited higher bioethanol titre (39 g L™!) and productivity (7.72
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g L' h'!) at elevated temperatures compared with the suspended culture that
yielded 34 g L' and 1.99 g L™ h'! respectively. mRNA expression levels of
HSP104, HSF1 and TPS, confirmed the protective role of BBB against heat stress.
Transcription from MSN2/MSN4 indicated the protective role of cell attachment on
the biomaterial against stimulation of the heat shock response route and oxidative
stress. Additionally, monitoring transcription of HSP12 and HSP104 demonstrated
the beneficial use of the proposed technology. Proline accumulation during osmotic
stress further supported the elevated bioethanol productivity achieved by the
immobilised system. Non-biological char materials were used in the current study
as support materials employing S. cerevisiae in bioethanol fermentations improving
the bioprocess performance at elevated temperatures and different dilution rates.
Bioethanol production and glucose consumption using immobilised cells of S.
cerevisiae on unscreened char was monitored in continuous experiments conducted
at 37, 39 and 41 °C. The immobilised system demonstrated stable biofuel
production at higher dilution rates as opposed to the conventional system where
biomass washout occurred in lower dilution rates. Maximum net bioethanol
concentration as well as productivity were significantly via the use of extreme
temperature conditions, while the immobilised biosystem assisted the buffering
capacity protecting cells and improving the performance of the bioprocess under

elevated temperatures and increased dilution rates.

Keywords: Biochar, Bioethanol, Immobilised biocatalysts, S. cerevisiae, Char,

Stress tolerance.
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different dilution rates (0.09, 0.13 and 0.17 h™"). Symbols correspond to: (i) —@—
bioethanol concentration, (ii) —@— glucose concentration.

Figure 3.4.4B: pH and biomass production achieved at 37 °C using freely
suspended cells of S. cerevisiae in a continuous bioreactor under different dilution
rates (0.09, 0.13 and 0.17 h™'). Symbols correspond to: (i) —@— pH value, (ii)
—@— biomass concentration.

Figure 3.4.4C: Dilution rates applied during bioethanol fermentation experiments

using free cells of S. cerevisiae.

Figure 3.4.4D: Bioethanol production and glucose consumption achieved at 37 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under
different dilution rates (0.09, 0.13, 0.17 and 0.20 h™'). Symbols correspond to: (i)
—@— bioethanol concentration, (ii) —@— glucose concentration.

Figure 3.4.4E: pH monitored during fermentation conducted at 37 °C using
immobilised cells of S. cerevisiae in a continuous bioreactor under different dilution
rates (0.09, 0.13, 0.17 and 0.20 h™).

Figure 3.4.4F: Dilution rates applied during bioethanol fermentation experiments

using immobilised cells of S. cerevisiae.

Figure 3.4.4G: Bioethanol and glucose concentration achieved at 39 °C and 41 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under
different dilution rates (0.13 and 0.17 h™'). Symbols correspond to: (i) —@—

bioethanol concentration, (ii) —@— glucose concentration.
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Figure 3.4.4H: pH value and biomass concentration achieved at 37 °C and 41 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under

different dilution rates (0.13 and 0.17 h™!). Symbols correspond to: (i) . pH

——

value, (ii) biomass concentration.

Figure 3.4.41: Bioethanol and glucose concentration achieved at 39 °C and 41 °C
using immobilised cells of S. cerevisiae in a continuous bioreactor under different
dilution rates (0.17 and 0.20 h™"). Symbols correspond to: (i) —@— bioethanol

concentration, (ii) —@— glucose concentration.

Figure 3.4.4J: pH value monitored during fermentation conducted at 39 and 41 °C
using immobilised cells of S. cerevisiae in a continuous bioreactor under different
dilution rates (0.17 and 0.20 h™).
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1 Introduction

1.1 Biofuel as a renewable energy source

In recent years, increased fuel utilization, global warming, fossil fuel
depletion, and high fuel prices, have forced energy-consuming countries to turn
their attention to alternative energy sources [Jayakumar et al., 2023]. The provision
of energy relies primarily on fossil fuels, with around 5.8 x 1011 GJ consumed
globally in 2016, of which 81% was derived from coal, petroleum, and natural gas
[IEA, 2017]. Thus, biofuels have received significant attention as an important
source of renewable energy, with numerous economic impacts [Hasan et al., 2023].
Thus far, biomass represents the only renewable energy source for the production
of solid, liquid, or gaseous biofuels capable to supply 14% of global energy
demands [Jayakumar et al., 2022]. Current biofuel production is based on food
crops (first generation biofuels) that compete with agricultural lands and biodiverse
landscapes. Furthermore, biofuel production has been linked to several other
environmental pressures that may, directly and indirectly, impact biodiversity and
the provision of ecosystem services [Correa et al., 2019]. The impacts of biofuels
on biodiversity and ecosystem services, however, depend on the type of biofuel
production system and other factors associated with its cultivation and production
[Immerzeel et al., 2014]. Biofuels are divided into four classes based on the

feedstocks applied (first, second, third, and fourth generation) (Figure 1.1).

First generation biofuels are synthesized from raw materials used as
foodstuffs, which compete with agricultural and biodiverse lands [Elshout et al.,
2019; Jayakumar et al., 2022]. The agricultural production and the biorefinery plant
comprise the two main stages of a system producing first generation biofuels where
the crop is totally used for the production of energy and therefore constitutes the
main input of the biorefinery where biomass is converted into biofuel [Saladini et
al., 2016]. The three main types of first generation biofuels used commercially are
biodiesel, bioethanol and biogas, which have been produced in large quantities
worldwide so far [Javed et al., 2019]. Biomass used for first generation biofuel
production includes oilseeds such as corn, sugarcane, wheat, soy, rapeseed and

sunflower. Given that the aforementioned materials are considered competitors for
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food increasing its price, while requiring large areas of agricultural land for
production, they are not extensively used for current production of biofuels
[Vassilev et al., 2010;Pushparaj et al., 2022].

Second generation biomass (lignocellulosic biomass, organic residues) does
not present the problems of food-derived feedstocks playing an important role in
reducing greenhouse gas emissions comprising truly carbon neutral or even carbon
negative approaches for biofuel production in terms of CO; released [Dailami et al.,
2022]. Second generation biomass is comprised mostly of plant cell walls, of which
typically 75% is composed of polysaccharides [Pauly and Keegstra, 2008]. The
average composition of lignocellulosic biomass is 43% cellulose, 29%
hemicellulose, 21% lignin, 2% extractives and 1% ash [Latif et al., 2018]. Cellulose
represents the main component of lignocellulosic biomass constituting glucose
monomers, connected in a strong crystalline structure insoluble in many organic
solvents as well as water. Hemicellulose constitutes a heteropolymer composed of
different pentose and hexose sugars as well as uronic acids (xylose, arabinose,
mannose, galactose) with 50-200 units [Sharma et al., 2020]. Based on the raw
material applied the structure and composition of hemicellulose varies [Chen,
2014]. For example, the main content of agricultural biomass and hardwood
hemicellulose is xylan, while glucomannan is the main content of softwood [Bajpai,
2016]. The third-largest component, lignin, is a heteropolymer of phenyl propionic
alcohol units (coumaryl alcohol, sinapyl alcohol and coniferyl alcohol) linked
together by carbon—carbon (C—C) which is responsible for the stability of plant cell
walls and resistance to pathogen infections [Sharma et al., 2020]. Enzymatic or
microbial delignification is difficult to occur due to the derivatives formed from
lignin that act as toxic compounds for microorganisms and reduce the activity of
hydrolytic enzymes [Bajpai, 2016]. Numerous pre-treatment methods are used for
the removal of lignin from lignocellulosic biomass constituting cellulose and
hemicellulose accessible for hydrolytic enzymes [Zabed et al., 2017]. Although,
lignocellulosic biomass is abundantly available and a significant alternative
feedstock for bioethanol production, it is also considered as a food competitor due
to the use of agricultural land for its production [Ramesh et al., 2022;Liu et al.,



2023]. Thus, second generation bioethanol represents only 3% of the worldwide
bioethanol production [Sharma et al. 2020].

The production of third-generation biofuels, also known as algal biofuels,
refers to the utilization of algae as feedstock [Chaos-Hernandez et al., 2023].
Macroalgae (multicellular) and microalgae (single celled) are the main groups used
for biofuel production based on their high photosynthetic efficiency, high biomass
production and faster growth rate as compared to other energy-producing plants
such as rapeseed and soybean. As opposed to other plant materials employed for
fuel production, algae are efficient in terms of reducing greenhouse gases and
consuming less water [Kamyab et al., 2013;Rezania et al., 2021]. Microalgae can
accumulate large amounts of lipids, proteins and carbohydrates. Thus, different
biofuels (e.g., biodiesel, bioethanol, biohydrogen) and other value-added products
can be obtained from algal biomass processing and thermochemical transformation
[Robak and Balcerek, 2018;Deshmukh et al., 2019]. The use of algal biomass is
eco-friendly, demands less area for cultivation and it is rich in oil contents

constituting a valuable feedstock for biofuel production [Shah et al., 2018].

Fourth generation biofuel is produced from genetically modified algae using
synthetic biology to construct microorganisms with unusually high levels of CO;
absorbance characteristics. Genetically modifyied organisms-based biofuel,
biofuels decomposed at high temperatures and artificial photosynthesis reactions
currently comprise the three main technologies holding the potential to be proposed
as the fourth generation of biofuels [Shokravi et al., 2022]. Although several studies
have focused on fourth generation biofuels, they mainly deal with metabolic
engineering and genetic modification of algal strains to enhance the oil content and
biomass vyield rather than circular bioeconomy applications [Aamer Mehmood et
al., 2021].
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1.2 Production of bioethanol

Aiming to ensure long-term sustainability and economic feasibility, it is
crucial to prioritize the development of cost-effective methods for bioethanol
production in order to compete with petroleum fuels [Sims et al., 2010]. In
comparison to traditional liquid transportation fuels, the consumption of biofuels
results in zero sulfur emissions and significant reduction in the production of
particles and hazardous pollutants. Bioethanol incorporated the same structure as
its petroleum equivalent and it can be applied in a mixture with gasoline to enhance
the combustion process.

Bioethanol is generated through fermentation of sugars derived from various
biomass sources, while corn, sugar beet, and sugarcane are commonly utilized as
the main substrates for its production [Achinas and Euverink, 2016]. Moreover,
abundant agricultural waste, such as lignocellulosic materials, have emerged as a
sustainable solution to mitigate the fuel versus food dilemma. The increasing cost
of petroleum and the adverse environmental effects caused by fossil fuels serve as
strong motivations to explore the use of lignocellulosic materials aiming to fulfill
our energy needs [Selvakumar et al., 2022]. Lignocellulosic biomass is the most
abundantly available raw, bio-renewable and biodegradable material present in
earth [Yousuf et al., 2019]. It is composed of cellulose (carbohydrate
homopolymer) hemicellulose (carbohydrate heteropolymer), and lignin (aromatic
alcohols) respectively [Zoghlami and Paés, 2019]. Exploiting lignocellulosic
biomass for bioethanol production presents a promising approach to effectively
utilize agricultural waste. However, it is necessary to pretreat the lignocellulosic
materials applied in order to break down the resistant lignin structures present in

biomass-based feedstocks [Periyasamy et al., 2022].

The utilization of lignocellulosic waste obtained from forestry, agriculture,
and industry presents several advantages in terms of reducing the cost of bioethanol
production. Moreover, the aforementioned residues comprise promising substrates
for bioethanol production due to their sustainable nature. The process involves
hydrolyzing lignocellulosic waste to convert the polysaccharides contained into

sugars, which are then fermented under suitable conditions. In the simultaneous
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saccharification and fermentation process, yeast cells efficiently convert biomass-
derived sugars into bioethanol, eliminating enzyme inhibition and reducing
production costs. The final bioethanol concentration achieved is significantly
influenced by key operating parameters such as solid biomass concentration,
enzyme concentration, temperature and yeast concentration throughout the
simultaneous saccharification and fermentation (SSF) process [Periyasamy et al.,
2023].

Numerous fermentative microorganisms can produce bioethanol including
yeasts, fungi and a number of Gram-negative and positive bacteria. Among them,
S. cerevisiae, known as baker’s or brewer’s yeast, and Zygomonas mobilis (Z.
mobilis) include high ethanol titers, often approaching the theoretical maximum
using glucose as substrate [Fan et al., 2023;Xia et al., 2019]. However, the main
limitation of S. cerevisiae is its relatively low tolerance to ethanol concentration
and its compatibility with only selected mono- and disaccharides [Tikka et al.,
2013]. Bacteria of the genera Lactobacillus and Clostridium as well as yeast of the
Candida and Pachysolen genera have been also reported as efficient bioethanol
producers [Soleimani et al., 2017;Selim et al., 2018]. Moreover, K. marxianus
constitutes a thermotolerant yeast capable of producing bioethanol [Flores et al.,
2013], while Pichia species including kudriavzevii and stipites have been used to
produce bioethanol [Hoppert et al., 2022;Cesar Guimaraes et al., 2023].
Additionally, Metchnikowia cibodasensis Y34 [Chaudhary et al., 2021] and
Spathaspora passalidarum [Farias and MaugeriFilho, 2021] have been previously

used in bioethanol production.



1.2.1 Bioethanol production by S. cerevisiae

Saccharomyces cerevisiae is widely used for production of various biofuels,
biochemicals, and natural products, particularly bioethanol [Qi et al., 2023]. As a
well-known, generally recognized as a safe (GRAS) model microorganism, S.
cerevisiae is widely used due to its excellent operational convenience and high
fermentation efficiency [Wang et al., 2023]. This yeast has been used for thousands
of years for the production of food and beverages [Mohd Azhar et al., 2017], while
it is currently widely used for the production of biofuels. However, the yeast can
convert only hexose sugars such as glucose and is not able to co-ferment glucose
and xylose for bioethanol production [Ho and Chang, 1989].

Four stages exist in the production of lignocellulosic-based ethanol:
pretreatment, hydrolysis, fermentation and distillation. In the fermentation process,
S. cerevisiae converts sugars into ethanol via the glycolysis pathway. Although a
high ethanol yield can be obtained, other by-products, including glycerol, certain
acids and lipids can be also produced in the fermentation process [Tian et al., 2023].
In recent years, significant progress has been made in genetic and enzymatic
technologies, leading to improvements in the various stages of ethanol production.
These advancements have also expanded the capacity of S. cerevisiae to ferment
different sugars simultaneously [Parapouli et al., 2020]. Although numerous fungal
and recombinant bacteria species capable of fermenting xylose sugar exist, not all
of them possess the capacity to adapt to fermentation-process conditions.
Additionally, some of these species only yield low amounts of bioethanol. Further
refinements are still needed to enhance their tolerance to bioethanol and

productivity [Cunha et al., 2019].



1.2.2 Bioethanol production by K. marxianus

The thermo-tolerant yeast Kluyveromyces marxianus has been proposed as
a solution to address part of the challenges faced in bioethanol production
[Watanabe et al., 2019]. This strain possesses several advantages and characteristics
that constitute it suitable for commercial fermentation processes. These include the
capacity to efficiently assimilate sugars, rapid growth with a generation time of
around 70 min, tolerance to temperatures up to 52 °C, metabolic versatility and the
capacity to ferment both hexoses and pentoses [Diniz et al., 2014]. Since K.
marxianus holds the ability to growth up to 52 °C, it was therefore chosen as the
working strain in SSF processes [Wu et al., 2016].

K. marxianus, as a lactose-fermenting yeast with useful physiological
features, has been extensively used in cheese whey fermentations. More
specifically, final bioethanol concentrations between 6.4 and 14.0 g L™! have been
reported for whey fermentations carried out using different K. marxianus strains
[Ozmihci and Kargi, 2007]. The potential of K. marxianus for bioethanol
production using whey permeate media was confirmed by Saini et al., (2017). K.
marxianus MTCC1389 produced 51.8 g L™! of bioethanol utilizing 150 g L' of
lactose at 37 °C. Moreover, it has also been reported that cells of K. marxianus
retain the ability to hydrolyze lactose in entrapped forms, constituting the strain
suitable for application in continuous and semi-continuous fermentations [Panesar,
2007]. Recent studies including fermentation of electro-activated whey, electro-
activated whey permeate and electro-activated lactose using K. marxianus ATCC
64884 demonstrated production of various volatile aroma compounds such as
ethanol, 2-phenylethanol and isoamyl alcohol with valued organoleptic properties
[Karim and Aider, 2022]. Additionally, Tindco et al. (2021) demonstrated the
production of 17.83 g L ™! of ethanol using K. marxianus which was achieved under
fermentation conditions that included initial glucose concentration of 34.2 g L™

obtained from sweet sorghum bagasse and fermentation temperature of 42 °C.



1.2.3 Bioethanol production by P. kudriavzevii

The production of bioethanol is currently dominated by S. cerevisiae.
However, the potential of non-conventional yeasts could be often exploited as given
that other yeast species could provide unique properties that S. cerevisiae does not
possess [Chamnipa et al., 2017]. Pichia kudriavzevii constitutes an emerging yeast
that is useful based on favourable characteristics that include thermotolerance and
tolerance to multiple stresses such as resistace to 5-hydroxymethylfurfural (HMF),
acetic acid, and low pH conditions [Ndubuisi et al., 2018]. Pichia stipitis, has been
studied for fermenting C6 and C5 sugars including the fermentation of xylose to
ethanol demonstrating high bioethanol yields [Song et al., 2019]. Z. mobilis and P.
stipites have been additionally used in mixed cultures for efficient bioethanol

production [Wirawan et al., 2020].

Previous studies have shown that several yeast species isolated from natural
habitats could be classified as industrial-thermotolerant yeasts. P. kudriavzevii
KVMP10 isolated from soil located beneath apple trees, demonstrated significant
technological advantages for the production of sustainable bioenergy, such as
utilization of both hexoses (glucose, sucrose, fructose and galactose) and pentoses
(xylose) at high temperatures, exemplifying its great potential for application in
orange peel based biorefineries for ethanol production. More specifically, the yeast
was capable of producing 54 g L™! of ethanol at the elevated temperature of at 42
°C [Koutinas et al., 2016]. Moreover, P. kudriavzevii could produce 33.9 g L!
ethanol from kinnow peel in 12 h using a laboratory fermenter at the elevated
temperature of at 40 °C [Sandhu et al., 2012]. Furthermore, P. kudriavzevii
constitutes an osmotolerant yeast as confirmed by the capacity of P. kudriavzevii
ITV-S42 to ferment 200 g L™! of initial glucose concentration [Diaz-Nava et al.,
2017]. Ethanol production was also achieved using P. kudriavzevii HOP-01 from
alkali- and ozone-treated cotton stalks producing 19.8 g L' and 11.0 g L' of
ethanol respectively [Kaur et al., 2012].



1.2.4 Bioethanol production by Zymomonas mobilis

Zymomonas mobilis constitutes a natural ethanologen with holding various
desirable characteristics, constituting the strain as an industrial microbial
biocatalyst for commercial production of desirable bioproducts [Wang et al., 2018].
Among the physiological features of Z. mobilis, the microorganism includes
bioethanol tolerance up to 16% (v/v), as well as the capacity to produce bioethanol
across a broad pH range (3.5-7.5, especially low pH). Moreover, Z. mobilis does
not require controlled aeration during bioethanol fermentation, which leads to
reduced production cost [Yang et al., 2016]. The strain is highly susceptible to
phenolic aldehydes, and less susceptible to the corresponding alcohols and acids
derivatives. However, previous studies have shown that Z. mobilis Z198
demonstrated significantly improved conversion of the most toxic phenolic
aldehyde by 6.3-fold and cellulosic ethanol production by 21.6% [Yan et al., 2021].
Compared to the workhorse yeast S. cerevisiae, Z. mobilis can produce bioethanol

three to five times faster per cell and at higher productivity [Palamae et al., 2020].

10



1.2.5 Bioethanol production via cell immobilization

Bioethanol finds extensive applications in the chemical, pharmaceutical,
and food industries, serving as a valuable resource for raw materials, solvents and
fuel. The annual production of industrial ethanol constitutes approximately four
million tons, 80% of which is produced by fermentation [Zafar and Owais, 2006].
Although bioethanol production is considered as one of the most promising
alternatives for petroleum-based fuels, ethanol fermentations are impacted by
substrate and product inhibition decreasing process productivity. Immobilised
biocatalysts could assist yeasts in the presence of inhibitors performing stable and
elevated biofuel production [Kirdponpattara and Phisalaphong, 2013]. More
specifically, immobilization has been implemented in both repeated batch and
continuous ethanol fermentations aiming to enhance ethanol productivity, elevate
cell density, maintain the stability of cellular activity and protect cells against
inhibitors [Mojovi¢ et al, 2010].

Cell immobilization holds numerous advantages over traditional freely
suspended cell cultures that could reduce the overall cost of the system [Moia et al,
2024]. These advantages include better cell stability and resistance to mechanical
stress, increased cell biomass, nutritional supplementation without the need to
harvest cells and reduced risk of cell contamination [Sagir and Alipour, 2021].
Numerous methods have been reported for cell immobilization including magnetic
immobilization using nanoparticles coating with molecules supporting cellular
adhesion, such as fibronectin, micro-patterning of growth surfaces or embedding
cells into hydrogel for bio-printing, such as alginate or alginate di-aldehyde-gelatin
or methacrylated gelation [Ritter et al, 2020]. A multitude of whole cell
immobilization methods exist based on the physical mechanism causing
immobilization including cells attached to a surface, mechanical containment
behind a barrier, adsorption on a surface, entrapment of cells within a porous

material, electrostatic binding on a surface and aggregation. (Figure 1.2).
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Figure 1.2: Whole cell immobilization methods.
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Porous gel matrices, such as calcium alginate, have been widely used for
the entrapment of cells and to obtained high biomass loading for fermentation
[Ritter et al, 2020]. Support materials such as gels, porous cellulose, natural sponge,
agarose and carrageenan have been previously investigated for cell immobilization
in fermentations conducted for bioethanol production [Karagoz et al, 2019]. During
bioethanol fermentations, the presence of substrate or product inhibition over
extended periods can decrease the activity of yeast cells, leading to reduced ethanol
production. However, utilizing immobilised cell systems with suitable carriers can
enhance the ability of yeast cells to withstand inhibitors or unfavourable conditions
compared to free cell systems. This, in turn, results in higher and more consistent
ethanol productivity [Phisalaphong et al., 2007].

Different immobilization approaches have been applied in bioethanol
fermentation systems including i) entrapment of cells, ii) adsorption, iii) biofilm
formation, and iv) self-aggregation [Zhao and Xia, 2010;Mongkolkajit et al., 2011;
Mathew et al., 2013;Xu et al., 2005]. The entrapment of cells using alginate gel
beads is a commonly used technique for immobilizing living cells, especially in
smaller scale laboratory settings because of its simple application and maintenance
of high cell viability and activity [Verbelen et al., 2006]. Alginate was also used to
immobilize S. cerevisiae YPH499 to produce ethanol from hydrolysate of
Chlamydomonas mexicana, while chitosan beads with calcium alginate feedstock
were used to immobilize S. cerevisiae for ethanol production using glucose and
sucrose [El-Dalatony et al., 2016;Duarte et al., 2013]. However, the process is
limited by unstable performance due to poor mechanical properties of the carrier,
rapid degradation and its dense structure, limiting application in large scale
production in industrial fermentation processes. Moreover, during fermentation the
formation of carbon dioxide influences alginate gel beads via expantion, which
causes rapid disruption on the bead [Nguyen et al., 2009]. Although the chemical
and physical properties of alginate gel beads could be improved by blending with
polymers such as polyvinyl alcohol and polyethylene oxide there is still need to
identify novel eco-friendly and cost-effective carriers with rigid structure
improving the stability of ethanol bioprocesses [Caykara et al., 2005; Inal and
Yigitoglu, 2011].
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S. cerevisiae demonstrated effective immobilization on mineral Kissiris via
attachment of yeast cells producing 115 g L™! d™! of bioethanol, while no reduction
in ethanol productivity and yield was observed for up to 29 repeated batch
fermentations [Kana et al., 1989]. The yeast was also immobilised on orange peel
pieces for use in alcoholic fermentation and fermented food applications using
various carbohydrate substrates (glucose, molasses, raisin extracts) resulting in high
ethanol productivities and operational stability of the biocatalyst [Plessas et al.,
2006]. Immobilised cells of S. cerevisiae AC14 (a recombinant yeast that secretes
7 hydrolytic enzymes) were also applied in a consolidated bioprocess that achieved
100% of biomass hydrolysis and consumption of the substrate offered in a
heterogeneous system [Ramos et al., 2023]. High ethanol yield of over 90% was
obtained using S. cerevisiae immobilised on electrospun Pluronic F127
demethacrylate, producing higher ethanol titer as compared to free cells
[Herkommerova et al., 2018]. Given that the immobilization system enhances cell
stability, it could be reused for several cycles in a repeated-batch fermentation [EI-
Dalatony et al., 2016].

Immobilised K. marxianus was also used in repeated batch fermentations
for bioethanol production demonstrating that both ethanol production as well as
productivity were improved and remained constant for at least 8 cycles [Chen et al.,
2024]. K. marxianus DMKU 3-1042 and S. cerevisiae M30 were previously studied
for their capacity to improve production and stability of ethanol fermentation. The
effectiveness of the immobilised system was confirmed given that the high
temperature tolerance was achieved upon coculture immobilization [Eiadpum et al.,
2012].
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1.3 Biochar: properties, production and application

1.3.1 Biochar production and properties

Biochar is a solid, high carbon material obtained by the heating of biomass
feedstocks in the absence or limitation of an oxidizing agent in a controlled process
[Wang et al., 2023]. This organic material is produced from lignocellulosic biomass
at temperatures ranging between 300 °C - 700 °C [Wijitkosum and Sriburi, 2023].
Previous studies reported that biochar could be produced from various types of
lignocellulosic biomass feedstock, including both wooden and non-wooden
materials such as agricultural waste and residues, sewage sludge, animal manure,

as well as wood and woodchips [Ippolito et al., 2020; Wang et al., 2018].

The biomass used for the production of biochar is pyrolyzed, gasified, or
hydrothermally carbonized in an oxygen-limited environment [Olugbenga et al.,
2024] (Figure 1.3). Slow pyrolysis, thermochemical decomposition under oxygen-
limited conditions, has been identified as an efficient process for biochar
production, forming a stable carbonaceous and homogeneous structure in high yield
[Huang et al., 2021]. The biochar’s response to pyrolysis temperature varies
between different feedstocks due to the different biopolymers entailed and the
distinct chemical composition of each feedstock type [Li et al., 2016]. For example,
animal-based feedstocks constitute mainly animal protein such as gelatin, collagen,
and polysaccharides (cellulose, starch and carbohydrates), while plant-based
biomass commonly consists of cellulose, hemicellulose and lignin with a definite
structure [Singh and Cowie, 2010;Bordoloi et al., 2008]. Kloss et al. (2012) and
Chen et al. (2016) reported that various biochar feedstocks produced under the same

pyrolysis conditions incorporated different properties.

Fast pyrolysis is generally considered as an efficient and feasible method to
convert biomass into bio-oil. In fast pyrolysis biomass is rapidly heated to a
temperature of about 500 °C with a short reaction time [Aghbashlo et al., 2019].
According to Brown et al. (2011), the main differences between slow and fast
pyrolysis comprise the heating rates and maximum reaction temperatures. Slow
pyrolysis heating rates comprise typically between 5 - 20 °C min~!, while fast

pyrolysis can achieve rates exceeding 1000 °C min~!. Moreover, fast pyrolysis can
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be performed in a short time while slow pyrolysis requires several minutes or even
hours which affects the properties of the final product. The biochar’s residence time
in the reactor becomes another important factor since it influences both primary and
secondary reactions [Abdullah et al., 2023]. Higher pyrolysis temperatures
produced biochar with higher carbon content, lower volatile matter and oxygen
composition, as well as higher ash content [Ronsse et al., 2012]. Islam et al. (2019)
used banana peel and orange peel in the slow pyrolysis experiment at a heating rate
of 10 °C min~" to produce biochar as an adsorbent for the treatment of palm oil mill
effluent. In previous studies multiple applications of biochar produced from slow
pyrolysis have been reported [Suman and Gautam, 2017;Rawat et al., 2019].

Biochar possesses diverse physical and chemical properties constituting a
versatile material for various applications. Chemically, biochar mainly comprises
carbon, with small amounts of oxygen, hydrogen, nitrogen and other elements
derived from the biomass feedstock [Barbhuiya et al., 2024]. The elemental
composition of biochar affects reactivity, nutrient content and sorption properties.
Functional groups such as hydroxyl, carboxyl and phenolic groups that could occur
on the biochar’s surface can enhance nutrient retention and facilitate chemical
reactions in the environment. Depending on pyrolysis conditions and each
feedstock type biochar’s properties include varying surface area, pH, cation
exchange capacity and bulk density. More specifically, Yuan et al. (2015)
investigated the effect of pyrolysis temperature on biochar derived from sewage
sludge properties, highlighting the significant impact of temperature on surface
area, porosity, and nutrient content. Thus, the properties of the material constitute
important parameters for further application as soil amendment, in water filtration,
carbon sequestration and its use as a catalyst or adsorbent in various industries
[Adeniyi et al., 2024].
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Figure 1.3: Production of syngas, pyrolysis oil and biochar via pyrolysis.
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1.3.2 Applications of biochar

The development of carbonaceous materials such as biochar has triggered a
hot spot in materials that could serve as a vital platform for energy storage and
conversion [Mishra and Mohanty, 2023]. Biochar has gained considerable
attraction due to several physicochemical characteristics, such as porosity and
surface functionality. Thus, biochar has been extensively used in environmental
management applications enhancing environmental restoration, while reducing the
environmental impact of polluted areas [Uday et al., 2022]. Biochar has been used
as soil amendment improving plant development, decreasing soil erosion and
increasing soil’s fertility, enhancing the soil’s water holding capacity, the
availability of nutrients, as well as soil quality. As a soil supplementary material,
biochar increases microbial activity in agricultural settings, while its porosity
improves nutrient cycling and provides a favorable niche for important soil
organisms [Manikandan et al., 2023]. Recent studies have also demonstrated the
efficient use of biochar in hydroponic systems upon used as growth medium [Zou
et al., 2023]. Moreover, biochar can assist in climate change mitigation through

carbon sequestration [Agyekum and Nutakor, 2024].

Based on a number of favourable properties, biochar has been successfully
employed in environmental remediation constituting an advanced green sorbent for
soil and water organic/inorganic decontamination [Demirbas and Arin, 2002].
Adding biochar to soil and soilless media enables suppressing plant diseases caused
by both foliar and soilborne pathogens [Frenkel et al., 2017]. Biochar-elicited
suppression of diseases caused by foliar fungal pathogens is clearly related to
activation of plant system-wide defenses, given that biochar is spatially distant from
the site of pathogen attack. [Jaiswal et al., 2018]. The material demonstrated
effective immobilization of heavy metals, minimizing in situ the bioavailability of
inorganic and organic contaminants to earthworms, microbes, and plants [Uchimiya
et al., 2011], whereas its use in anaerobic digestion is known to enhance methane
production, alleviating toxicity inhibition and improving the stability of anaerobic
digestion processes [Nie et al., 2024]. More specifically, the presence of biochar in
a batch digester can neutralize the pH to alleviate the acid inhibition effect on

methanogens, while providing large surface areas for microorganisms to attach and
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selectively enrich functional microbes such as syntrophic bacteria and methanogens
(e.g., Methanosarcina and Methanosaeta), leading to faster CH4 generation [Lu et
al., 2016]. Moreover, as a carbonaceous material biochar can promote interspecies
electron transfer between syntrophic bacteria and methanogens owing to its
conductivity, which is a critically important characteristic influencing the
performance of biochar energy storage devices due to its impacts on energy
efficiency and power density [Pan et al., 2019;Gabhi et al., 2024].

Based on the carbon rich content and unique physicochemical properties,
biochar has emerged as a viable candidate for applications in batteries and
supercapacitors, while its use in environmental clean-up applications including
water purification and air filtration has been previously explored [Manikandan et
al., 2023].

19



1.3.3 Biochar as a support material for immobilization

Cell immobilization on biochar constitutes a promising approach to achieve
high concentration and stability of microbial cells for several applications
[Schommer et al., 2023]. Biochar stands out as a promising carrier for cell
immobilization due to exceptional properties that include specific surface area and
porosity as well as the presence of several functional groups [Deng et al., 2022].
The immobilization of microorganisms on such material can effectively address the
issue of saturated adsorption and release of pollutants, which improves the
reusability of biochar [Shen et al., 2018]. Numerous enzymes have been
immobilised on biochar mainly using the material as adsorbent [Table 1.3]. As
opposed to enzyme immobilization, cell immobilization is advantageous due to the
elimination of expensive downstream steps including enzyme separation and
purification [Mehrotra et al., 2021].

Zhao et al. (2020), demonstrated that the immobilization of Pseudomonas
citronellolis on biochar improved the efficiency of phenol removal, which was
increased up to 99% with the addition of biochar. This can be attributed to the fact
that biochar acted as shelter to support the bacterium against the inhibitory effect
of the pollutant resisting against extreme bioprocess conditions. Additionally,
Pseudomonas putida was immobilised on coconut fiber-derived biochar using the
adsorption method and covalent binding aiming to enhance paraquat removal from
contaminated water [Ha et al., 2021]. Bacillus subtilis, Bacillus cereus and
Citrobacter sp. were successfully immobilised on biochar and applied to cadmium
and lead-contaminated soil resulting in numerous benefits for the soil including
increased organic matter, enhanced cation exchange capacity, elevated enzymatic
activity, and improved microecosystem within the rhizosphere of plants.
[Schommer et al., 2023].

Immobilised cells of K. marxianus and Debaryomyces hansenii on biochar
derived from wood feedstock were also used in whey fermentation producing value-
added biomolecules. Yeast immobilization resulted in increased cell density and 2-

phenylethanol production [Castillo et al., 2022].
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Table 1.3: Different types of biochar used as support for enzyme immobilization immobilised in different applications.

Biochar source Enzyme Immobilization method Application Reference
Hydrolysis of p-NPP (p-nirophenol

Oat husk Lipase Adsorption palmitate) Ceaetal., 2010

Pinewood Laccase  Adsorption Removal of carbamazepine Naghdi et al., 2017

Pinewood, Pig mannure, Almond

shell Laccase  Covalent binding Degradation of diclofenac Lonappan et al., 2018

Pinewood, Pig mannure, Almond

shell Laccase  Adsorption Degradation of diclofenac Lonappan et al., 2018

Guava seeds Lipase Adsorption Hydrolysis of olive oil. Almeida et al., 2017

Wood (Maple and Spruce) Degradation of 4-hydroxy-3,5-

biochar Laccase  Adsorption dichlorobiphenyl Lietal., 2018

Adsorption/Covalent

Pupunha palm Pepsin binding Casein hydrolysis Santos et al., 2019
Hydrolysis of p-NPP (p-nirophenol

Oat hull biochar Lipase Adsorption palmitate) Gonzalez et al., 2013
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1.4 Non-biological char from car tire waste

The annual production of waste tires has significantly risen due to the rapid
growth of the automobile and transportation sectors [Bockstal et al., 2019]. The
current estimation suggests that the annual production of tires exceeds 3 billion, and
it is anticipated that the market demand will continue to grow at a rate of over 4%
[Policella et al., 2019]. As a result, a substantial number of end-of-life waste tires
is expected to be inevitably generated, necessitating the implementation of waste
management, treatment and disposal measures [Oboirien and North, 2017].
Stockpiling and improper disposal of waste tires causes problems to the
environment through providing sites for vermin or breeding grounds for insects and

the potential for fire hazard of large tire dumps [Gao et al., 2022].

Recycling the tires as rubber and rubber particles, their use as rubber flooring
for sports fields and playgrounds as well as the application of waste tires in civil
engineering applications comprise examples of the recovery options available
[Presti, 2013;Li et al., 2010; Karthikeyan et al., 2012]. Moreover, the waste
management method often applied for waste tires comprises landfill disposal [Simic
and Dabic-Ostojic, 2017]. However, for the preferred method for the disposal of
waste tires constitutes the recovery of energy via thermal treatment. The three
technologies employed for waste tire thermal valorization comprise pyrolysis,

combustion and gasification [Pastor et al., 2014].

Gasification of tires constitutes a process in which air, oxygen or steam react
with tires in an endothermic reaction to produce mainly syngas (CO and H>), while
other byproducts comprise CO>, light hydrocarbons and char [Leung and Wang,
2003]. Various studies have focused on the gasification of tires for the production
of syngas [Donatelli et al., 2010], as well as the production of hydrogen, activated
carbon and carbon nanotubes [Molino et al., 2013;Portofino et al., 2011]. Pyrolysis
constitutes a promising method for recycling and energy recovery in the field of
waste tire treatment, which could meet the three principles of solid waste treatment:
reduction, resource recovery and mitigation of pollutants [Gao et al., 2022]. In
comparison with other treatment methods such as, combustion, retread, and

landfilling, pyrolysis has been widely studied given that it results in reduced
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secondary pollution and the potential for generation of products that includes higher
economic value [Hoor and Rowe, 2012]. The transformation of waste tires to fuels
allows reduced use of conventional fossil fuels. Therefore, waste tire pyrolysis has
been demonstrated as a feasible method to indirectly reduce greenhouse gas
emissions [Yaqoob et al., 2021]. Over time, pyrolysis has advanced and reached a
level of maturity given that it is considered as a fast and efficient technology to
address the environmental burden caused by waste tires. The steel, rubber, carbon
black, additives and other materials contained in waste tires could be recovered and
nearby no waste by-products could be generated from the pyrolysis process [Wang
et al., 2020]. Pyrolysis oil constitutes the primary product obtained from waste tire
pyrolysis, when conducted under mild conditions. However, the direct use of
pyrolysis oil as fuel oil is limited due to its high sulfur content and composition
[Farzad et al., 2021].

The solid carbon residue, also known as char, comprises the carbonaceous
material remaining following degradation of rubber during the waste tire pyrolysis
process and it can be modified or activated by chemical and thermal treatment [Doja
et al., 2022]. Through the activation process, the surface area of carbon is increased
during heating in the presence of activating agents [Korenova et al., 2008].
Shredded waste tires from various sources (cars, trucks and bikes) can be pyrolyzed
in an inert atmosphere at a broad range of temperatures (400 °C to 1000 °C) yielding
char that can be used directly as fuel [Li et al., 2005]. However, various studies
have applied higher temperatures (> 600 °C) during pyrolysis to remove volatiles

and alter the pore structure of tire char [Korenova et al., 2008].
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1.5 Response and tolerance of yeast to environmental stresses

during bioethanol fermentation

All types of organisms, either individual cells or multi-cellular organisms,
have the ability to respond in changes of environmental conditions. The response
and adaptation mechanisms against stress are highly complex, while research on
stress responses, specifically gene and protein expression analyses, can easily turn
into a journey through almost all aspects of cell biology [Hohmann and Mager,
2003]. Yeasts, while living freely in nature, face a range of variations in their
environment as well as acting and adaptation mechanisms, which are essential for
survival upon exposure to environmental stresses. Temperature, pressure, radiation,
water, presence of certain ions, toxic agents, pH and nutrients availability comprise
the main environmental stresses experienced by yeast cells. Growth under harsh
conditions requires maintenance of the internal system. Thus, when the
environmental conditions change abruptly, the cell must rapidly adjust its internal
milieu to that required for growth at the new conditions [Saini et al., 2018]. The
identification of differentially expressed genes in response to environmental stress
offers insights into the roles of the transcriptome in the regulation of physiological

responses [Xu et al., 2016].

The presence of an Environmental Stress Response was proposed for S.
cerevisiae in 1990’s [Brown et al., 2020]. According to the current state of
knowledge S. cerevisiae faces two important environmental challenges: heat and
oxidative stress [Sumanu et al., 2023]. Although S. cerevisiae is highly ethanol
tolerant, high ethanol concentrations inhibit cell growth and viability, limiting
fermentation productivity and ethanol vyield constituting high ethanol
concentrations another environmental stress for the yeast’s survival [Galeote et al.,
2001].

24



1.5.1 Heat shock response

Ethanol production at elevated temperatures requires high potential
thermotolerant ethanol-producing yeast strains. Fermentation at high temperature is
a key requirement for effective bioethanol production in tropical countries where
average daytime temperatures are usually high throughout the year [Limtong et al.,
2007]. The advantages of fermentation at high temperatures are not only an
increased rate of fermentation but also a decreased risk of contamination by
mesophilic  microorganisms, such as Williopsis sp.,, Candida sp.,
Zygosaccharomyces sp. Moreover, high temperature alcoholic fermentations can
reduce the cost of the cooling system and enable potential use of simultaneous
saccharification and fermentation (SSF) when coupled with a continuous stripping
system for ethanol recovery [Qi et al., 2023; Xiao et al., 2018]. Utilization of a
highly thermotolerant yeast strain is a key to success in ethanol production at high
temperatures [Kiran et al., 2000; Limtong et al., 2007]. There are also several
reports in the literature relevant to ethanol production at high temperatures using

the thermotolerant yeast K. marxianus [Yuan et al., 2011].

The most fundamental stress experienced by a yeast cell comprises ambient
temperature. S. cerevisiae exhibits optimal growth at temperatures between 25 — 30
°C. At temperatures higher than 36 — 37 °C, yeast cells activate a transcriptional
program termed as the heat shock response (HSR) and alter several components of
their physiology including membrane composition and carbohydrate flux. In
eukaryotes the heat shock transcription factor is a protein family and constitutes the
primary modulator of the HSR. In S. cerevisiae there is also a second transcription
factor represented by the MSN2 and MSN4 genes that contribute to the heat shock
response. The MSN2/4 regulor includes oxidative stress as well as metabolic and
other cytoprotective genes, and it is characterized as environmental stress response
(ESR) [Morano et al., 2012].

Under stressful conditions, such as heat, ethanol or osmotic stress, several
stress-responsive genes including those encoding for the heat shock proteins
(HSPs), enzymes involved in protein degradation, such as ubiquitin ligase, and

proteins involved in trehalose and glycogen metabolism in yeast have been reported
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to be stimulated [Auesukaree et al., 2012; Lertwattanasakul et al., 2015]. HSPs play
a key role as molecular chaperones by either stabilizing new proteins to ensure
correct folding or refolding of proteins to the proper conformation, or degrading
misfolded proteins which are damaged by stress conditions. HSPs also assist
transport proteins across membranes within the cell [Walter and Buchner,2002;
Borges and Ramos, 2005]. Trehalose, which is one of the compatible solutes
synthesized during adverse environmental conditions, has been reported to protect
the cell by replacing water at the surface of macromolecules, thus holding proteins
and membranes in their native conformation [Purvis et al., 2005;Li et al., 2009].
Glycogen, which is a reserve carbohydrate in S. cerevisiae, has also been reported
to be involved in tolerance towards several stresses [Parrou et al.,
1997;Unnikrishnan et al., 2003]. More specifically, glycogen, whose synthesis
genes are regulated by MSN2/MSN4, has been demonstrated to accumulate
following heat shock. However, the role of glycogen in response to heat shock is

poorly documented [Wilson et al., 2010].

Heat shock factor 1 (HSF1) primarily regulates HSR in S. cerevisiae, while
heat shock factor 2 (HSF2) is involved in developmental gene expression. Although
the roles of heat shock factor 3 (HSF3) and heat shock factor 4 (HSF4) are less well
understood, evidence suggests that the specific factors could functionally interact
with HSF1 to modulate gene expression [Akerfelt et al., 2010]. S. cerevisiae HSF1
unusually includes an amino-terminal extension of 150 amino acids that acts as a
second potent transcriptional activation domain [Sorger, 1990]. HSF1 recognizes a
pentameric heat shock element (HSE) defined as repeating units of the sequence
nGAAn (Sorger and Pelham 1987). Early investigations defined the HSE as a triple
inverted repeat, consistent with the fact that HSF1 binds DNA as a trimer [Sorger
and Pelham 1987]. Although a number of genes responsible for the prevention of

protein denaturation in yeast cells have been reported, the molecular mechanism
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conferring thermotolerance during ethanol fermentation at high temperatures is not
yet fully understood.
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1.5.2 Ethanol stress response

Ethanol as the main product of fermentation constitutes a primary factor
inhibiting the bioprocess [Li et al., 2019]. High ethanol concentration is considered
as a common stress on yeast growth during fermentation [Stanley et al., 2010;
Mukherjee et al., 2017], resulting in different cellular responses related to changes
in membrane fluidity, protein misfolding and chromatin condensation [Ma and Liu,
2010]. The mitochondrial membrane comprises the main target of ethanol, which
causes uncoupling of the electron transport chain from the ATPase as well as
increase of reactive oxygen species [Zhao et al., 2017]. More specifically, reactive
oxygen species induced by ethanol occur mainly due to the high ethanol level on
the mitochondrial iron-sulfur cluster assembly system. Thus, constructing an
intergraded cell wall can realize physical separation between the endomembrane
system and extracellular ethanol [Perez-Gallardo et al., 2013]. High ethanol levels
also destroy the integrity of the membrane, damage cell wall, ribosomes and
endoplasmic reticulum, perturb protein conformation and disrupt ion homeostasis
[Ma and Liu, 2010]. Moreover, typical effects of ethanol stress also include the
disruption of cellular proteins and disruption of RNA and protein synthesis [Hu et
al., 2006].

Although S. cerevisiae is resistant to specific ethanol levels, variations occur

among different yeast strains and their resistance to ethanol [Carrasco et al., 2001].
Previous studies have demonstrated that the concentration of ethanol in excess of
9% v/v can affect the growth of S. cerevisiae cells [Fujita et al., 2004]. In response
to ethanol stress, S. cerevisiae regulates several metabolic pathways including
signal transduction and protein folding. [Ranganathan et al., 2016]. Several highly
expressed cell wall-related genes were previously tested for enhancing ethanol
tolerance, encoding HSP150, SPI1, SSD1, SED1 and TIP1 [Zhao et al., 2017].
Although the molecular mechanism of S. cerevisiae tolerance to ethanol stress is
not yet fully understood, Li et al., (2019) investigated the global mechanism of S.
cerevisiae Scl131 in response to ethanol stress at transcriptomic and proteomic
levels. Among 937 differentially expressed genes and 457 differentially expressed
proteins it has been demonstrated that the presence of 10% ethanol can induce
filamentous growth and sexual reproduction, whereas mitochondria and
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endoplasmic reticulum comprise important organelles assisting the cell to resist
ethanol stress. Ethanol stress can induce heat shock proteins (HSP) that appear to
be similar to those induced by heat shock [Piper, 1996]. Yeast cells exposed to
ethanol synthesize a range of HSPs, including HSP104, HSP82, HSP70, HSP26,
HSP30 and HSP12, but only HSP104 and HSP12 have been shown to
physiologically influence yeast tolerance to ethanol [Stanley et al., 2010]. More
specifically, HSP104 acts as a remodeling agent in the disaggregation of
denaturated proteins [Glover and Lindquist 1998], while HSP12 constitutes a
membrane-associated protein that can protect liposomal membrane integrity against
desiccation and ethanol [Sales et al. 2000].

Ethanol stress (10%, v/v) as well as heat shock can block the export of bulk
poly (A)+ mRNA. However, the differences and/or similarity between heat shock
and ethanol stress in the mechanisms of mMRNA export still remain to be clarified.
It has been reported that both heat shock and ethanol stress induce an almost
identical response in yeast such as changes in membrane lipid composition, plasma
membrane H+-ATPase activity and vacuolar morphology [lzawa et al., 2008].
Several genes encoding trehalose biosynthesis and amino acid pathways, fatty acid
and ergosterol have been also identified involving ethanol tolerance [Ma et al.,
2010].
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1.5.3 Oxidative stress response

Oxidative stress constitutes another severe stress inhibiting S. cerevisiae
during fermentation and occurs as a result of an imbalance between generation and
elimination of reactive oxygen species (ROS) that could be naturally generated
during respiration or oxidation of nutrients to obtain energy [de Fatima Alves et al.,
2023]. Accumulation of ROS during the fermentation process could be also linked
to the formation of toxic by-products resulting from lignocellulose pretreatment,
such as furfurals [van der Pol et al., 2014]. ROS pose significant damage to almost
all cell components, including DNA, lipids, and proteins, as well as cellular redox
balance [Zhao et al., 2014]. Thus, improving the tolerance of S. cerevisiae chassis
to ROS could potentially result in more efficient bioproduction, offer elimination
of conditioning steps operations for yeast tolerance and therefore reduce the cost of

the process in industrial-scale ethanol production.

1.5.4 Osmotic stress response

During industrial processes, S. cerevisiae is exposed to different stress
factors, including high osmolarity, high sulfite dosages, nutrient depletion, acid
stress and limited oxygen [Betlej et al., 2020]. Osmotic pressure constitutes a major
environmental stress factor experienced by yeast, which quickly increases the
osmotic potential within the cell, resulting from the outflow of water and decreases
in cell volume and turgor [Zhuang et al., 2017]. It is well established that yeast cells
accumulate glycerol and trehalose under high osmotic pressure conditions to avoid
lethal damage [Hirasawa et al., 2009]. More specifically, S. cerevisiae produces
glycerol via a two-step reduction of dihydroxyacetone phosphate by glycerol-3-
phosphate dehydrogenase (GPD) and glycerol-3-phosphatasedihydroxyacetone
phosphate by glycerol-3-phosphate dehydrogenase (GPD) and glycerol-3-
phosphatase [Waterhouse et al., 2016]. Thus, glycerol regulates intracellular
NADH/NAD+ ratio, acting as an osmoregulator resulting in the prevention of cells

from freezing via action as an anti-freezing agent [Shirvanyan et al., 2023].
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1.6 Aim of current work

The objective of this doctoral research was the development of an advanced
renewable and low-cost support material for whole cell immobilization in a major
industrial bioprocess. This technological aim was pursued through the production
of various types of biochar derived from thermal decomposition of lignocellulosic
biomass in the absence of oxygen, which were subsequently used for cell
immobilization aiming to produce bioethanol using different yeasts. Thus, the
development of an efficient bioprocess was targeted by evaluating the applicability
of biochar to enhance bioethanol production through immobilization of microbial

producers, while evaluating different important properties of the system proposed.
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1.6.1 Objectives

The main specific objectives of the current study towards the development of

BBB for fermentative bioethanol production were as follows:

Biochar production from various feedstocks in two different pyrolysis
conditions and characterization of the materials generated aiming to assess
their potential use as support carriers.

Repeated batch fermentations using free and supported cells of various
fermentative yeasts to evaluate the immobilised biocatalysts developed in
terms of bioethanol production and reusability.

Assessment of immobilised biocatalyst performance under high
temperature alcoholic fermentations aiming to address several technological
challenges of bioethanol manufacture.

Optimization of the BBB technology via testing of several materials for the
production of biochar, while bioethanol fermentations using BBB were
conducted employing hydrolysates generated via a citrus peel waste
biorefinery at elevated temperatures.

The potential stress protective role of BBB was evaluated employing S.
cerevisiae in bioethanol fermentations under various harsh bioprocess
conditions including heat, ethanol, oxidative and osmotic stress, while
monitoring transcription from a wide range of genes via RT-gPCR.

The development of non-biological char-based biocatalysts for the
production of bioethanol and their use in lab-scale bioreactor experiments

via testing the effect of different operating modes.
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2 Research Methodology

2.1 Development of BBB from different biowaste for

enhancement of alcoholic fermentations

2.1.1 Biochar production from different feedstocks

According to the International Biochar Initiative (IBI), biochar should be
produced through use of waste-derived biomass [Gonzalez et al., 2012]. Thus,
biochar was produced utilizing four different types of locally available biomass
feedstocks comprising olive kernels (OK, Olea europaea, obtained from
Pettemerides Olive Oil Mill Ltd, Limassol, Cyprus), vineyard prunings (VP, Vitis
vinifera, obtained from Dafermou Winery, Larnaca, Cyprus), sewage sludge (SS,
Sewerage Board of Limassol — Amathus (SBLA), Moni, Cyprus) and seagrass
residues (SGR, Posidonia oceanica, collected from a local beach). The biochar
specimens derived from OK, VP, SS and SGR will be denoted hereafter as OKB,
VPB, SSB and SGRB. Upon collection, all biomass samples were stored in air tight
plastic bags until application in pyrolysis. Conventional pyrolysis was performed
in a furnace under controlled conditions through the supply of nitrogen gas. The
temperature of the furnace was increased at a rate of 10 °C min™!, while 250 °C and
500 °C (for 30 and 3 min respectively) were employed as pyrolysis temperatures.
Moreover, char samples of non-biological origin (NBC) were also obtained from
CBp Cyprus Ltd (Limassol, Cyprus), producing char and activated carbon from
recycled car tires, and it was compared to the renewable materials selected. The
production of NBC comprised a continuous pyrolysis process, using a temperature

of approximately 500 °C and 1 h residence time in the reactor.

Biochar was additionally produced employing three different types of
biowaste that included pistachio shells (Pistachia vera, PV), peanut shells (Arachis
hypogaea, AH) and corks (CR, obtained from Dafermou Winery, Larnaca, Cyprus).
Pyrolysis was conducted at 500 °C as previously described and biochar produced
from PV, AH and CR will be denoted hereafter as PVB, AHB and CRB (Figure
2.1).
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Figure 2.1: Process flow sheet for the production of bioethanol via biochar and immobilised biocatalysts development.
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2.1.2 Microorganisms and culture conditions of freely suspended cells

S. cerevisiae and K. marxianus were obtained from the Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany), while P. kudriavzevii KVMP10 was previously isolated as a
thermotolerant ethanologenic yeast within our research group [Koutinas et al.,
2015]. Fermentations for ethanol production were conducted with each strain using
liqguid media simulating a Valencia orange peel waste hydrolyzate, which was
prepared in 50 mmol L™ citrate buffer at pH 4.8 and consisted of (g L™?): yeast
extract 10, peptone 20, fructose 33.2, galactose 8.6, glucose 57.4, and sucrose 1.4
[Wilkins et al., 2007]. The microorganisms were maintained at —80 °C in glycerol
stock cultures and prior to the experiment S. cerevisiae and P. kudriavzevii
KVMP10 were cultured in liquid medium consisting of (g L™): yeast extract 10,
peptone 20 and glucose 50. K. marxianus was pre-grown in media containing (g
L1): yeast extract 3, malt extract 3, peptone 5 and glucose 50. The inoculums were
incubated at 30 °C in an orbital shaker stirred at 100 rpm for 24 h. All chemicals
were obtained from Sigma- Aldrich Company Ltd (Dorset, UK) and were of
ANALAR grade.

Bioethanol fermentations were conducted in batch mode using 100 mL
serum bottles, which were tightly sealed with screw caps and contained 90 mL of
fermentation media and 10 mL of inoculum. Serum bottles were incubated in a
water bath at a temperature according to the specifications of each experiment and
reciprocal shaking at 100 rpm. All fermentations were performed in triplicate, while
two samples were analyzed for each replicate constituting analyses of 6 samples at

each time point.

2.1.3 Immobilization of microorganisms for repeated bioethanol

fermentations

Biocatalysts were prepared through immobilization of S. cerevisiae, K.
marxianus and P. kudriavzevii KVMP10 on biochars derived from VP and SGR, as
well as NBC. Each yeast strain was initially pre-grown in liquid medium as

described in Section 2.1.3, while grown cells were collected through centrifugation
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for inoculum preparation. An amount of 2 g wet pressed yeast cells was suspended
in 250 mL of fermentation media and 20 g of the support material was added. The
flasks were allowed to ferment the orange peel waste hydrolyzate overnight, using
37 °C for S. cerevisiae and 42 °C for K. marxianus and P. kudriavzevii KVMP10.
The supernatant was decanted and the biocatalyst was washed twice with 125 mL
of fermentation media prior application to bioethanol production experiments.
VPB, SGRB and NBC were used as support materials for bioethanol production.

The preparation of BBB using biochars produced using PVB, AHB and
CRB was conducted via the immobilisation of S. cerevisiae. The strain was pre-
grown in liquid medium as described in Section 2.1.3, while bioethanol production
was performed employing two different hydrolyzates: i) synthetic fermentation
media simulating a hydrolyzate obtained from Valencia orange peel waste as
described in Section 2.1.3, as well as ii) the hydrolyzate obtained from CPW
biorefinery. The corresponding hydrolyzate was fermented overnight at 37 °C, then
the supernatant was decanted and the BBBs developed, comprising the biochar-
based carrier and the cells attached on its surface, were rinsed with 125 mL of
fermentation media twice and subsequently applied to ethanol fermentation trials.

Control experiments employing unsupported cells of the yeast were also
conducted in batch mode using the hydrolyzate specified in each experiment.
Duplicate cultures were prepared and 6 samples were analyzed at each time point.
All chemicals used were purchased from Sigma-Aldrich Company Ltd (Dorset,
UK) and were of ANALAR grade.

2.1.4 Adsorption capacity of biochar for ethanol and sugars

The efficiency of biochar to adsorb the ethanol produced was assessed
through addition of 8 g PVBC in 100 mL solutions that contained 10, 20, 40, 60
and 80 g L™! of the specific alcohol. The mixtures were incubated at 37 °C and 100
rpm stirring for 60 min. The same procedure was followed for determination of
biochar’s capacity to adsorb the sugars contained in the Valencia orange peel waste
hydrolysate (see Section 2.1.3) via preparation of solutions that contained 20, 40,
60, 80 and 100 g L of sugars.
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2.1.5 Impact of biochar’s particle sizes on cellular immobilization

and fermentation performance

Three different biochar particle sizes were tested in fermentations to assess
whether the specific property of the material affected biocatalyst performance.
Biochar derived from PV was processed using a laboratory blender and passed
through sieves of 1 and 2 mm (Waring Commercial, Texas, USA) obtaining three
fractions incorporating different particle size. The biocatalyst was subsequently
prepared using each particle fraction, which was applied separately in ethanol

fermentations.
2.1.6 Repeated bioethanol fermentations at different temperatures

Bioethanol production using the immobilised biocatalysts developed was
evaluated employing different temperatures. Thus, unsupported and BBB (prepared
using PVB) cultures were conducted as described in Section 2.1.4. Immobilised and
unsupported cells were subsequently applied for ethanol production in
fermentations incubated at 37, 39 and 41 °C. Moreover, the culture incubated at 41
°C was applied in six repeated batch experiments to assess the recyclability of the
biocatalyst. Recovery of the immobilised biocatalysts following completion of
fermentation was conducted through filtration. Thus, the liquid media was removed
at the end of each batch retaining only the support material with the yeast cells
attached on its surface. The recovered biocatalyst (in the form of wet solids) was
rinsed with fermentation media twice and reused in a subsequent ethanol

fermentation via addition of fresh CPW hydrolysate.
2.1.7 Bioethanol production from CPW hydrolyzates

S. cerevisiae immobilised on PVBC was employed to assess the
effectiveness of the developed BBB in enhancing ethanol production during
repeated batch fermentations of citrus peel waste (CPW) hydrolyzates produced
through a biorefinery (Figure 2.2). Preparation of the immobilised biocatalyst was
conducted at 37 °C as described in Section 2.1.4, while the repeated batch
experiments were performed using CPW hydrolyzates produced through the current
biorefinery at 41 °C.
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Figure 2.2: Process flow sheet for the CPW biorefinery.




2.1.8 Bioethanol fermentations under stress conditions

Bioethanol fermentation experiments employing freely suspended and
supported cells of S. cerevisiae were conducted at 30 °C and 39 °C to assess the
effectiveness of the developed BBB in enhancing ethanol production during heat
and oxidative stress. S. cerevisiae was pregrown as described in Section 2.1.3 and
the immobilised biocatalyst was prepared as described in Section 2.1.4. Supported
and unsupported cells of S. cerevisiae were additionally exposed to 70 and 90 g L™
of initial bioethanol concentration in fermentation media consisting (g L™!): glucose
70, peptone 20 and yeast extract 10, aiming to assess the potential use of BBB in
enhancing the process under ethanol stress. Moreover, the potential stress protective
role of BBB to high osmolarity was assessed in experiments conducted by addition
of 1 M NaCl to the biomedium.

2.1.9 Repeated bioethanol fermentations of S. cerevisiae immobilised on

char derived from car tires

Char samples of non-biological origin (NBC) were obtained from CBp
Cyprus Ltd (Limassol, Cyprus), producing char and activated carbon from recycled
car tires. Powder char (PWC), pellet char (PLC) and unscreened char (UNC) were
used as support materials and the respective biocatalysts were prepared through
immobilization of S. cerevisiae (see Section 2.1.4), which was initially pre-grown
in liquid medium as described in Section 2.1.3. Two repeated batch fermentations
were conducted at the elevated temperatures of 37, 39 and 41 °C to evaluate the
capacity of the developed biocatalysts in enhancing bioethanol production as
compared to the conventional system using fermentation media consisting (g L™'):

glucose 70, peptone 20 and yeast extract 10.

2.1.10 Continuous bioethanol fermentations of S. cerevisiae in a lab scale

bioreactor

Continuous fermentations were conducted in a bioreactor (Minifor, Labda,

Brno, Czech Republic) with working volume of 0.3 L (0.45 L total volume) using
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freely suspended and immobilised cells of S. cerevisiae on UNC. The bioreactor
vessel as well as the biomedium were sterilized at 121 °C for 15 min and the pH-
value was controlled at 4.8 in all experiments conducted. The temperature of
fermentations was controlled at 37, 39 and 41 °C, depending on the requirements
of each experiment, while the biomedium was not agitated. The feedstock used in
continuous experiments consisted of (g L™'): glucose 70, peptone 20, and yeast
extract 10. The flow rates and the respective dilution rates used in each experiment

are shown in Table 2.1. for free and immobilised cells.

Table 2.1: Dilution rate and flow rate applied during continuous bioethanol

fermentations using freely suspended and immobilised cells of S. cerevisiae.

Experiment Dilution rate [h ] Flow rate [mL h -]

D1 0.09 27
D2 0.13 39
Ds 0.17 51
D4 0.20 60
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2.2 Analyses

2.2.1 Characterization of biochar properties

An overview of the structural, physical and chemical characteristics of the
biochars prepared in the present study was attempted, aiming to assess their
potential use for development of new products and support materials. Thus, the
specific surface area of the materials evaluated was determined by N> adsorption at
77 K (Brunauer-Emmett-Teller, BET method) and using a multi-point
Micromeritics Gemini V System. Samples were pretreated prior to the experiment
in a flowing-gas degassing unit for the removal of adsorbed contaminants.
Degassing conditions included flowing N2 gas at 180 °C (453 K) for 12 h
[Valanidou et al., 2011].

X-ray diffraction (XRD) was used to probe the crystalline phases within
biochar samples. All measurements were performed in a Rigaku Ultima IV
diffractometer equipped with a Cu tube and operated at 40 kV voltage and 40 mA
current. The system was equipped with a multilayer mirror for parallel X-ray beam
geometry and the selected wavelength was the Cu Ka (0.15419 nm). Sample
patterns were collected in Bragg-Brentano scanning mode over the 20° — 70° 2-
theta range, in a sample holder without rotation [Panagiotou et al., 2018].

The microstructural details of the samples were investigated using a Quanta
200 (FEI, Hillsboro, Oregon, USA) Scanning Electron Microscope (SEM) in
various accelerating voltages. All samples were sputter coated with a thin layer of
gold (few nm) prior to imaging such as to increase sample’s conductivity and
prevent surface charging complications. Energy-dispersive X-ray spectroscopy
analysis (EDS) was also conducted along with imaging providing information about
the elemental composition of the biochars prepared.

2.2.2 Determination of sugars concentration

Depending on the requirements of each experiment two methods (HPLC
and DNS) were applied for the determination of sugars concentration. Culture
samples were withdrawn aseptically, centrifuged at 13000g for 10 min and filtered

using 0.2 um syringe filters. The concentration of glucose in culture samples was
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assessed via the colorimetric method of 3,5-dinitrosalicylic acid (DNS) as described
by Miller [Miller, 1959] as well as using High Pressure Liquid Chromatography
(HPLC). A Shimadzu Nexera 40 system (Shimadzu, UK) equipped with a
Shimadzu RID-20A detector, a Shimadzu SIL-40 C auto sampler and RHM column
oven was used. The column was eluted isocratically at a rate of 0.5 mL min™!
employing an organic analysis column (Rezex RHM-Monosaccharide H+ (8%)
column, Phenomenex, USA) with deionised water at 40 °C and 10 mL injection

volume.
2.2.3 Determination of bioethanol concentration

Bioethanol content was analyzed through Gas Chromatography. A
Shimadzu GC-2014 (Shimadzu, Milton Keynes, UK) using a flame ionization
detector and a 30 m long Zebron ZB-5 capillary column (Phenomenex,
Macclesfield, UK) with 0.25 mm internal diameter was employed. The mobile
phase applied was nitrogen, while the stationary phase of the column was 5%
phenyl and 95% dimethylpolysiloxane. Ethanol was extracted into hexane by
vortexing 1 mL of the filtered sample with 2 mL of the solvent for 1 min. About 1
uL of the extract was injected and the temperature of the column was kept constant
at 40 °C for 2.5 min followed by an increase of 30 °C min up to 160 °C, while it
was maintained at 160 °C for an additional 5 min [Koutinas et al., 2015]. Ethanol
concentration was calculated interpolating from a previously established calibration
curve and the coefficient of variation for 3 samples was 1.22% at a concentration
level of 60 g L.

2.2.4 lIsolation of total RNA, cDNA synthesis and real-time RT-gPCR

RT-gPCR analysis was performed to determine the mRNA expression level
of HSF1, HSP104, TPS, MSN2, MSN4 and HSP12 genes during S. cerevisiae
fermentations. Depending on cell density, 1-1.5 mL samples were collected for
each time point and centrifuged at 8000 rpm for 10 min at 4 °C. The cell pellet
harvested was soaked in liquid nitrogen and subsequently stored at -80 °C. Total
RNA isolation and cDNA synthesis were performed as previously described

[Koutinas et al., 2010]. cDNA synthesis and RT-qPCR were performed using a

42



SensoQuest labcycler (SensoQuest GmbH, Gottingen, Germany) and gqTower3G
real-time PCR (Analytik Jena, Jena, Germany) respectively. The primer pairs of
each gene analysed are displayed in Table 2.2 (additional data). Triplicate
experiments were conducted and two samples were analysed for each replicate
comprising analysis of 6 samples in each time point. The 18 S rRNA gene (RDN18)
was used as housekeeping gene and its expression was employed to normalise the
cycle threshold (CT) values of all genes tested (Egs. 1-3), where CT corresponds
to the CT values of HSF1, HSP104, TPS, HSP12, MSN2 and MSN4 respectively
(the relative mRNA expression of each gene was assessed separately), while CT,ref
indicates the CT value obtained for RDN18. The sample obtained at 0 h of each
experiment, was used as calibrator in Eq. 2 to normalize the ACT,gene value of
each gene at all timepoints assessed. The normalised level of each gene’s mMRNA

expression (NEgene) was calculated using Eq. 3.

ACT,gene = CT, gene — CT,ref (1)
AAC T,gene = AC T,gene — AC T,gene (calibrator) (2)
NEgene - 2-AACT, gene (3)

2.2.5 Determination of intracellular proline concentration

Aiming to determine the intracellular proline content, 1.5 mL of both
immobilised and suspended cells were harvested by centrifugation, washed twice
with distilled water and homogenised using 3% aqueous sulphosalicylic acid. The
residue was removed by centrifugation at 12000g for 10 min 1 mL of the
homogenised material reacted with 1 mL acid-ninhydrin and 1 mL glacial acetic
acid in a test tube for 1 h at 100 °C, while terminating the reaction in an ice bath.
The reaction mixture was extracted using 2 mL toluene and maintained at room
temperature for 30 min until separation of the two phases was achieved. The
chromophore-containing toluene was warmed to room temperature and the optical
density was determined at 520 nm using toluene as blank. Proline concentration
was determined employing a previously developed standard curve using D-proline
[Bates, et al., 1973; Hamid et al., 2003].
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2.2.6 Statistical analysis of mMRNA expression data

The objective of statistical analysis was to elucidate the relative mRNA
expression profile of all genes tested under various stresses. Thus, one-way analysis
of variance (ANOVA) was conducted and p < 0.05 was defined as acceptable level

of significance.
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3 Results and Discussion

3.1 Preliminary study of biochar-based biocatalysts for

bioethanol production

3.1.1 Biochar production and characterization of immobilization carriers

Pyrolysis process conditions strongly affect the yield, morphology and
physicochemical properties of biochar produced [Castilla-Caballero et al., 2023].
Thus, the properties of each specimen tested was determined through XRD, BET
surface area, SEM and EDS to evaluate the potential of each biochar-based material

for application as carrier for cellular immobilization.

3.1.1.1 XRD analysis of biochar produced

The XRD spectra of NBC and biochars produced at 250 °C and 500 °C from
OK, VP, SGR and SS are depicted on Fig. 3.1.1-3.1.2. The XRD patterns of both
seagrass samples (Fig. 3.1.1), SGRB250 and SGRB500, demonstrate distinct peaks
located at the major crystalline phase present at 27.3°, 31.7°, 45.4°, 56.5° and 66.2°.
All aforementioned peaks correspond to halite (NaCl) and remain relatively
unchanged independent of the pyrolysis temperature applied. Nevertheless, the
XRD patterns of SSB exhibit only a single sharp peak located at 29.4°, which has
been assigned to the main and strongest peak (1 0 4) of calcite (CaCOs3). Although
calcite and quartz are considered as the two major components of sewage sludge

[Karamalidis et al., 2008], the latter was not detected in our specimens.

Figure 3.1.2 summarizes the XRD patterns of OKB, VPB and NBC. The
XRD spectra of NBC presented peaks from silicon (Si) at 28.4°, 47.3° and 56.1°,
as well as calcite (CaCOs3) crystallites located at 29.4°, 36.0°, 39.4° and 43.1°
respectively. Moreover, the broad “hump” observed between 20° and 30°, centered
approximately at 26°, has been assigned to weak diffraction from an amorphous

carbon network which is commonly observed in organic samples subject to

pyrolysis.
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Figure 3.1.1: X-ray diffraction pattern of the biochars produced at 250 °C and 500
°C through the use of SGR and SS.
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Figure 3.1.2: X-ray diffraction pattern of the biochars produced at 250 °C and 500

°C through the use of OK, VP and NBC.
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Sylvite (KCI) was detected in OKB samples produced at both temperatures
by the faint peak located at 28.3°. However, although the OKB500 sample
(pyrolyzed at higher temperature) exhibited additional peaks, due to poor signal to
noise (S/R) ratio and/or small crystallite sizes definitive identification could not be
obtained. Both OKB samples exhibited a broad peak between 20° and 30°, centered
at approximately 22° for the low temperature sample (OKB250) due to the presence
of cellulose, while regarding OKB500 the peak was shifted towards 25-28°
resembling a peak from amorphous carbon network [Zhu et al., 2017]. Similar XRD
patterns have been previously observed for biochar samples obtained from other
renewable feedstocks, such as the formation of calcite in biochar produced from
eucalyptus [Singh et al., 2010]. Moreover, the analysis of biochar specimens
derived from straws of canola at 300 °C, 500 °C and 700 °C demonstrated that
although only sylvite was produced at 300 °C, the increase of pyrolysis temperature
resulted in calcite generation [Yuan et al., 2011].

Apart from the broad cellulose peak, the presence of any crystalline phases
was not observed in the XRD spectra of VPB250. However, the increase of
pyrolysis temperature to 500 °C resulted in crystallization of the calcite phase.
Furthermore, the amorphous peak of cellulose was shrunk and shifted towards
higher angles demonstrating the conversion to amorphous carbon. The significant
crystallization process of the specific sample at 500 °C is expected to increase the
specific surface area, since crystallization increases density and subsequent
shrinkage can generate cracks and porous within the material. The crystalline
mineral phases detected in the biochar samples tested could serve as important
factors affecting cell immobilization and culture performance. Calcite crystals
provide a safe microenvironment against stressful or hazardous conditions in
encapsulated microalgae cultures [Kim et al., 2018] and facilitate flocculation of
microalgae enabling easy recovery of the biomass produced following culture
completion [Vandamme et al., 2015]. Moreover, immobilization of enzymes on
silicon surfaces with high porosity enables significant applications such as
decontamination, microbial fuel cells, microreactor healthcare and biological
sensing [Létant et al., 2004], demonstrating the potential favorable effect of the
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specific crystalline phases when employed as constituents of microbial carriers in

ethanol fermentations.

3.1.1.2 BET specific surface area

The effect of pyrolysis temperature on the BET specific surface area of the
biochar samples produced is shown in Table 3.1.A. The increase of pyrolysis
temperature between 250 °C and 500 °C resulted in increase of the BET specific
surface area. All biochars processed at 250 °C exhibited low surface area values.
Nevertheless, when pyrolysis was conducted at 500 °C, significant differences
between the BET surface areas of the samples were observed. The materials
produced from VP and SGR achieved the highest specific surface area that reached
41.7 and 5.3 m? g! respectively, while the BET values of OKB and SSB remained
at lower levels (1.5 and 1.4 m? g~! respectively). Although NBC demonstrated the
highest specific surface area (73 m? g'), the aforementioned material constitutes a
commercial product incorporating different processing conditions (e.g. pyrolysis
temperature, heating rate), and thus, it was applied in the present study for

comparison against the renewable feedstocks tested.

Pyrolysis studies of biomass-based feedstocks have previously demonstrated
that the resulting surface area of biochar can be low. However, although biochars
produced from safflower seed press cake at temperatures between 400 and 600 °C
exhibited BET values lower than 4.2 m? g”!' [Angin, 2003], the specific surface area
of VPB at 500 °C was substantially higher. The type of feedstock constitutes an
additional important factor demonstrated by the high BET values (376-401 m? g ')
obtained for hickory wood, bagasse and bamboo at 600 °C [Sun et al., 2014], while
optimization of pyrolysis conditions is also crucial considering that the specific
surface areas were 30 times higher compared to the values achieved at 450 °C using
the same raw materials. Moreover, there is a strong relationship between pyrolysis
temperature and the biochar’s surface area, which is known to increase at elevated
pyrolysis temperatures [Ok et al., 2014]. Thus, similarly to the findings of the
present work the specific surface area of biochar produced from SS was enhanced
with an increase in pyrolysis temperature from 350 °C to 650 °C, while the porosity
can be also improved in higher pyrolysis temperatures [Jindarom et al., 2007].
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Table 3.1A: Specific surface area and elemental composition of biochars derived

from different feedstocks at 250 °C and 500 °C.

Samol Temperature Specific surfacearea  C O Ca Cl Si
ample
O (m*g) O CORNCO R CORNCD
250 0.15 61.72 2142 114 0.30 -
OKB
500 15 65.73 20.02 223 0.64 0.23
250 0.5 69.62 24.65 3.04 - -
VPB
500 41.7 7165 2159 124 - -
250 0.7 33.11 3438 6.30 - 3.48
SSB
500 14 55.78 2347 3.76 - 1.73
250 1.9 60.52 24.07 061 390 0.18
SGRB
500 5.3 60.97 22.86 0.6 5.14 -
NBC - 73.0 88.0 3.16 032 012 1.26
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3.1.1.3 SEM and EDS analyses

The microstructural features of each specimen were evaluated through SEM
imaging, while EDS was applied to determine the elemental composition of
biochars produced. Observations confirmed the presence of significant differences
among the biochar samples produced at each temperature. The morphology of
OKB, SGRB and VPB produced at 500 °C (Figure 3.1.3E-G) included formation
of smooth surface and porosity. However, the aforementioned biochar samples
produced at 250 °C did not demonstrate porosity (Figure 3.1.3A-C), while SSB
remained non-porous at both temperatures applied (Figure 3.1.3D and H).
Moreover, similarly to the renewable carbonaceous materials formed at 250 °C, no
porosity was observed for the commercial NBC tested (data not shown). Thus, SEM
analysis confirmed the significant increase of specific surface area which occurs at
elevated temperatures for some of the biochars produced (e.g. VPB) highlighting
their potential for application in cellular immobilization.

Figure 3.1.3: SEM images of biochar specimens at 3000x magnification. The
materials produced using 250 °C comprised: (A) OKB, (B) SGRB, (C) VPB, and
(D) SSB. The products formed at 500 °C included: (E) OKB, (F) SGRB, (G) VPB,
and (H) SSB.
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The elemental EDS analysis of the biochars formed at different pyrolysis
temperatures are shown on Table 3.1A. An increase in temperature from 250 °C to
500 °C enhanced the carbon content and reduced that of oxygen in all biochars
tested. Thus, increased pyrolysis temperature resulted in more carbonaceous
materials, which has been previously demonstrated for other agricultural residues
[Fuetal., 2011]. The material exhibiting the highest increase in carbon content was
SSB containing 55.8% of carbon at 500 °C, while at the lower temperature carbon
remained at 33.1%. Moreover, the specific material exhibited a more pronounced
shift in oxygen content, which was reduced from 34.4% to 23.5% between 250 °C
and 500 °C respectively. The content of other elements such as calcium, chloride
and silicon was also monitored (Table 3.1A) demonstrating that SGRB comprised
elevated chloride quantities (5.1% at 500 °C), which could potentially affect the
efficiency of the material for biocatalyst development. Overall, the elemental
composition of the biochars formed was similar to that of biochar generated from
other biomass-based feedstocks including orange peel [Chen and Chen, 2009] and

pinewood sawdust [Amutio et al., 2012].
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3.1.2 Bioethanol production using freely suspended cells of S. cerevisiae, K.

marxianus and P. kudriavzevii

S. cerevisiae constitutes an industrial workhorse strain for bioethanol
production using a wide range of sugar-rich feedstocks [Grellet et al., 2022], while
K. marxianus is an important bioethanol producer demonstrating elevated growth
rate, ability to consume a wide range of sugars and thermotolerance [Tavares et al.,
2019]. The latter characteristic, which ensures lower contamination risk and
reduced requirements for cooling to maintain fermentation temperature between 25
and 35 °C, is also exhibited by P. kudriavzevii KVMP10, a yeast isolated from our
research group holding the capacity for elevated bioethanol production from citrus
peel hydrolyzates [Koutinas et al., 2015]. Thus, the capacity of these yeasts for
bioethanol production at high rates was evaluated through immobilization on
biochar. Bioethanol fermentations of the three selected yeasts were initially
conducted applying freely suspended cells at two different temperatures (37 and 42
°C) in an attempt to determine suitable fermentation conditions using the media
simulating Valencia orange peel hydrolyzate. S. cerevisiae produced 51 g L™! of
ethanol at 37 °C and 42 g L' at 42 °C following 40 and 64 h of incubation
respectively. The elevated temperature of 42 °C enhanced ethanol production from
K. marxianus which yielded 46 g L™!, while P. kudriavzevii produced 45 g L.
However, the use of 37 °C reduced biofuel formation from K. marxianus and P.

kudriavzevii producing 39 g L' and 24 g L' of ethanol respectively.

The production of ethanol observed was similar to previous studies
employing the specific strains in fermentations of citrus peel hydrolyzates
[Koutinas et al., 2015]. Thus, the preliminary fermentations conducted using freely
suspended yeast cells demonstrate that biofuel production was enhanced at 37 °C
in S. cerevisiae fermentations, while K. marxianus and P. kudriavzevii KVMP10
performed elevated ethanol formation at 42 °C. Thus, the capacity of each strain for
the development of immobilised biocatalysts was tested at the aforementioned

conditions maximizing ethanol formation.

53



3.1.3 Development and evaluation of immobilised biocatalysts for ethanol
production

3.1.3.1 Immobilization of yeasts on selected carriers

Specific surface area constitutes a major factor for the development of
immobilised biocatalysts, considering that elevated surface area would enhance the
formation of porous structures within biochar, thus controlling the material’s
capacity for adsorption of nutrients and cell attachment [Sun et al., 2014]. VPB and
SGRB produced at 500 °C, as well as NBC, demonstrated the highest specific
surface area values holding significant potential for effective immobilization of S.
cerevisiae, K. marxianus and P. kudriavzevii KVMP10 for optimal bioethanol
production. Therefore, biocatalyst development was evaluated employing the
selected materials summarized above. The electron micrographs obtained from
fermentations of the three yeast strains following immobilization on each material
are depicted on Figure 3.1.4. The results confirmed that the yeasts adhered densely
and homogenously to the surface of each carrier, as a result of either physical
adsorption by electrostatic forces or due to natural cell entrapment into the porous
or covalent binding between the membrane and the support. Moreover, apart from
the SEM images presented, effective immobilization was further established by the
ability of biocatalysts (following thorough washing to remove free cells) to perform

efficiently in repeated batch fermentations as discussed below.
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Figure 3.1.4: SEM images of immobilised biocatalysts at 3000x magnification. A)

S. cerevisiae, B) P. kudriavzevii KVMP10, and C) K. marxianus cells following
immobilization on SGRB obtained at 500 °C. D) S. cerevisiae, E) P. kudriavzevii
KVMP10, and F) K. marxianus immobilised on NBC. G) S. cerevisiae, H) P.
kudriavzevii KVMP10, and 1) K. marxianus immobilised on VPB obtained at 500
°C.
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3.1.3.2 Repeated batch fermentations of S. cerevisiae for ethanol production

S. cerevisiae immobilised on VPB, SGRB and NBC was employed in two
repeated batch fermentations to evaluate the capacity of the developed biocatalysts
for enhancing the production of ethanol as compared to freely suspended cells
(Figure 3.1.5A-B). During the first batch, the developed S. cerevisiae-based
biocatalysts employing VPB and NBC achieved faster kinetics as compared to free
cells and those immobilised on SGRB. Nevertheless, recycling of the biocatalysts
in a subsequent batch demonstrated that cells immobilised on VPB exhibited the
highest productivity generating net production of 72 g L' within 10 h of
fermentation, while the NBC-based biocatalyst also promoted net ethanol
production reaching 60 g L™ over the same period. The maximum net ethanol
concentrations formed using cells immobilised on SGRB and the suspended culture
remained at lower levels reaching 48 g L™! and 53 g L! respectively. Moreover,
although cells immobilised on VPB exhibited significantly higher ethanol
production over the first 10 h of the second batch experiment, as compared to
suspended cells, the consumption of sugars was similar in both fermentations. Thus,
higher substrate quantities were potentially utilized by immobilised cells for
product formation rather than yeast growth as opposed to the suspended culture.
The results presented demonstrate that the VPB-based biocatalyst produced 36%
more ethanol compared to the conventional process, serving as an efficient cell
carrier that elevates substantially the production of the biofuel, while enabling easy
recycling of yeast cells in subsequent batch experiments and improvement of

biocatalytic efficiency.

S. cerevisiae constitutes the most widely used yeast for industrial ethanol
production based on a number of favorable characteristics which include among
others osmotolerant, inexpensive, high ethanol production, low generation of by-
products as well as toleration of elevated ethanol and sugar concentration [Grellet
et al., 2022]. Thus, numerous studies have previously investigated immobilization
of the yeast to other support materials through application of different
immobilization techniques [Santos et al., 2018]. S. cerevisiae produced 50 g L of
ethanol from 120 g L' of glucose in an immobilised cell reactor using calcium

alginate as a support [Fu et al., 2011]. The same carrier was employed for ethanol
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generation from non-sterilized beet molasses demonstrating maximum production
of 53 g L™! through fermentation of 250 g L™! of sugars [Roukas, 1996]. Moreover,
Yu et al [2007], reported ethanol production of 96.7 g L™! from 200 g L™! of sugars
with the use of S. cerevisiae immobilised on natural sorghum bagasse. The results
obtained here demonstrate that bioethanol produced from orange peel hydrolyzates
through fermentations of S. cerevisiae immobilised on biochar-based materials

could serve as a future sustainable fuel.
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Figure 3.1.5A: Evaluation of S. cerevisiae immobilised biocatalysts for ethanol
production. Symbols correspond to ethanol concentration in fermentations
conducted at 37 °C employing: i) —#— : cells immobilised on VPB; ii) —lll— :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) =O— :

freely suspended cells.
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Figure 3.1.5B: Evaluation of S. cerevisiae immobilised biocatalysts for ethanol
production. Symbols correspond to sugar’s concentration in fermentations
conducted at 37 °C employing: i) —#— : cells immobilised on VPB; ii) —lll— :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) —O— :

freely suspended cells.
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3.1.3.3 Repeated batch fermentations of K. marxianus for ethanol production

K. marxianus exhibits thermotolerant properties, low repression by glucose
as well as the capacity to utilize hemicellulolytic hydrolyzates [Dhiman et al.,
2017]. Based on these technological advantages a series of investigations have been
conducted for ethanol production applying K. marxianus usually through
supplementation of lactose, while delignified cellulose [Kourkoutas et al., 2002]
and sodium alginate [Guo et al., 2010] constitute examples of carriers successfully
used for bioprocess improvement. Herein, the yeast was immobilised on VPB,
SGRB and NBC for production of the biofuel from citrus peel hydrolyzates in two
repeated batch experiments, while a suspended culture was also conducted for

comparison purposes (Figure 3.1.6A and B).

During the first batch the performance of VPB- and SGRB-based
biocatalysts were not evidently different as compared to suspended cells, both with
respect to biofuel production and sugars consumption. However, K. marxianus
immobilised on VPB significantly enhanced net ethanol production, which reached
73 g L™! (52% higher compared to free cells) following 10 h of fermentation in the
repeated batch experiment. Although the NBC-based biocatalyst generated net
production of 56 g L™! as compared to the 48 g L ™! formed by freely suspended cells
at 10 h, the kinetics of the two experiments were not significantly different in the
second batch. Net biofuel production using cells attached to SGRB remained at 43
g L', demonstrating that similarly to the use of VPB for S. cerevisiae
immobilization the specific biochar-based carrier could be efficiently applied for

the development of advanced biocatalysts employing K. marxianus.
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Figure 3.1.6A: Evaluation of K. marxianus immobilised biocatalysts for ethanol
production. Symbols correspond to ethanol concentration in fermentations
conducted at 42 °C employing: i) —#— : cells immobilised on VPB; ii) —ll :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) =—O— :

freely suspended cells.
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Figure 3.1.6B: Evaluation of K. marxianus immobilised biocatalysts for ethanol
production. Symbols correspond to sugar’s concentration in fermentations
conducted at 42 °C employing: i) —#— : cells immobilised on VPB; ii) —ll— :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) =O— :

freely suspended cells.
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3.1.3.4 Repeated batch fermentations of P. kudriavzevii for ethanol production

P. kudriavzevii exhibits multiple types of tolerance against extreme
conditions during alcoholic fermentation, including tolerance towards elevated
temperatures and acidic conditions [Nieto-Sarabia et al., 2022;Seong et al., 2017].
Thus, P. kudriavzevii KVMP10 was applied as a third technologically important
yeast in alcoholic fermentations of orange peel hydrolyzates employing
immobilised cells on NBC, VPB and SGRB, as well as suspended cultures in
repeated batch experiments (Figure 3.1.7A-B). Nevertheless, the developed
immobilised biocatalysts could not enhance ethanol formation as compared to free
cells demonstrating that not all yeast strains could be efficient in the bioprocess
proposed. Similarly to the present work, immobilised cells of S. cerevisiae and P.
kudriavzevii into poly(vinyl alcohol) hydrogel lens-shaped particles have been
previously compared for their capacity to increase bioethanol generation from
waste paper, demonstrating that S. cerevisiae was better in biofuel production
maintaining higher levels of metabolic activity in repeated batch experiments
[Zichova et al., 2017]. The reduced performance of P. kudriavzevii observed in the
present work could be potentially attributed to various alterations that may occur in
the physiology of immobilised cells as well as restricted mass transfer and reduced
water activity, comprising significant stresses that cells often need to overcome

during attachment on different carriers [Verbelen et al., 2006].
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Figure 3.1.7A: Evaluation of P. kudriavzevii immobilised biocatalysts for ethanol
production. Symbols correspond to ethanol concentration in fermentations
conducted at 42 °C employing: i) —#— : cells immobilised on VPB; ii) —ll— :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) —O— :

freely suspended cells.
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Figure 3.1.7B: Evaluation of P. kudriavzevii immobilised biocatalysts for ethanol
production. Symbols correspond to sugar’s concentration in fermentations
conducted at 42 °C employing: i) —#— : cells immobilised on VPB; ii) —ll— :
cells immobilised on SGRB; iii) =4 : cells immobilised on NBC; iv) —O— :
freely suspended cells.
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3.1.4 Critical aspects for the use of biochar in biofuel production

Traditional alcoholic fermentation systems utilize suspended cells in batch
bioreactor operation. However, continuous ethanol fermentations provide, among
other advantages, elevated conversion and fermentation rates as well as
environmental merits. Immobilization of yeasts on different carriers offer recycling
of the biocatalyst in continuous systems enabling high cell densities, enhanced
productivity, improved stability of cells and economic benefits [Zichova et al.,
2017]. Biochar has been previously investigated in industrial biotechnology for cell
and enzyme immobilization due to its affordability, high porosity, presence of
functional groups on its surface, thermal stability and large surface area [Kaur et
al., 2021;Jenjaiwit et al., 2021]. The use of enzyme immobilised on biochar has
been a potential approach for the removal of contaminants. Pine wood, pig manure
and almond shell biochar have been demonstrated as excellent sorption material for
immobilization of crude laccase towards diclofenac degradation [Lonappan et al.,
2018]. Additionally, lipase immobilised on biochar impregnated with calcite
enhanced the yield of fatty acid methyl esters and increased the reusability leading
to efficient production of biodiesel [Almeida et al., 2020]. However, most
investigations have focused on the use of biochar as microbial or enzyme support
to tackle environmental stresses and cell washout as well as improve contaminant
removal efficiency [Pandey et al., 2020]. The biocatalyst proposed, constitutes the
first attempt to our knowledge for whole-cell immobilization in industrial
biotechnology for the enhancement of bioethanol production. S. cerevisiae
immobilised on VPB exhibited the highest ethanol production as compared to the
rest of the microorganisms tested, while the results obtained via the VPB-based
biocatalyst using K. marxianus were also promising. Thus, considering the major
industrial significance of S. cerevisiae and the applicability of K. marxianus as a
lactose fermenting yeast [Verbelen et al., 2006] the technology proposed could offer

an advanced technological solution to sustainable manufacturing of the biofuel.

The efficiency of different immobilised biocatalysts employing S.
cerevisiae in bioethanol production is compared in Table 3.1.4. The productivity of
ethanol achieved with the use of S. cerevisiae immobilised on NBC and VPB

reached 6.0g L' h™'and 7.2 g L™ h™! respectively constituting substantially higher
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values compared to other carriers employed using similar feedstocks. Moreover,
although initial sugar concentration was lower compared to other studies,
substantially high ethanol concentrations were achieved (ranging between 60 and
72 g L' for S. cerevisiae and K. marxianus) demonstrating the beneficial use of the
novel approach. The literature studies presented on Table 3.1.4. incorporated
fermentation temperatures that ranged between 30 and 33 °C. Thus, the elevated
temperatures applied in the current work (37 °C and 42 °C for S. cerevisiae and K.
marxianus respectively) constitute another advantage of the bioprocess enabling the
reduction of operational costs due to decreased energy use for cooling and lower
contamination risk. Although K. marxianus constitutes a promising yeast for
efficient ethanol production at elevated temperatures (between 38 and 45 °C) [Sene
et al., 2023], the strain includes lower tolerance in ethanol concentrations as
compared to S. cerevisiae, which limits the production of the biofuel leading to high
energy demand in the fuel-ethanol production plant [Li et al., 2018]. Moreover, the
prospect of yeast reusability enabled through immobilization of cells on biochar
could significantly enhance the overall economics as well as the whole process
offering new prospects for instrumentation and control [Mulko et al., 2016]. Herein,
high concentrations of ethanol were produced by K. marxianus cells immobilised
on VPB (net ethanol production reached 73 g L") and increased biofuel
productivities were achieved at the second batch following the recycling of yeast
cells. The specific results indicate that the technology proposed could be attractive
for conducting high temperature fermentations and to test the stability of long-term
bioprocess operation by biomass recycling of two major yeast strains. Therefore,

future research is required towards the aforementioned directions.

The specific surface area of VPB (41.7 m? g~ ') was significantly higher than
that of SGRB (5.3 m? g!) potentially enhancing yeast immobilization. However,
although NBC involved higher specific surface area (73 m? g'), VPB was more
efficient as cell carrier exemplifying that other parameters of the material could
potentially affect the metabolic properties of the yeast. As previously stated in
Section 3.1.2, the specific surface area of biochar is usually low and thus, different
approaches have been proposed for biochar modification to improve the specific

parameter including addition of magnesium and carbon activation [Li et al., 2017].
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Although activated carbon has been extensively applied as immaobilization carrier
for different applications, the cost related to carbon activation elevates the overall
investment [Bailey et al., 1999]. Nevertheless, the specific surface area of VPB was
relatively high compared to other biochar materials, while activation was not

employed in an attempt to reduce the cost required for biocatalyst development.

Strategies for mitigating global warming employ carbon sequestration,
which includes forestation and reforestation, innovative technologies (such as
underground geological and ocean CO fixation) and use of carbonaceous materials
for long term carbon storage [Yusuf and lbrahim, 2023]. Moreover, biochar
constitutes a common renewable solid biofuel [Awogbemi and Von Kallon, 2023],
while bioethanol from biomass (e.g. sugars, starch, lignocellulosics and algae) plays
a crucial role as a supplement/substitute for petroleum fuels [Ok et al., 2016]. Thus,
the use of biochar as a low-cost cell carrier in ethanol fermentations could upgrade
biofuel production processes offering more stable performance [Zhang et al., 2016]
and biomass recycling [Dhiman et al., 2017], while eliminating yeast inhibition
[Kirdponpattara and Phisalaphong, 2013]. Considering that biochar is generated
from biowaste, the current approach employing the material to enhance the
productivity of ethanol bioprocesses enables integration of thermal and biological
methods targeting the manufacture of commodities with increased added-value,
lowering the environmental impact of industrial production [Martinez et al., 2018].
Moreover, even though thermal methods often involve increased energy demand,
no additional fuel is required for pyrolysis exhibiting energy self-efficiency [Cong
et al., 2018]. Therefore, the combination of biofuel production with pyrolysis is
expected to enhance energy gains constituting a highly novel approach for biowaste
reduction [Khosla et al., 2017]. Thus far, efforts to combine pyrolysis and
fermentations have been attempted mainly in biorefineries using the thermal
method either for biomass pretreatment or for the refinement of biorefinery residues
[Luque et al., 2014]. The application of biochar as immobilization carrier for
microbial cells constitutes a novel use of this stable by-product generated from

biowaste.

The redox properties of biochar have been shown to promote biological

activity and the formation of biofilms acting as significant electron acceptors or
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donors [Prévoteau et al., 2016]. However, the addition of external electron
acceptors in alcoholic fermentations is known to substantially boost enzymatic
activity [Dimarogona et al., 2012] and ethanol yield, which was increased from 0.62
mol ethanol/mol xylose to 1.35 mol ethanol/mol xylose following acetoin addition,
doubling at the same time the specific ATP production without any increase in S.
cerevisiae biomass content [Wahlbom and Hahn—Hagerdal, 2002]. Thus, a potential
cause for the elevated ethanol productivity achieved in the present study could be
attributed to the quantity and type of electron accepting and donating units within

biochar.
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Table 3.1B: Bioethanol production with the use of immobilised yeast cells.

Ethanol Ethanol Specific surface
Yeast strain Feedstock Method Carrier conc.[g  productivity [g b 2.1 Reference
L1 L' h1] area [m* g~]
Suaar ﬁ;iﬁ ang  Alginate-based MCM-
S. cerevisiae g g 41 mesoporous zeolite 78.6 6.55 - Zheng et al., 2012
molasses covalent .
S composite
binding
S. cerevisiae Cane Cross- Bacterial cellulose- - Kirdponpattara et al.,
M30 molasses linking alginate sponge 92 1.92 2013
Mutant baker's  Glucose and 3.0-5.0 [Yan et
yeast 3013 sucrose Adsorption Sorghum bagasse 92.7 5.72 al., 2018] Mohd Azhar et al., 2017
S. cerevisiae
MTCC 174 Sugarcane 3.0-12.7 [Sharma
bagasse Adsorption Sugarcane bagasse 154 0.43 etal., 1994] Singh et al., 2013
S. cerevisiae Blackstrap
M30 molasses Adsorption Thin-shell silk cocoon 80.6 1.85 - Rattanapan et al., 2011
S. cerevisiae
DTN Sugar beet 3.0-16.5 [Sharma
thick juice Adsorption Sugar beet pulp 52.3 1.09 etal., 1994] Vucurovi¢ et al., 2012
S. cerevisiae Sorghum 3.0-5.0 [Yan et Acriyajaroenwong et al.,
NP 01 juice Adsorption Sweet sorghum stalks 98.5 1.37 al., 2018] 2012
S. cerevisiae Mahula
CTCRI flower Entrapment  Calcium alginate 25.8 0.27 - Beheraet al., 2010
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S. cerevisiae
var.

ellipsoideus Corn meal Entrapment  Calcium alginate 88.9 2.34 - Beheraet al., 2010
S. cerevisiae
T0936 Wheat straw  Entrapment  Calcium alginate 37.1 0.38 - Ishola et al., 2015
Cross-
linking and
covalent 2.2 [Kanaetal.,
S. cerevisiae Glucose binding Mineral Kissiris 48 3.06 1989] Mohd Azhar et al., 2017
Cross-
linking and
covalent 0.4 [Kratchanova
S. cerevisiae Molasses binding Orange peel 58.9 4.17 et al., 2004] Plessas et al., 2007
Cross-
Orange peel linking and
waste covalent
S. cerevisiae hydrolysate  binding NBC 60 6.0 73.0 Current study
Cross-
Orange peel linking and
waste covalent
S. cerevisiae hydrolysate  binding VPB 72 7.2 41.7 Current study
Cross-
Orange peel  linking and
waste covalent
K. marxianus hydrolysate  binding NBC 56 5.6 73.0 Current study
Cross-
Orange peel  linking and
waste covalent
K. marxianus hydrolysate  binding VPB 73 7.3 41.7 Current study
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3.2 Bioethanol overproduction via whole-cell immobilization at
elevated temperatures: Application in a citrus peel waste

biorefinery

3.2.1 Biochar production and characterization of immobilization carriers

Following the development of BBB, the optimization of the developed biocatalysts
was investigated using different promising feedstocks for the production of the
support material that are expected to contribute distinctive physicochemical
properties including increased specific surface area, the presence of a range of

surface functional groups and rich pore structure.

3.2.1.1 XRD analysis of biochar

The XRD patterns of all materials, acquired before and after pyrolysis at
500 °C, are presented in Figure 3.2.1A-B. PV and AH showed a broad peak centered
at ~21° 2theta and a weaker one at ~15°, that can be assigned to the crystalline
planes (101) and (200) of cellulose. Beyond that no other major crystalline phases

were detected apart from a small quantity of NaCl (Halite) in PV.

Following application of pyrolysis, only AHB demonstrated clear
diffraction peaks which are assigned to CaCOs (Calcite) and KCI (Sylvite). The
process of pyrolysis (Figure 3.2.1B) eliminates both peaks (at 15° and 21°) for
samples PVB and AHB and a new broader one appears at 20 = 23 - 24°,
characteristics consistent with the amorphization and gradual decomposition of
cellulose with temperature. As reported in the literature [Liang et al., 2018] the
initial semicrystalline cellulose goes through a densification stage and hydrogen
bond removal until 325 °C where the main stage of pyrolysis occurs. At this stage
all ordered structures of cellulose disappear. At temperature values higher than 350
°C, aromatic carbons form and the broad peak at 26 = 23 - 24°can be assigned to
their stacking. Similar XRD patterns have been detected in carbonaceous materials
obtained from other biomass-based feedstocks, including the presence of calcite in
biochars formed from vineyard prunings and eucalyptus [Chapter 3.1;Singh et al.,

2010]. Moreover, the presence of the distinct sharp peak of crystalline cellulose was
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also observed in biochar produced from switch grass [Kumar et al., 2011]. The
absence of the crystal cellulosic structure in the biochars tested confirmed that
cellulose mainly decomposed in the specific samples forming amorphous

components.

CR also demonstrates a peak around 21° 2theta (Figure 3.2.1A) which
relates to a natural biopolyester, regularly found in the cell walls of plants and
abundant in cork oak (particularly the Quercus suber species), called suberin. The
crystal structure of suberin is quite complex and usually its pattern is reported in
the literature after depolymerization [Sousa et al., 2016]. Following pyrolysis, the
CRB sample continues to exhibit a broad peak, with a minor reduction in FWHM
and a shift towards lower diffraction angles, around 26 = 20° (Figure 3.2.1B). These
changes indicate that pyrolysis at 500 °C did not significantly affect the crystalline
structure of cork samples, consistent with the relative stability of suberin at high

temperatures.
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Figure 3.2.1A: X-ray diffraction pattern of raw materials (CR, PV and AH).
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Figure 3.2.1B: X-ray diffraction pattern of biochars produced (CRB, PVB and
AHB).
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3.2.1.2 EDS and SEM analyses of biochar

Different morphological and microstructural properties of the various
biochar materials produced were evaluated using SEM. SEM images of PVB, AHB
and CRB specimens are shown in Figure 3.2.2A-C respectively demonstrating a
relatively open structure with pores, but with significant differences among them.
The morphology of PVB (Figure 3.2.2A) constitutes a relatively dense network of
interconnected porous with no apparent orientation between them, while from the
cross section shown the pore diameters range between 1 and 10 mm. Although AHB
(Figure 3.2.2B) incorporates similar microstructural characteristics to PVB, its
porous are aligned to each other forming a parallel tubing system. In contrast to the
aforementioned samples, CRB (Figure 3.2.2C) presents a very low density
microstructure, with large pore opening and very thin pore walls. The diameter of
pores ranges between 10 and 50 mm and the thin walls of the material comprise
folds, crevasses and alcoves which could serve as a promising matrix for cell

adhesion.

EDS was conducted to decipher the composition of biochar specimens in
different elements, which is presented in Table 3.2. Due to the pyrolysis process
and the increased temperature applied, carbonaceous materials with reduced
oxygen content were formed. The material exhibiting the highest carbon content
was PVB containing 83.2% of carbon, while oxygen remained at 14.0%. AHB and
CRB demonstrated similar composition to PVB in terms of carbon and oxygen.
Moreover, the content of other elements monitored included calcium, chloride,
sodium, magnesium, sulfur, potassium and nickel exhibiting that AHB contained a

larger amount of trace elements.

Various studies have focused on analysis of the physicochemical properties
of biochar demonstrating favorable physical and chemical characteristics including
elevated specific surface area as well as porosity [Lou et al., 2019]. Results
presented, confirmed the formation of smooth and porous surface of biochars was
produced from different biological feedstocks using the same temperature of
pyrolysis, while the overall composition of the products formed included lower
oxygen and higher carbon contents. Moreover, biochars derived from rice straw,

sawdust and eggshell incorporated high porosity as well as lower carbon content as
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compared to the materials tested here, which were produced under the same

pyrolysis conditions [Xu et al., 2019]. However, the carbonaceous specimens

formed using soybean and peanut shell demonstrated similar elemental composition
to PVB, AHB and CRB [Ahmad et al., 2012].

Figure 3.2.3: SEM images of biochar specimens. The samples analyzed comprised:
(A) PVB, (B) AHB and (C) CRB, at 3000x magnification.

Table 3.2: Elemental composition of PVB, AHB and CRB.

Sample C(%) O(%) Ca(%) ClI(%) Na(%) Mg (%) K (%)
PVB 83.17 13.97 0.36 - - - 0.66
AHB 80.58 12.95 - 0.43 0.57 0.51 2.25
CRB 78.57 13.21 - - - 0.33 -
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3.2.2 Saccharomyces cerevisiae immobilization on biochar-based support

materials

Biocatalyst development was evaluated employing PVB, AHB and CRB.
All carbonaceous materials formed demonstrated porosity, constituting an
important parameter for effective immobilization of the yeast to enhance ethanol
production. The porous structure of the biochars produced was composed of two
levels: (a) the nanoscale level (<100 nm) and (b) the micrometer level (1-100 mm).
The micrometer level connected porosity achieved is of great importance for cell
immobilization providing additional surface area accessible to the yeast, which
possesses characteristic dimensions in the order of ~1 mm. The dimensions of cells
are depicted on the electron micrographs derived from the BBBs applied in
alcoholic fermentations shown on Figure 3.2.4. The images demonstrate that S.
cerevisiae was attached and entrapped to the surface and porous of PVB, AHB and
CRB, potentially due to physical adsorption or covalent bonding formed among the
carrier and the cell membrane. Thus, apart from the results obtained through SEM,
the efficient attachment of S. cerevisiae to each support as well as the capacity of
the developed BBBs to enhance ethanol production was confirmed in fermentations
as presented below.
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Figure 3.2.4: SEM images of developed immobilised biocatalysts. (A) PVB, (B)
AHB and (C) CRB, at 3000x magnification.
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3.2.3 Assessment of different parameters affecting the performance of BBB

Various critical parameters that potentially impact the performance of BBBs
were explored aiming to enhance the performance of the bioprocess proposed.
Thus, the adsorption capacity of the support material for the substrate and the
product as well as particle size, temperature and efficiency of biomass recycling
were tested during fermentations to advance ethanol production towards sustainable

manufacturing.

3.2.3.1 Adsorption capacity of biochar for ethanol and sugars

The effect of PVB in product and substrate adsorption was tested at ethanol
and sugar concentrations that ranged between 10 and 80 g L' and 20-100 g L'
respectively (Figure 3.2.5A-B). The ethanol adsorption capacity of PVB increased
significantly by increasing the dosage of the specific biofuel reaching a maximum
of 0.17 g g”!, while in concentrations higher than 60 g L™! biochar was saturated
and ethanol was not further adsorbed. A similar trend was monitored in the presence
of sugars where the maximum adsorption capacity reached 0.16 g g~! using 40 g
L~! of sugars. Thus, the capacity of biochar to adsorb significant contents of ethanol
and substrate demonstrates that the carbonaceous material could substantially
impact alcoholic fermentations affecting nutrients availability and product release,
while providing a rich microenvironment potentially influencing the metabolic

behavior of immobilised cells.

80



Ethanol Conc.[g L]

80

60

40

20

10 20 40 60 80
Initial Ethanol Conc. [g L]

Figure 3.2.5A: Evaluation of biochar’s adsorption capacity for ethanol
concentrations. Bars correspond to the concentration of ethanol during the
experiments. Dark, medium and light colour groups correspond to measurements

conducted at 0, 20 and 60 min respectively.
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Figure 3.2.5B: Evaluation of biochar’s adsorption capacity for sugars
concentrations. Bars correspond to the concentration of sugars during the
experiments. Dark, medium and light colour groups correspond to measurements

conducted at 0, 20 and 60 min respectively.
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3.2.3.2 Effect of biochars particle size on cell immobilization and

fermentation performance

The performance of the biosystem with the use of different BBB particle
sizes was investigated. The immobilised biocatalyst developed using biochar
particle sizes of <1 mm and 1-2 mm substantially reduced ethanol production as
compared to unsupported cells and unscreened biochar (Figure 3.2.6). Thus,
although the diameter of the material constitutes a key factor affecting the
adsorption capacity of biochar, the lower sizes employed did not enhance the
bioprocess as expected potentially due to loss of the biochar’s microstructure and
insufficient cell attachment which could be significantly influenced by the grinding
process used for size reduction. Various studies reported substantial enhancement
of adsorption by different materials that employed low particle sizes. Panagiotou et
al. [2018] applied calcinated waste eggshells sieved to diameters lower than 1 mm
achieving substantially higher P removal efficiency as opposed to the use of bigger
particles. Moreover, the use of scallop shells with diameters lower than 1 mm
exhibited over 80% of P removal demonstrating the effectiveness of low particle
sizes in improving the sorption phenomena in the process [Yeom and Jung, 2009].
Based on the results obtained, all subsequent experiments were conducted using
unscreened biochar that comprised of the following particle size distribution: 2-3

mm 69%, 1-2 mm 25% and less than 1 mm 6%.
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Figure 3.2.6: Evaluation of different particle size of PVBC in ethanol production

during a batch alcoholic fermentation. Symbols correspond to: (i) —— pvB
sieved to > 1-2 mm; (ii) PVB sieved to < 1 mm; (iii) —@=—unscreened PVB;

(iv)=“@ = freely suspended cells of S. cerevisiae.
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3.2.4 Repeated batch ethanol fermentations with the use of different BBBs

S. cerevisiae immobilised biocatalysts produced using on PVB, AHB and
CRB were applied in three repeated batch experiments to assess the efficiency of
different BBBs in enhancement of ethanol generation as opposed to the use of
unsupported cultures (Figure 3.2.7A-B). The biocatalysts applying PVB and AHB
exhibited faster Kkinetics as opposed to yeasts immobilised on CRB and the
unsupported culture over the first batch. However, re-use of biocatalysts in the
following two batches performed confirmed that cells immobilised on PVB were
more efficient achieving 63 g L™! net ethanol concentration in the third experiment,
which corresponded to 7.8 g L' h™! productivity. Moreover, the CRB-based
biocatalyst achieved 51 g L™! net ethanol concentration towards the end of the third
batch and 3.9 g L™! h™! productivity. The performance of unsupported cells was
gradually reduced during the repeated batch fermentations exhibiting maximum
ethanol concentration of 54 g L™! and 3.8 g L™! h™! productivity, constituting the
least efficient option between the experiments conducted. The patterns of sugars’
conversion during the experiments was similar to ethanol production. The results
obtained confirm that all BBBs enabled easy recirculation of cells enhancing
ethanol production as compared to the conventional process, while the PVVB-based

biocatalyst was the most efficient technological option.

S. cerevisiae constitutes a major cell factory for application in biorefineries
[Hong and Nielsen, 2012], which is broadly used in industrial ethanol manufacture
based on a number of unique properties incorporating rapid growth rate, sufficient
tolerance to environmental stresses, elevated ethanol production and efficient
glucose repression [Bai et al., 2008]. In an attempt to improve ethanol production
by the specific yeast various studies have focused on immobilizing the strain to
various supports. However, although different materials have been employed for S.
cerevisiae immobilization, such as calcium or alumina alginate gels, bioprocess
performance was unstable due to poor mechanical properties of the aforementioned
carriers [Mongkolkajit et al., 2011]. Nuanpeng et al. (2018) reported 84.5 g L™
ethanol generation using S. cerevisiae DBKKUY-53 immobilised on alginate-
loofah that reached significantly lower productivity (1.37 g L™ h™!) as compared to

the use of BBBs developed here [Nuanpeng et al., 2018]. However, although
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immobilised S. cerevisiae cells on chitosan-covered calcium alginate generated
ethanol concentrations ranging between 30.7 and 33.5 g L™!, following completion
of 8 repeated batch fermentations of 10 h duration rupture of the beads occurred

constituting the biocatalyst inappropriate for re-use [Duarte et al., 2013].
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Figure 3.2.7A: Application of BBBs in repeated batch ethanol fermentations. Evolution of ethanol concentration achieved at 37 °C using S.

cerevisiae: (i) —— immobilised on PVB; (ii) —— immobilised on AHB; (iii) —®@— immobilised on CRB; (iv) —O— freely suspended cells.
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Figure 3.2.7B: Application of BBBs in repeated batch ethanol fermentations. Evolution of sugars concentration achieved at 37 °C using S.

cerevisiae: (i) —— immobilised on PVB; (ii) —&— immobilised on AHB; (iii) —®@—immobilised on CRB; (iv) —O— freely suspended cells.
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3.2.5 BBB bioethanol fermentations in elevated temperatures during
repeated batch experiments

S. cerevisiae immobilised on PVB was applied in three repeated batch
cultures to assess the efficiency in ethanol production from the yeast at elevated
temperatures that ranged between 37 and 41 °C (Figure 3.2.8A-B). Overall, all
immobilised biocatalysts performed faster ethanol production kinetics as opposed
to the respective unsupported cultures conducted at each temperature. Moreover,
the experiments maintained at 37 and 39 °C produced higher ethanol contents than
those performed at 41 °C including both fermentations that employed immobilised
and freely unsupported cells. Thus, the maximum ethanol concentrations obtained
using the BBB system comprised 67.8 g L 'at 37 °C and 64 g L' at 39 °C.

Temperature tolerance constitutes an important trait of the strains applied in
alcoholic fermentations, while the performance of S. cerevisiae in ethanol
production is reduced at temperatures higher than 37 °C [Patsalou et al.,
2019;Koutinas et al., 2016]. Thus, the performance of the strain at the highest
temperature tested (41 °C) was evaluated in 6 repeated batch fermentations to assess
the effect of biochar to sustain the bioprocess at higher temperatures. Recycling of
BBB in sequential batch fermentations confirmed that yeast cells attached to
biochar demonstrated significantly faster kinetics at 41 °C. The productivity of
ethanol ranged between 5.1 and 5.7 g L' h™! in the last three batches performed
using the BBB system, which was substantially higher as opposed to the value
exhibited by unsupported cells that reached 3.3-3.7 g L' h™!. Moreover, product
formation in all batches conducted at 41 °C was stable exhibiting 51.6 g L™
maximum ethanol concentration, while that of the corresponding free cell cultures
reached a maximum value of 32.4 g L™!. The data obtained demonstrate that the use
of BBB enabled increased ethanol production potentially protecting yeasts cells
against major yeast environmental stresses (e.g. high temperature). Thus, cells
immobilised on PVB produced 59% more ethanol as compared to the conventional
process at 41 °C, holding the capacity for application as an efficient carrier that
significantly improves alcoholic fermentations allowing easy recycling of the
biocatalyst in subsequent batch fermentations.
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The literature on high temperature alcoholic fermentations shows a variety
of approaches on the beneficial use of thermotolerant yeasts [Banat et al., 1998,
Choudhary et al., 2016]. Eiadpum et al. [2012] reported that S. cerevisiae M30 was
substantially more effective in ethanol production by blackstrap molasses
conducted at 37 °C generating up to 80 g L™! of ethanol, while the increase of
fermentation temperature to 40 and 45 °C imposed a negative impact reducing the
concentration achieved to 40 and 3 g L™! respectively. Furthermore, although the
initial concentration of sugar’s employed was higher as compared to the present
work, ethanol concentration using S. cerevisiae M30 immobilised on an alginate
loofa matrix reached 43 g L™ at 40 °C, which was lower than the 51.6 g L' achieved
with the use of BBB at 41 °C demonstrating the beneficial use of biochar as an
efficient support material. In an attempt to achieve cost-effective fuel-grade ethanol
from biowaste, the importance of applying thermotolerant yeast strains including
K. marxianus and P. kudriavzevii has been shown [Koutinas et al., 2016]. Moreover,
the use of microorganisms fermenting at higher temperatures is also known to
enable simultaneous saccharification and fermentation commonly conducted at 40-
50 °C [Sivarathnakumar et al., 2019]. However, although K. marxianus was
employed for ethanol production from sugar cane juice at 40 and 45 °C, lower
productivities were achieved (0.96-1.51 g L' h™!) as compared to the use of BBB
(4.22-5.48 g L' h™!) at 41 °C enabling application of the mesophilic yeast S.

cerevisiae at higher temperatures [Limtong et al., 2007].
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Figure 3.2.8A: Evaluation of BBB performance in elevated temperatures during repeated batch alcoholic fermentations. Ethanol concentration
employing: (i) —— cells immobilised on PVB at 37 °C; (i) —— cells immobilised on PVB at 39 °C; (iii) —&— Cells immobilised on

PVB at 41 °C; (iv) — - freely suspended cells at 37 °C; (v) = A—- freely suspended cells at 39 °C; (vi) = <> = freely suspended cells at 41
0
C.
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Figure 3.2.8B: Evaluation of BBB performance in elevated temperatures during repeated batch alcoholic fermentations. Total sugars conversion
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0
C.
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3.2.6 Enhancement of ethanol production in a citrus peel waste biorefinery
with the use of BBB

Following assessment of BBBs’ application under different fermentation
conditions employing media simulating a Valencia orange peel hydrolyzate, the
effect of the developed biocatalyst was tested in the CPW hydrolyzate produced via
the biorefinery. Thus, given that synthetic hydrolyzates contain only the main
nutrients incorporated in the feedstock, excluding other molecules that could be
released during preprocessing (e.g. inhibitors, such as hydroxymethylfurfural
[Sweygers et al., 2018], and micronutrients), the performance of the immobilised
system as compared to unsupported cultures was further evaluated using the
hydrolyzate of the biorefinery proposed here under similar conditions. Following
extraction of essential oils and pectin as well as application of enzyme hydrolysis,
free cells and S. cerevisiae immobilised on PVB were employed in two repeated
batch fermentations conducted at 41 °C (Figure 3.2.9A-B).

During the first batch, the developed BBB generated 30.8 g L ™! net ethanol
concentration within 9 h, which was substantially higher as compared to free
unsupported cells that reached 13.4 g L™!. The same performance was also exhibited
during the second batch, were the maximum ethanol concentration formed included
33 g L' for the BBB system and 12 g L™! using unsupported cells. Therefore, the
use of the immobilised biocatalyst strongly enhanced biosystem performance at an
elevated temperature as opposed to the conventional process. Based on this
technological advantage, substantially increased ethanol formation could be
achieved in the CPW biorefinery with the use of BBBs offering an advanced
solution to tackle major limitations of the bioprocess. Previous studies have shown
that unsupported cultures of S. cerevisiae and K. marxianus produced 40 and 37 ¢
L~! of ethanol respectively at 37 °C in fermentations of a solution modeling
Valencia orange peel waste hydrolyzate [Wilkins et al., 2007]. Moreover, S.
cerevisiae produced 38.6 g L' of ethanol using a CPW hydrolysate [Pourbafrani et
al., 2010], while S. cerevisiae KCTC 7906 cells immobilised in sodium alginate
generated ethanol concentrations ranging between 14.4 and 29.5 g L' through fruit
waste and CPW fermentations [Choi et al., 2015]. Thus, the enhanced ethanol
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production achieved here at 41 °C demonstrates that employing the BBB system in
fuel-grade ethanol production could potentially increase energy savings via
reduction of cooling costs, increased fermentation and saccharification rates, lower

ethanol distillation costs and reduced contamination risk.
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Figure 3.2.9A: Evaluation of S. cerevisiae immobilised biocatalyst employing
PVB at the elevated temperature of 41 °C, for ethanol production using CPW
hydrolyzate. Symbols correspond to ethanol concentration in fermentations
conducted at 41 °C, employing (i) —®@— immobilised cells; (ii) =O— freely

suspended cells.
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Figure 3.2.9B: Evaluation of S. cerevisiae immobilised biocatalyst employing PVB
at the elevated temperature of 41 °C, for ethanol production using CPW hydrolyzate.
Symbols correspond to sugars conversion in fermentations conducted at 41 °C,
employing (i) —@— immobilised cells; (ii) —O— freely suspended cells.
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3.3 Improvement of stress multi-tolerance and bioethanol

production by S. cerevisiae immobilised on biochar

3.3.1 S. cerevisiae bioethanol fermentations under heat shock and oxidative

stress

S. cerevisiae faces two important environmental challenges, namely heat
shock and oxidative stress. Heat shock constitutes the most fundamental stress
condition experienced by S. cerevisiae cells, which exhibit optimal growth between
25 and 30 °C. However, at higher temperatures than 36 °C yeast cells activate a
protective transcriptional program termed the heat shock response and alter various
components of their physiology, including membrane composition and
carbohydrate flux [Morano et al., 2012]. Moreover, oxidative stress constitutes one
of the main metabolic burdens causing cell death via accumulation of intracellular
reactive oxygen species. The modulation of energy metabolism, from fermentation
to respiration, imposes great influence on lipid stability to oxidation, especially
during biomass propagation [Rakin et al., 2009]. Therefore, based on the above
rationale the efficiency of biochar to protect S. cerevisiae against various
environmental stresses faced during the industrial bioethanol production process
was assessed through exposure of both immobilised and suspended cells to heat,
oxidative, ethanol and osmotic stress conditions during bioethanol fermentation

experiments.

3.3.1.1 Bioethanol fermentations under elevated temperatures

S. cerevisiae immobilised on biochar produced using pistachios shells was
applied in bioethanol fermentations conducted at 30 and 39 °C. The efficiency of
the developed biocatalyst in enhancing the performance of the bioprocess at
elevated temperatures was determined as opposed to the use of freely suspended
cells (Figure 3.3.1A-B). The BBB system demonstrated faster kinetics as well as
higher bioethanol production as opposed to freely suspended cells at both
temperatures employed. The maximum net bioethanol concentration achieved by
immobilised cells at 30 °C was 41 g L™ following 12 h of fermentation reaching

productivity of 3.44 g L' h™'. However, the suspended culture performed lower
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concentration levels for the biofuel that reached 35 g L™! over the same period and
productivity of 2.94 g L' h™l. The significant potential of the immobilised
biocatalyst for application at elevated temperatures was confirmed at the culture
conducted at 39 °C. The use of BBB at 39 °C demonstrated bioethanol concentration
of 39 g L™! following 12 h of incubation, while the control experiment yielded 34 g
L~! over the same period. Faster bioprocess kinetics were obtained using BBB
exhibiting productivity of 7.72 g L™ h™! following 4 h of incubation, which was
substantially higher as opposed to freely suspended cells that achieved 1.99 g L™
h~! over the same period.

Bioethanol production by immobilised cells of S. cerevisiae on different
support materials (e.g. sodium alginate, y-alumina, polyvinyl alcohol) have
previously demonstrated the beneficial use of immobilised biocatalysts that confer
increased ethanol tolerance and productivity as well as lower substrate inhibition
[Rakin et al., 2009; Galanakis et al., 2012]. The production of bioethanol at elevated
temperatures using BBB has been previously investigated employing the specific
strain in fermentations of citrus peel waste hydrolysates performing stable and
elevated biofuel production as opposed to the conventional bioprocess at 42 °C
[Section 3.1 and 3.2]. Thus, the capacity of the BBB technology to enhance
bioprocess performance at elevated temperatures was further assessed in the
experiments conducted via monitoring of expression from the metabolic route

triggering the heat shock response of the yeast.
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Figure 3.3.1A: Bioethanol production achieved at 30 and 39 °C using immobilised
and freely suspended cells of S. cerevisiae. Symbols represent: (i) —/+—
immobilised cells at 30 °C; (ii) —#&— immobilised cells at 39 °C; (iii) —O— freely
suspended cells at 30 °C; (iv) —@— freely suspended cells at 39 °C.
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Figure 3.3.1B: Glucose consumption achieved at 30 and 39 °C using immobilised
and freely suspended cells of S. cerevisiae. Symbols represent: (i) —/+—
immobilised cells at 30 °C; (ii) —#&— immobilised cells at 39 °C; (iii) —O— freely
suspended cells at 30 °C; (iv) —@— freely suspended cells at 39 °C.
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3.3.1.2 Relative expression of genes involved in heat shock and oxidative
stress response of S. cerevisiae

Sustainable ethanol production at elevated temperatures requires highly
thermotolerant ethanol-producing yeast strains [Saini et al., 2018]. HSPs serve as
molecular chaperones by either stabilizing new proteins to ensure correct folding or
refolding to the proper conformation or degrading misfolded proteins which have
been damaged by stress conditions. Moreover, HSPs participate in protein
transportation across membranes within the cell [Borges and Ramos, 2005], while
major players in heat hock response comprise heat shock factor 1 (HSF1) as well
as MSN2/MSN4 also known as oxidative stress-responsive genes [Morano et al.,
2012; Davidson et al., 1996].

Transcription of HSP104, HSF1 and TPS was monitored in the
aforementioned experiments to determine heat shock activation in each case. The
heat shock protein HSP104, which is responsible to stabilize unfolded proteins and
prevent aggregation, constitutes a chaperone which plays a critical rule in induced
thermotolerance [Morano et al., 2012]. Moreover, trehalose is considered as a
chemical chaperone for protein folding holding properties similar to the chaperone
HSP104, while its biosynthesis is controlled by trehalose-6-phosphate synthase
encoded by TPS [Simola et al., 2000]. In S. cerevisiae, upon induction of TPS, the
level of the disaccharide trehalose increases rapidly during heat shock, along with
the induction of HSPs [Hottiger et al., 1987], stabilising the structures and
enzymatic activities of proteins against thermal denaturation and preventing the
aggregation of misfolded proteins [Hottiger et al., 1994]. Trehalose serves as
positive regulator of HSF1 activity, which suggests protein protective function at

the initial stages of heat shock prior complete induction of HSPs.

The relative expression levels of HSP104, HSF1 and TPS were determined
using real-time RT-gPCR during the bioethanol fermentations conducted at 30 and
39 °C using both the BBB system as well as freely suspended cells (Figure 3.3.2A-
C). The relative expression of HSP104 in the suspended culture conducted at 30 °C
was not significantly different over the time points assessed (p > 0.05). At the
elevated temperature of 39 °C, the mRNA expression level of HSP104 exhibited

2.15-fold increase compared with 0 h. The activity of HSP104 reached maximum
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expression following 4 h of fermentation, demonstrating that heat stress was
stimulated upon exposure of cells at higher temperatures (p < 0.05). However,
significant differences were observed over time employing BBB in the bioethanol
fermentation conducted at 30 °C, where HSP104 expression was down-regulated
following 4 h of fermentation as opposed to the expression observed at 0 h (p <
0.05). Moreover, 0.5-fold increase in the relative mRNA expression of HSP104 was
monitored employing immobilised cells exposed to heat stress over the same period
(p > 0.05). Thus, significantly lower increase of HSP104 expression levels occurred
at 39 °C with the use of cells immobilised on biochar as opposed to the suspended
culture of S. cerevisiae. A similar pattern was additionally observed for the
transcriptional kinetics of HSF1 during the experiments. Although the relative
MRNA expression of HSF1 in free cells remained stable over time at 30 °C, the
raise of temperature to 39 °C resulted in significant induction (p < 0.05) of transcript
levels which was 3-fold higher at 4 h compared with the beginning of the
experiment. However, the gene was not activated at 30 °C using cells immobilised
on biochar (p > 0.05).

Application of the immobilised biocatalyst did not exhibit significant
differences in transcription of HSF1 over time in both temperatures assessed.
Moreover, the relative mRNA expression of TPS confirmed the buffering effect of
BBB against heat shock. Free cells performed 3.8-fold increase of TPS transcription
at 39 °C (p < 0.05), while no stimulation of the heat shock response pathway was
observed during fermentations conducted at 30 °C. The corresponding activation of
the gene demonstrated 1.05- and 2.6-fold increase in immobilised cells following 4
h of cultivation at 30 and 39 °C respectively. Overall, the relative expression levels
of all genes monitored under conditions triggering the heat shock route in suspended
cells exhibited significantly lower values in immobilised cultures demonstrating
that the heat shock response pathway was not stimulated following attachment of

the yeast on the biomaterial.

Although elevated temperature represents the primary insult during heat
shock, one of the major secondary effects taking place during heat stress involves
the production of reactive oxygen species [Halliwell, 2006]. Oxidative stress is

expressed by the MSN2/MSN4 system, which was additionally monitored here as
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illustrated in Figure 3.3.2D-E. Monitoring transcription levels of both genes
indicated that oxidative stress was not expressed using the BBB technology.
Specifically, immobilised cells of S. cerevisiae on biochar demonstrated 0.5- and
0.3-fold decrease in MSN2 relative expression at 30 and 39 °C respectively between
0 and 4 h in each experiment. However, in contrast to the use of biochar, freely
suspended cells performed a 2-fold increase in MSN2 transcription at 39 °C (p <
0.05). Moreover, transcription of MSN4 confirmed the advanced capacity of the
immobilised biocatalyst to dampen the metabolic burden imposed by oxidative
stress. Expression levels of MSN4 showed a 0.2- and 2.7-fold increase (p < 0.05) at
30 and 39 °C, respectively, employing free cells of S. cerevisiae between 0 and 4 h
of fermentation, while a 0.3- and 1.4-fold increase (p < 0.05) in the gene’s mRNA

levels were observed under the same conditions using the immobilised biocatalyst.

Various studies have previously examined the accumulation of misfolded
proteins under exposure of S. cerevisiae cells to heat shock. According to Canonero
etal., [2022], coordinated regulation of mMRNA abundance, translation, localisation,
and turnover rates of individual mMRNAs were enhanced upon induction of several
stress conditions including heat shock. The expression level of genes encoding
HSP26, HSP70, HSP90, HSP104, pyruvate kinase, trehalose-6-phosphate synthase,
neutral trehalase and glycogen synthase were investigated in fermentations
conducted at 30 and 40 °C employing S. cerevisiae DBKKU Y-53 and SC90. All
the aforementioned genes were highly expressed at 40 °C compared with 30 °C
[Nuanpeng et al., 2016]. Moreover, HSP100 and HSP104 were strongly induced in
response to a variety of stressful conditions [Parsell et al., 1994]. Therefore, the
reduction of transcription from a series of genes associated with the occurrence of
heat shock in S. cerevisiae immobilised on biochar demonstrates that the use of the
specific material as cell carrier could serve as a technological alternative to strain

modification in high temperature bioethanol fermentations.
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Figure 3.3.2A: Relative expression level of HSP104 gene induced by heat shock in
fermentations conducted at 30 and 39 °C. Light, medium and dark colour groups

correspond to measurements conducted at 0, 0.5 and 4 h respectively.

104



Relative mRNA expression [-]

[N

o

w B~ (¢}

N

a
b b
b p b
b T b b o] b 'f b
30°C | 39°C 30°C | 39°C
Free cells Immobilised cells

Figure 3.3.2B: Relative expression level of HSF1 gene induced by heat shock in
fermentations conducted at 30 and 39 °C. Light, medium and dark colour groups

correspond to measurements conducted at 0, 0.5 and 4 h respectively.
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Figure 3.3.2C: Relative expression level of TPS gene induced by heat shock in
fermentations conducted at 30 and 39 °C. Light, medium and dark colour groups

correspond to measurements conducted at 0, 0.5 and 4 h respectively.
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Figure 3.3.2D: Relative expression level of MSN2 gene induced by oxidative stress
during the fermentations conducted at 30 and 39 °C. Light, medium and dark colour

groups correspond to measurements conducted at 0, 0.5 and 4 h respectively.
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Figure 3.3.2E: Relative expression level of MSN4 gene induced by oxidative stress
during the fermentations conducted at 30 and 39 °C. Light, medium and dark colour

groups correspond to measurements conducted at 0, 0.5 and 4 h respectively.
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3.3.2 S. cerevisiae bioethanol fermentations under bioethanol stress

3.3.2.1 Biofuel fermentations under inhibitory bioethanol contents

Although S. cerevisiae constitutes a superb ethanol producer among
numerous fermentative microorganisms, the strain is inhibited by the high
bioethanol concentrations required for cost-effective production of the biofuel [Liu
et al., 2008]. Thus, accumulation of bioethanol in the biomedium inhibits cell
growth and viability, which leads to reduction in production efficiency [Casey and
Ingledew,1986;Bai et al., 2004].

Bioethanol manufacture using the immobilised biocatalyst developed as
well as freely suspended cells of S. cerevisiae were evaluated employing two
different initial bioethanol concentrations (70 and 90 g L), whereas a control
experiment that did not involve bioethanol addition at the beginning of fermentation
was also conducted (Figure 3.3.3A-B). All experiments performed using the
immobilised biocatalyst exhibited higher bioethanol production during
fermentation as compared to the corresponding suspended culture. Immobilised
cells exposed to initial biofuel contents of 90 g L™! produced 21 g L™ of bioethanol
following 3 h of incubation consuming 40.8 g L' of glucose, while reaching
productivity of 7 g L' h™!. However, freely suspended cells were completely
inhibited by the extreme initial bioethanol concentration failing to consume the
carbon source as well as to produce the biofuel, a response that confirmed the
protective role of BBB against high bioethanol contents. The immobilization of S.
cerevisiae on biochar additionally enhanced the performance of cells exposed to 70
g L7! of initial bioethanol content yielding 25 g L' net production of biofuel
consuming 48 g L' of glucose, as opposed to the suspended culture that generated
17 g L™! of bioethanol over the same period, while decreasing glucose concentration
by 32 g L. Moreover, the productivity achieved with the use of BBB and free cells
reached 2.8 and 1.9 g L' h™! respectively.

The fermentation experiments conducted without bioethanol addition at the
beginning of each culture enhanced the bioprocess performed using the
immobilised biocatalyst as compared to suspended cells. However, bioprocess

improvement as a result of biochar addition was more prominent in the experiments
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performed under inhibitory initial bioethanol contents. Faster bioethanol production
kinetics and higher titres of the biofuel were obtained using immobilised cells, that
yielded 36 g L' of bioethanol reaching productivity of 4.0 g L' h™! as opposed to
freely suspended cells that produced 23 g L™! of the biofuel, while the increase in
the initial bioethanol content resulted in substantially more profound inhibition of
the conventional system compared to the use of BBB.
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Figure 3.3.3A: Bioethanol production achieved at 30 °C using immobilised and
suspended cells of S. cerevisiae. Symbols correspond to: (i) —lll—immobilised cells
exposed to 90 g L™! of bioethanol, (ii) —@— immobilised cells exposed to 70 g L™
of bioethanol, (iii) -@-- immobilised cells exposed to 0 g L™'of bioethanol, (iv)
—l—suspended cells exposed to 90 g L™! of bioethanol, (v) —@— suspended cells
exposed to 70 g L' of bioethanol, (vi) -—~@-- suspended cells exposed to 0 g L' of

bioethanol.
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Figure 3.3.3B: Glucose consumption achieved at 30 °C using immobilised and

suspended cells of S. cerevisiae. Symbols correspond to: (i) —lll— immobilised
cells exposed to 90 g L™! of bioethanol, (ii) —@— immobilised cells exposed to 70
g L' of bioethanol, (iii) --@-- immobilised cells exposed to 0 g L™" of bioethanol,
(iv) —ill— suspended cells exposed to 90 g L™! of bioethanol, (v) —@— suspended
cells exposed to 70 g L™! of bioethanol, (vi) --#-- suspended cells exposed to 0 g

L~! of bioethanol.
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3.3.2.2 Relative expression of genes involved in ethanol stress response of S.

cerevisiae

Ethanol tolerance constitutes an important trait of the strains applied in
alcoholic fermentations, which is crucial particularly for S. cerevisiae, a strain
traditionally employed in alcoholic beverage and bioethanol production [Grbin and
Jiranek, 2004]. However, the performance of S. cerevisiae can be compromised by
the negative impact of bioethanol accumulation on cell vitality during fermentation,
limiting the productivity and bioethanol yield of the process [Stanley et al.,
2010;Galeote et al., 2001]. Previous studies have demonstrated that the
concentration of bioethanol in excess of 9% v/v can affect the growth of S.
cerevisiae resulting in different cellular effects related to changes in membrane
fluidity, protein misfolding and chromatin condensation [Fujita et al., 2004;Ma and
Liu, 2010]. Ethanol stress induces heat shock proteins (HSP) that appear to be
similar to those induced by heat shock [Piper, 1995]. Although cells synthesise a
range of HSPs, including HSP104, HSP82, HSP70, HSP26, HSP30 and HSP12
upon yeast exposure to bioethanol, only HSP104 and HSP12 have been confirmed

to physiologically influence yeast tolerance to bioethanol [Stanley et al., 2010].

The relative expression of HSP12 and HSP104 was monitored during
bioethanol fermentations performed at 30 °C using both immobilised and freely
suspended cells exposed to 90 g L™! initial bioethanol content (Figure 3.3.4A-B).
The results presented demonstrate the stress-protective role of BBB against high
bioethanol concentrations, given that transcription from both genes monitored was
significantly lower as compared to the conventional system. The mRNA expression
level of HSP12 in suspended cells exhibited 0.3- and 1.0-fold increase following 1
and 3 h, respectively, at the control experiment, while 1.5- and 2.8-fold increase (p
< 0.05) was obtained over the same period respectively, following exposure of cells
to 90 g L ™! of initial bioethanol content. However, transcription was only increased
by 0.5- and 0.8-fold using the immobilised biocatalyst upon exposure to 0 and 90 g
L! of initial bioethanol content following 3 h of fermentation respectively. Lower
relative expression levels of the gene encoding HSP104 were additionally observed
using BBB. Although the relative expression level of HSP104 was slightly

increased using free cells of S. cerevisiae at the control experiment (0.5- and 0.7-
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fold increase at 1 and 3 h respectively), transcription was rapidly up-regulated under
exposure of cells to 90 g L™! of initial bioethanol content demonstrating 1.3- and
3.15-fold increase in expression from HSP104 following 1 and 3 h respectively.
Moreover, activation of HSP104 using immobilised cells of S. cerevisiae at both
fermentation conditions applied was only increased by 0.9- and 1.0-fold at the
control experiment and 0.6- and 0.3-fold under exposure of cells to 90 g L™ ! initial

bioethanol content.

S. cerevisiae ethanol stress response includes the regulation of metabolic
pathways, signal transduction and protein folding control [Ding et al., 2010].
Several highly expressed, cell wall-related genes were previously tested for
enhancing ethanol tolerance, encoding HSP150, SPI1, SSD1, SED1 and TIP1 [Zhao
et al., 2017]. Various studies have explored genetic recombination technologies to
improve yeast tolerance to ethanol, while the wild type strain is capable of resisting
up to 9% v/v [Liu et al., 2023]. Expression of HSP12 has been confirmed to
correlate with various environmental stresses such as heat shock, freezing,
desiccation and osmotic stress [Pacheco et al., 2009]. However, quantification of
the native HSP12 protein in response to stress has not been performed to date [Leger
et al., 2021]. Karreman et al., [2005] demonstrated that fusion protein GFP-Hsp12,
regulated by the HSP12 promoter, was synthesized upon entry of yeast cells to
stationary phase as well as salt, osmotic, ethanol and heat stresses. Similarly,
HSP104 has been proposed to act as an ATP-dependent “molecular crowbar” that
can pry aggregated proteins apart, permitting other chaperones to gain access to
otherwise inaccessible hydrophobic surfaces sequestered in the aggregates, thereby
facilitating protein refolding [Lum et al., 2004]. The lower levels of HSP12 and
HSP104 relative mRNA expression using cell attachment on biochar as compared
to freely suspended cells demonstrates the beneficial use of the proposed
technology against high ethanol concentrations, improving the tolerance of the

wild-type S. cerevisiae avoiding genetic modification to gain the specific trait.
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Figure 3.3.4A: Relative expression level of HSP12 gene induced by ethanol stress
during each fermentation conducted. Bars marked as “Control” refer to experiments
conducted using 0 g L' initial bioethanol content, while “Stress” denotes
application of 90 g L™! initial bioethanol concentration. Light, medium and dark

colour groups correspond to measurements conducted at 0, 1 and 3 h respectively.
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Figure 3.3.4B: Relative expression level of HSP104 gene induced by ethanol stress
during each fermentation conducted. Bars marked as “Control” refer to experiments
conducted using O g L' initial bioethanol content, while “Stress” denotes
application of 90 g L' initial bioethanol concentration. Light, medium and dark

colour groups correspond to measurements conducted at 0, 1 and 3 h respectively.
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3.3.3 S. cerevisiae bioethanol fermentations under osmotic stress

3.3.3.1 Biofuel fermentations under osmotic stress

Bioethanol fermentations were conducted via biomedium supplementation
with 1 M NaCl, exposing both suspended and immobilised cells to osmotic stress
(Figure 3.3.5A-B). The maximum net bioethanol concentration formed in both
cultures was not significantly different yielding 27.4 and 28.7 g L™! of bioethanol
using free and immobilised cells respectively. However, faster bioethanol
production kinetics were observed using S. cerevisiae cells immobilised on biochar
maximising biofuel concentration at 9 h via consumption of 66.1 g L™! glucose,
while suspended cells required 15 h to reach the maximum bioethanol content
utilising 61.9 g L™! of glucose. Thus, the productivity achieved with the use of BBB
and free cells reached 3.0 and 1.8 g L' h! respectively, indicating the

osmoprotective function of biochar in the bioprocess.
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Figure 3.3.5A: Bioethanol production achieved under exposure of immobilised and

suspended cells of S. cerevisiae to 1 M NaCl. Symbols correspond to: (i) —/+~—

immobilised cells and (ii) —O— suspended cells.
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Figure 3.3.5B: Glucose consumption achieved under exposure of immobilised and
suspended cells of S. cerevisiae to 1 M NaCl. Symbols correspond to: (i) —/+~—
immobilised cells and (ii) —O— suspended cells.
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3.3.3.2 Accumulation of intracellular proline in immobilised and suspended

cultures of S. cerevisiae under osmotic stress

It is well established that the osmotic stress response signalling pathway of
S. cerevisiae is crucial for the survival of cells under osmotic stress [Thorne et al.,
2011]. The mRNA expression levels of HSP26 as well as the production of proteins
related to translation and stress response were increased in S. cerevisiae following
addition of 1 M NaCl [Hirasawa et al., 2009]. Moreover, batch and fed-batch
fermentations of S. cerevisiae conducted under high salt and sugar concentration
induced osmotic stress that stimulated increased formation of glycerol, acetic acid
and acetaldehyde as byproducts [Frohman and de Orduna, 2013], while proline can
be accumulated in cells as membrane stabilizer, protein-folding chaperone and
reactive oxygen species scavenger during the inhibitory bioprocess condition [Kaul
et al., 2008]. Therefore, the intracellular proline content was monitored during the
aforementioned bioethanol fermentations conducted under 1 M NaCl, confirming
the protective role of biochar against osmotic stress in S. cerevisiae (Figure 3.3.6).
The concentration of proline in free cells was significantly increased following 12
h of cultivation (2.5 umol proline g~! wet cell mass), while the BBB-based culture
accumulated 1.2 pmol proline g! wet cell mass intracellularly over the same
period. The results suggested that proline levels in suspended cells were at least 2-
fold higher as compared to the immobilised system demonstrating that the
occurrence of osmotic stress in the conventional process was more profound
stimulating enhanced proline accumulation to tackle the inhibition that resulted in

reduced bioprocess performance.
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Figure 3.3.6: Accumulation of intracellular proline in bioethanol fermentations

conducted employing suspended and immobilised cells of S. cerevisiae. Light,

medium and dark colour groups correspond to measurements conducted at 0, 6 and

12 h respectively.
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3.4 Development of continuous bioethanol fermentation using S.

cerevisiae immobilised on char derived from car tire waste

3.4.1 Repeated batch fermentations of S. cerevisiae for bioethanol

production immobilised on different types of tire waste char

Non-biological char obtained from car tire waste was investigated as a
potential support material for cell immobilization aiming to enhance bioethanol
production though immobilization of S. cerevisiae. Due to favorable characteristics
previously examined in Chapter 3.1 carbonaceous materials produced from car tire

waste could be efficiently used in major industrial bioprocess.

S. cerevisiae immobilised on PWB, PLC and UNC was employed in two
repeated batch fermentations at the elevated temperature of 37 °C to evaluate the
capacity of the developed biocatalysts to enhance bioethanol production as
compared to the conventional system (Figure 3.4.1A-B). The efficiency of the
developed biocatalysts to enhance bioethanol fermentations was determined as
opposed to freely suspended cells. During the first batch, the developed biocatalyst
employing UNC achieved faster kinetics as well as higher bioethanol concentration
compared to free cells and the immobilised PWC and PLC biocatalysts reaching
33.0 g L ™! of bioethanol and 3.30 g L™! h™! productivity. Moreover, recycling of all
biocatalysts in a subsequent batch fermentation demonstrated that S. cerevisiae
immobilised on UNC exhibited the highest bioethanol productivity generating net
production of 30.6 g L™! within 6 h of fermentation, reaching productivity of 5.10
g L' h™'. Nevertheless, during the second batch fermentation, the PLC-based
biocatalyst and the freely suspended culture produced 25.5 and 26.3 g L' of
bioethanol respectively within 6 h of fermentation. Bioethanol production using S.
cerevisiae immobilised on PWC was substantially lower as compared to the rest of
the experiments conducted. Similarly to bioethanol formation, faster glucose
consumption was observed using S. cerevisiae immobilised on UNC and PLC
biocatalysts compared to cells immobilised on PWC as well as the freely suspended
culture at both batch experiments applied (Figure 3.4.1B). The results presented
confirmed that the UNC-based biocatalyst generated substantially higher

bioethanol contents compared to the conventional process and it could serve as an
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efficient support material for the production of biofuels. Moreover, the PLC-based
system also performed elevated bioethanol production and its use was proposed for

further experiments.

Although several studies have been conducted relevant to different
applications of char produced from car tire waste, this is the first effort focusing on
the development of such biocatalysts employing the specific material as carrier for
the enhancement of biofuel production. The main applications proposed include
activated carbon as adsorbents prepared by modifying tire char, rubber reinforcing
materials (commercial carbon black), battery materials, catalyst support materials
and asphalt additives [Gao et al., 2022].
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Figure 3.4.1A: Bioethanol production achieved at 37 °C using immobilised and

suspended cells of S. cerevisiae. Symbols correspond to S. cerevisiae: (i) —@—
immobilised cells on UNC, (i) —#%— immobilised cells on PLC, (iii) —l—
immobilised cells on PWC, (iv) —@— freely suspended cells.
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Figure 3.4.1B: Glucose consumption achieved at 37 °C using immobilised and
suspended cells of S. cerevisiae. Symbols correspond to S. cerevisiae: (i) —@—
immobilised cells on UNC, (i) —#%— immobilised cells on PLC, (iii) —l—
immobilised cells on PWC, (iv) —@— freely suspended cells.
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3.4.2 Repeated batch fermentations of S. cerevisiae for ethanol production
immobilised on UNC and PLC at the elevated temperature of 39 °C

S. cerevisiae immobilised on UNC and PLC was applied in six repeated
batch fermentations to assess the efficiency of the developed biocatalysts in ethanol
production at the elevated temperature of 39 °C (Figure 3.4.2A-B). Overall, both
immobilised biocatalysts performed faster kinetics as well as higher bioethanol
production as opposed to the respective freely suspended cells system at all repeated
batches performed. More specifically, the maximum net ethanol production during
the first batch, achieved by immobilised cells using PLC generated 31.2 g L™!
reaching productivity of 4.0 g L' h™!. Similarly, cells immobilised on UNC
produced 30.1 g L™ of bioethanol reaching productivity of 5.0 g L™ h™!, while the
freely suspended system produced 25.8 g L™! of bioethanol over the same period
(4.3 g L' h™!). S. cerevisiae immobilised on UNC demonstrated faster kinetics
during the second batch reaching productivity of 8.0 g L' h™!, while cells
immobilised on PLC and freely suspended cells yielded 4.7 and 3.6 g L' h™".
During the three last batches of the experiment performed, net bioethanol
production as well as productivity was not significantly different among the
biocatalysts used. However, the freely suspended culture demonstrated decrease

over the experiment in terms of bioethanol production and productivity.

S. cerevisiae immobilised on UNC demonstrated faster kinetics at all
batches performed as opposed to unsupported cells. Thus, recycling the biocatalyst
in sequential batch fermentations confirmed that yeast cells attached to UNC
demonstrated productivity that ranged between 4.0 and 8.0 g L' h™!, as opposed to
freely suspended cells that reached productivity between 3.2 and 4.5g L' h™!. The
glucose consumption achieved by immobilised cells using both support materials
was similar and substrate quantities were utilized faster by immobilised S.

cerevisiae cells as compared to the suspended culture.

Free and immobilised cells of S. cerevisiae in sodium alginate were
previously used in four batches for bioethanol production using galactose. The
reusability of the immobilised yeast achieved maximum ethanol concentration,
while the product concentration and the yeast relative activity were reduced
insignificantly during the first and the third cycle demonstrating that the
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immobilised yeast was still stable and could be used for the next batch fermentation.
However, bioethanol concentration was reduced significantly following the third
cycle indicating that the immobilised yeast inside the beads was deactivated [Azhar
and Abdulla, 2018]. Seven cycles of repeated batch fermentation using S. cerevisiae
yeast cells immobilised in alginate beads for bioethanol production were conducted
confirming the gradual increase in bioethanol concentration. Immobilised yeast
cells enabled repetitive production of ethanol for 7 cycles displaying fermentation

efficiency of 79% for five consecutive cycles [El-Dalatony et al., 2016].
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Figure 3.4.2A: Bioethanol production achieved at 39 °C using immobilised and suspended cells of S. cerevisiae. Symbols correspond to S.

cerevisiae: (i) —l— immobilised cells on UNC, (ii) —a— immobilised cells on PLC, (iii) —@— freely suspended cells.
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Figure 3.4.2B: Glucose consumption achieved at 39 °C using immobilised and suspended cells of S. cerevisiae. Symbols correspond to S.

cerevisiae: (i) —M— immobilised cells on UNC, (ii) —#% — immobilised cells on PLC, (jii) —@— freely suspended cells.

129



3.4.3 Repeated batch fermentations of S. cerevisiae for ethanol production
immobilised on UNC and PLC at the elevated temperature of 41 °C

The carriers used in the aforementioned experiments as well as free cells of
S. cerevisiae were employed in six repeated batch fermentations at the elevated
temperature of 41 °C, given that temperature tolerance constitutes an important trait
of the strains applied in alcoholic fermentation (Figure 3.4.3A-B). Overall, both
immobilised biocatalysts achieved higher bioethanol concentration and
productivity at all batches performed. S. cerevisiae cells immobilised on UNC
achieved maximum net ethanol production at the first five batches generating 34.7
g L' of the biofuel reaching productivity that ranged between 40g L' h™'and 8.5
g L' h™'. During the last batch performed, cells immobilised on UNC demonstrated
slight decrease in bioprocess performance. Although cells immobilised on PLC
demonstrated lower ethanol production as opposed to the UNC-based system, the
productivity was slightly improved during the recycling of the biocatalyst in
subsequent experiments demonstrating values that ranged between 3.77 g L' h™!
and 8.77 g L' h™!. The freely suspended culture exhibited substantially reduced
efficiency achieving maximum production 26.2 g L' of ethanol, which was further
decreased to 20.47 g L' following six repeated batches, while bioethanol
productivity ranged between 3.69 g L' h™'and 5.0 g L' h™"in all experiments

conducted.

Although cells immobilised on UNC exhibited higher ethanol production
over the first 5 cycles as compared to those immobilised on PLC, the consumption
of sugars was initially similar in both fermentations. Higher substrate quantities
were utilized by cells immobilised on UNC during the second and fifth cycle while
the consumption of glucose using freely suspended cells of S. cerevisiae was
significant lower (Figure 3.4.3B). Overall, faster glucose consumption was
achieved using both immobilised biocatalysts as opposed the freely suspended cells.

Immobilised coculture of K. marxianus and S. cerevisiae was performed
aiming to improve bioethanol production as well as the stability of bioethanol
fermentation at elevated temperatures [Eiadpum et al., 2012]. The results indicated

that the cocultivation of the two strains could improve ethanol production at
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temperatures ranging between 33 °C and 45 °C. Higher temperature tolerance was
achieved when the coculture was immobilised resulting in elevated bioethanol
concentrations as compared to the suspended culture. The coculture immobilised
on thin-shell silk cocoon and fermented at 37 °C and 40 °C generated maximal
ethanol concentrations of 81.4 and 77.3 g L™! respectively, which were 5.9-8.7%
and 16.8-39.0% higher than those of the suspended culture, respectively.
Production of bioethanol at elevated temperatures was also assessed using K.
marxianus IMB3 immobilised in calcium alginate [Gough et al., 1998]. Maximum
concentration of bioethanol obtained was 60 g L' using 140 g L' sugars from
molasses into the system representing 84% of the maximum theoretical yield at the

elevated temperature of 45 °C.
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Figure 3.4.3A: Bioethanol production achieved at 41 °C using immobilised and suspended cells of S. cerevisiae. Symbols correspond to S.

cerevisiae: (i) —l— immobilised cells on UNC, (ii) —a— immobilised cells on PLC, (iii) —@— freely suspended cells.
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Figure 3.4.3B: Glucose consumption achieved at 41 °C using immobilised and suspended cells of S. cerevisiae. Symbols correspond to S.

cerevisiae: (i) —l— immobilised cells on UNC, (ii) —a— immobilised cells on PLC, (iii) —@— freely suspended cells.
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3.4.4 Continuous bioethanol fermentations in a lab-scale bioreactor using
UNC-based biocatalyst at different temperatures and dilution rates

Fermentations at high temperatures offer several advantages, such as energy
savings through reduced cooling costs and lower costs during the distillation
process for ethanol separation, while reducing the contamination risk [Shahsavarani
et al., 2013]. The performance of free and immobilised cells of S. cerevisiae were
compared in continuous bioethanol fermentations using different dilution rates.
Continuous experiments were conducted by feeding 70 g L' glucose as substrate,

while the temperature was set at 37, 39 and 41 °C as described below.

3.4.4.1 Continuous bioethanol production at 37 °C using free cells of S.

cerevisiae

Bioethanol production and sugar consumption achieved by free cells of S.
cerevisiae at 37 °C for each dilution rate (0.09, 0.13, and 0.17 h™!) assessed are
depicted in Figure 3.4.4A. The pH-value monitored as well as the biomass content
of free cells are illustrated in Figure 3.4.4B. The continuous fermentation lasted a
total of 95 h, evaluating the effect of three different dilution rates as follows: 1) 0.09
h? between 0 — 35 h (D1), ii) 0.13 h™! (D2, 35-67 h) and iii) 0.17 h™! (D3, 67-95 h)
(Figure 3.4.4C). The production of bioethanol at D1 using free cells of S. cerevisiae
achieved maximum net bioethanol concentration 40.1 g L™! following 21 h of
experiment. The steady-state using 0.09 h™! was obtained following 11 h of
fermentation, where bioethanol concentration reached 35.0 g L™! (p > 0.05). Under
steady-state conditions bioethanol productivities achieved ranged between 3.15-
3.60 g L' h'Y. During the first 35 h stable bioethanol production was observed and
the concentration ranged between 37.5-40.1 g L™! (p < 0.05).

When the dilution rate changed and increased at 0.13 h™!, bioethanol
production remained stable for the next 30 h with a slight decrease observed at 70
h of experiment were the concentration dropped to 25 g L'. Bioethanol
productivity during fermentation conducted using 0.13 h™! ranged between 3.34-

4.47 g L' h™!. Additionally, glucose concentration increased upon dilution rate
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increase which indicates the reduction of the consumption rate. Moreover, S.
cerevisiae biomass remained stable during fermentation at the first two dilution
rates (D1 and D) applied. However, upon dilution rate increase to D3, biomass was
rapidly reduced from 1.92 to 0.82 g L' (57 % reduction), demonstrating that the
increased dilution rate resulted in wash out of cells. Therefore, between 74 — 82 h
bioethanol productivity was 4.66 g L' h™!and it was gradually reduced throughout
the fermentation to 2.75 g L™! h™! after 95 h of experiment, while S. cerevisiae cells

were eventually washed out.

S. cerevisiae is the most widely used yeast for industrial ethanol production
based on a number of favorable characteristics that include, among others,
resistance to osmotic pressure, high bioethanol production, low by-product
formation as well as resistance to high concentrations of ethanol and sugars [Mohd
et al., 2017]. Thus, various studies have explored bioethanol production using S.
cerevisiae employing continuous systems at 37 °C [Wilkins et al., 2007]. S.
cerevisiae TJ14 demonstrated effective production of bioethanol reaching 45 g L™
through simultaneous saccharification and fermentation of 100 g (w/v) L' cellulose
using continuous flow bioreactors [Shahsavarani et al., 2013]. Continuous
bioethanol fermentations with free cells of S. cerevisiae NCIM 3095 were carried
out in a 20 L bioreactor using two different dilution rates 0.09 h™' and 0.24 h™!
employing glucose as the sole carbon source (48.3 g L™') and fermentation
temperature of 32 °C. During first dilution rate (0.09 h™!) maximum concentration
of bioethanol (31.5 g L") was reached, which was decreased due to continuous
separation of bioethanol by microfiltration. Increasing the dilution rate to 0.24 h™!
the bioethanol concentration reached 23 g L™! [Saha et al., 2019]. Tan et al. (2015)
studied continuous bioethanol fermentation using raw and thick juice of sugar beet
which can fermented by S. cerevisiae strain KF-7, generating 70.7 g L™! bioethanol
concentration and 21.2 g L' h!' bioethanol productivity by single stage
fermentation of raw juice at 0.3 h! dilution rate. Moreover, bioethanol
concentration of 80 g L™! and productivity of 8.8 g L' h™! were achieved employing
a dilution rate of 0.11 h™!. S. cerevisiae CHFY0321 was also used to produce
bioethanol from cassava pulp in a continuous flow bioreactor at two different flow

rates (0.028 h™'and 0.031 h™!) achieving final bioethanol concentration of 86.1 g
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L~!. Stable biofuel production was achieved at 0.028 h™! that ranged between 85—
86 g L™!. However, in an attempt to improve productivity, the increase of dilution
rate t0 0.031 h™! disturbed stable bioethanol production. However, when the dilution
rate reduced to 0.028 h™! the continuous process appeared to reach a near steady

state over 5 d [Moon et al., 2012].
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Figure 3.4.4A: Bioethanol production and glucose consumption achieved at 37 °C

using freely suspended cells of S. cerevisiae in a continuous bioreactor under

different dilution rates (0.09, 0.13 and 0.17 h't). Symbols correspond to: (i) —@—

bioethanol concentration, (i) —@— glucose concentration.
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Figure 3.4.4B: pH and biomass production achieved at 37 °C using freely
suspended cells of S. cerevisiae in a continuous bioreactor under different dilution
rates (0.09, 0.13 and 0.17 h™%). Symbols correspond to: (i) —@— pH value, (ii)
—@®— biomass concentration.
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Figure 3.4.4C: Dilution rates applied during bioethanol fermentation experiments

using free cells of S. cerevisiae.
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3.4.4.2 Continuous bioethanol fermentation using immobilised cells of S.

cerevisiae

Bioethanol production and glucose consumption using immobilised cells of
S. cerevisiae on UNC was monitored in continuous experiments conducted at 37 °C
and dilution rates 0.09, 0.13, 0.17 and 0.20 h™! (Figure 3.4.4D). Additionally, the
pH was monitored during the fermentation as depicted in Figure 3.4.4E. The
experiment performed using immobilised cells produced 42 g L™! of bioethanol
following 8 h of experiment using 0.09 h™! (Figure 3.4.4F) reaching productivity of
3.80 g L' h™!, which was slightly higher as compared to that obtained using the
conventional culture. Thus, the steady state bioethanol concentration established
between 11 — 35 h of experiment ranged between 38 — 40 g L' (p > 0.05).
Increasing the dilution rate to 0.13 h resulted in steady state with bioethanol
content of 36 — 38 g L™, while a slight increase in glucose concentration was also
achieved. Further increase of the dilution rate to 0.17 h™' resulted in stable
performance of the immobilised system, under conditions that washed cells out of
the conventional process. Thus, stable biofuel production occurred using 0.17 h™!
exhibiting bioethanol concentration that reached 38 g L' and bioethanol
productivity of 6.61 g L' h™!, as opposed to the freely suspended culture that
demonstrated continuous decrease in bioethanol production. Although the
immobilised system protected the process at 0.17 h™!, further increase of the dilution
rate to 0.20 h'! resulted in washout. Bioethanol productivity was decreased to 2.9 g
L~! h! while bioethanol concentration was significantly decreased to 14.7 g L!

following 117 h of experiment.

It has been previously demonstrated that fermentations can be significantly
improved when a continuous fermentation is combined with cell immobilization
[Verbelen et al., 2006]. However, although different cell immobilization
approaches have been applied for bioethanol production using S. cerevisiae, as well
as various methods and media, this is the first study to our knowledge carried out
using a carbonaceous material as a support. Ghorbani et al, (2011) explored the
production of bioethanol via immobilization of S. cerevisiae to sodium alginate
beads in continuous flow bioreactors, where sugarcane molasses was used as carbon
source. Four different dilutions rates were assessed (0.064, 0.096, 0.144, 0.192 h™!)
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employing 50, 100 and 150 g L' of molasses that produced 6.32, 12.55 and 19.15
g L of bioethanol respectively, using 0.064 h™!. S. cerevisiae M30 immobilised on
loofah-enhanced alginate was also used for bioethanol production in a continuous
fermentation packed bed bioreactor using initial sugar concentrations of 200 — 248
g L' employing sugarcane molasses. When the initial sugar concentration was at
200 — 220 g L ™!, ethanol productivity increased linearly with the dilution rate, from
0.1t0 0.2 h'!, and then remained nearly constant. Employing a dilution rate of 0.2
h~! maximized bioethanol productivity, achieving 11.5 g L' h™!, while bioethanol
concentration reached 57.4 g L. Maximum net bioethanol concentration was
achieved using a dilution rate of 0.11 h™! that generated 82.1 g L™! of bioethanol
content, demonstrating that the concentration of bioethanol decreased with the

increase of the dilution rate, similarly to the current study [Bangrak et al., 2011].
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Figure 3.4.4D: Bioethanol production and glucose consumption achieved at 37 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under
different dilution rates (0.09, 0.13, 0.17 and 0.20 h™"). Symbols correspond to: (i)
—@— bioethanol concentration, (ii) —@— glucose concentration.
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Figure 3.4.4E: pH monitored during fermentation conducted at 37 °C using
immobilised cells of S. cerevisiae in a continuous bioreactor under different dilution
rates (0.09, 0.13, 0.17 and 0.20 h™).
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Figure 3.4.4F: Dilution rates applied during bioethanol fermentation experiments

using immobilised cells of S. cerevisiae.
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3.4.4.3 Continuous bioethanol fermentation at the elevated temperatures of
39 and 41 °C using free cells of S. cerevisiae

Freely suspended cells were employed in continuous bioethanol
fermentations conducted at inhibitory temperatures for S. cerevisiae (39 and 41 °C)
using dilution rates of 0.13 and 0.17 h™! (Figure 3.4.4G). Employing 0.13 h™!
resulted in maximum bioethanol concentration of 33 g L™! and productivity of 4.29
g L'h!at 25 h. Following establishment of steady state between 40 — 75 h aiming
to assess the performance of the bioprocess under extreme temperature conditions,
the temperature was increased from 39 to 41 °C. Bioethanol concentration started
decreasing from the initial stages of the temperature increase. Although the
bioethanol concentrations were not significantly different upon temperature
increase to 41 °C, the free cells of S. cerevisiae were stressed due to the shock
condition applied and a decrease in bioethanol content was observed when the
temperature was reduced to 39 °C at 75 h. Thus, bioethanol concentration decreased
to 15.6 g L' upon dilution rate increase to 0.17 h™!and it was gradually decreased
to 13.0 g L' prior wash out. The inhibitory effect of the extreme temperature
employed on bioprocess performance was also confirmed by the glucose
concentration profile, which was substantially increased following the increase of
temperature. Moreover, the biomass content decreased rapidly with the increase of
temperature to 41°C from 1.57 to 1.35 g L™!, while increasing the dilution rate 0.17
h~! resulted in complete washout of the culture (0.21 g L™).

Phisalaphong et al., (2006) presented the effects of temperature on the
kinetic parameters of ethanol fermentation by the flocculating yeast, S. cerevisiae
M30, using cane molasses as substrate demonstrating that high temperatures (38

and 42 °C) resulted in decreased bioethanol production and cell yield.
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Figure 3.4.4G: Bioethanol and glucose concentration achieved at 39 °C and 41 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under
different dilution rates (0.13 and 0.17 h™'). Symbols correspond to: (i) —@—

bioethanol concentration, (i) —@— glucose concentration.
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Figure 3.4.4H: pH value and biomass concentration achieved at 37 °C and 41 °C
using freely suspended cells of S. cerevisiae in a continuous bioreactor under
different dilution rates (0.13 and 0.17 h™'). Symbols correspond to: (i) —@— pH

value, (i) —@— biomass concentration.
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3.4.4.4 Continuous bioethanol fermentation at the elevated temperatures of

39 and 41 °C using immobilised cells of S. cerevisiae

The significant potential of the immobilised biocatalyst to enhance the
continuous bioprocess was assessed under conditions that were more extreme as
compared to those that resulted in complete failure of the conventional system.
Thus, continuous fermentations employing S. cerevisiae immobilised on UNC were
conducted at the elevated temperatures of 39 and 41 °C and dilution rates of 0.17
and 0.20 h™! (Figure 3.4.41).

The total duration of the experiment was 240 h, where the dilution rate was
controlled at 0.17 h™! for the first 105 h and at 0.20 h™! thereafter. 29 g L™! of
bioethanol concentration was formed in the first 16 h of the experiment reaching
productivity of 4.91 g L' h™! while the maximum net bioethanol concentration
achieved was 32 g L' at 40 h. Following the first 40 h the temperature was
increased from 39 to 41 °C, where the bioethanol production rate remained stable
and bioethanol concentrations ranged between 29 — 32 g L', Stable bioethanol
production was observed until 107 h where the dilution rate was increased to 0.20
h~!, which resulted in washout. The specific effect was confirmed by the glucose
concentration monitored that rapidly increased at the initial stages of the dilution
rate increase. The production of bioethanol was completely inhibited by the increase
of dilution rate. However, the increased temperature, which was applied for a
prolonged period (25 h), did not affect bioprocess’s performance. Moreover, the
immobilised system buffered the inhibitory effect of the extreme temperature under
an increased dilution rate (0.17 h™!) as compared to the conventional system
demonstrating that the carbonaceous-based biocatalyst can improve a major

industrial bioprocess under high temperatures and dilution rates.

S. cerevisiae ATCC 24553, immobilised in k-carrageenan and packed in a
tapered glass column reactor for bioethanol production from pineapple cannery
waste at 30°C demonstrated 42.8 g L' at a dilution rate of 1.5 h™! which was 11.5
times higher than those obtained by free cells confirming the significant
contribution of the immobilised biocatalyst in bioethanol production enhancement
[Nigam, 1999]. The immobilization of S. cerevisiae in sodium-alginate beads for
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bioethanol production at dilution rates (0.064, 0.096, 0.144 and 0.192 h™!) was
assessed by Ghorbani et al., (2011). In the specific system, the maximum bioethanol
concentration obtained was 19.2 g L™! and the volumetric productivity 2.39 g L™
ht,
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Figure 3.4.41: Bioethanol and glucose concentration achieved at 39 °C and 41 °C
using immobilised cells of S. cerevisiae in a continuous bioreactor under different
dilution rates (0.17 and 0.20 h™"). Symbols correspond to: (i) —@— bioethanol
concentration, (ii) —@— glucose concentration.
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Figure 3.4.4J: pH value monitored during fermentation conducted at 39 and 41 °C
using immobilised cells of S. cerevisiae in a continuous bioreactor under different
dilution rates (0.17 and 0.20 h™1).
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4 PROJECT REVIEW

The research objectives of the current thesis (as presented in section 1.6) have been
achieved. The main conclusions derived from the results of the present study are
presented below.

4.1 Conclusions

4.1.1 Preliminary study of biochar-based biocatalysts for bioethanol
production

This work explored the potential use of biochar as a microbial cell carrier
enhancing the efficiency of alcoholic fermentations. Olive kernels, vineyard
prunings, sewage sludge and seagrass residues were applied as biowaste for biochar
production through pyrolysis at two different temperatures (250 °C and 500 °C),
while a commercial type of char derived from car tire waste was also employed for
benchmarking purposes. Apart from vineyard prunings pyrolyzed at 250 °C, all
other carbonaceous materials presented crystalline phases including halite, calcite,
sylvite and/or silicon. Moreover, increase in pyrolysis temperature enhanced
biochar’s porosity and BET-specific surface area, which reached 41.7 m? g™! for
VP-based biochar remaining at lower levels (0.15-5.3 m? g™') in other specimens
tested. Elemental analysis demonstrated reduction in oxygen and increase in the
carbon content of biochars produced at elevated temperatures, while biochar
obtained from seagrass included residues of chloride (0.3-5.14%). Three major
yeasts were immobilised on materials exhibiting the highest surface areas and
applied in repeated batch fermentations using Valencia orange peel hydrolyzates as
feedstock. The biocatalysts developed using S. cerevisiae and K. marxianus
immobilised on vineyard prunings-based biochar exhibited exceptional ethanol
productivities as compared to the relevant literature, which reached 7.2 g L' h™!
and 7.3 g L' h™! respectively. Although the aforementioned strains improved
biofuel production by 36-52% compared to the conventional process, P.
kudriavzevii KVMP10 was not efficient following immobilization on biochar. The
approach constitutes an innovative method for bioenergy production, demonstrating

a novel application of biochar in industrial biotechnology which incorporates
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important technological advances such as enhanced biofuel production and biomass

recycling.

An innovative technology was developed for the production of renewable
energy, which mitigates the environmental effects from food waste disposal and
improves the sustainability of energy systems. Specifically, an advanced use of
biochar was explored evaluating applicability of the material for immobilization of
whole-cells in a major industrial biotechnology process. Vineyard prunings,
seagrass residues and sewage sludge were applied in pyrolysis without activation,
while process temperature and the type of feedstock strongly affected the
physicochemical properties of the biochar produced. The increase in temperature
resulted in higher specific surface area and porosity, whereas both crystalline and
amorphous structures were formed incorporating varying elemental composition
and carbon content. Three major yeast strains were immobilised on vineyard
prunings and seagrass residues biochar generated at 500 °C as well as on a non-
renewable form of non-biological char to evaluate bioethanol production using a
Valencia orange peel hydrolyzate. S. cerevisiae and K. marxianus demonstrated
significant potential for the development of biochar-based biocatalysts yielding
elevated biofuel production in repeated batch experiments as compared to the

relevant literature.
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4.1.2 Enhancing bioproduction and thermotolerance in Saccharomyces

cerevisiae via cell immobilization on biochar

A novel method for enhancement of bioethanol production and temperature
tolerance of S. cerevisiae through the development of BBBs was reported.
Immobilised BBBs were applied in alcoholic fermentations of hydrolyzates
generated via a CPW biorefinery. Pistachio-nut shells, peanut shells and corks were
employed for biochar generation via pyrolysis to produce the cell carriers required.
All materials were highly carbonaceous with mesopore size structures (1-50 mm),
while peanut shells biochar was crystalline incorporating calcite and sylvite. S.
cerevisiae immobilised on pistachio-nuts biochar grown on a synthetic CPW
hydrolysate, exhibited 63 g L™! ethanol concentration and 7.9 g L' h™! productivity
improving substantially biosystem performance as compared to unsupported
cultures. Alcoholic fermentations conducted at different elevated temperatures (37—
41 °C) exhibited stable performance of the immobilised system for six repeated
batch experiments. Fermentations of the CPW-hydrolyzate formed through the
biorefinery at 41 °C using BBB produced 30.8 g L' of bioethanol, while free cells
achieved significantly lower concentration (13.4 g L™!). The proposed technology
confers thermotolerance on S. cerevisiae, which buffers the negative impact of high
temperatures on cells leading in increased bioethanol production and lower energy

demand.

Summing up the results, it can be concluded that the use of BBBs has
substantially enhanced fermentative bioethanol production from hydrolyzates
generated using the CPW biorefinery, while alleviating important technological
constraints and environmental effects of the process. Immobilization of S.
cerevisiae on biochar enabled applying the workhorse of the current bioethanol
industry at high temperature alcoholic fermentations, which could potentially
provide multiple advantages such as increased ethanol production, reduction of

operating costs, biocatalyst recyclability and low contamination risk.
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4.1.3 Improvement of stress multi-tolerance and bioethanol production by
Saccharomyces cerevisiae immobilised on biochar:

The study determined the protective role of using biochar as immobilization
carrier against multiple stresses encountered by Saccharomyces cerevisiae
assessing transcription from important metabolic routes involved in the molecular
mechanisms triggered during inhibitory bioprocess conditions. Immobilised cells
exhibited higher bioethanol titre (39 g L™!) and productivity (7.72 g L™! h™!) at
elevated temperatures compared with the suspended culture that yielded 34 g L™
and 1.99 g L' h™ ' respectively. Fermentation at 39 °C resulted in 2.15-fold increase
of HSP104 relative mRNA expression in suspended cells, while the gene was
induced by 0.5-fold using the immobilised biocatalyst. A similar response occurred
for HSF1 and TPS exhibiting 3.0- and 3.8-fold increase using suspended cells as
opposed to the application of immobilised cells where transcription of the
aforementioned genes was raised by 0.0- and 2.6-fold upon temperature increase
respectively. Transcription from MSN2/MSN4 under the aforementioned conditions
indicated the protective role of cell attachment on the biomaterial against
stimulation of the heat shock response route and oxidative stress. Although
fermentations conducted under ethanol stress resulted in failure of the conventional
process, immobilised cells produced 21 g L™! bioethanol exhibiting 7 g L™ h™!
productivity, while monitoring transcription of HSP12 and HSP104 demonstrated
the beneficial use of the proposed technology. Proline accumulation during osmotic
stress further supported the elevated bioethanol productivity achieved by the
immobilised system, which was 74% higher as opposed to the conventional process.
The study confirmed that S. cerevisiae immobilization on biochar conferred cells
with heat tolerance, ethanol tolerance, osmotolerance and improved fermentation
capacity. The technology proposed constitutes a sustainable technological
alternative to strain modification improving multiple stress-tolerance in bioethanol

fermentations.

Immobilization of yeast cells on biochar produced robust performance of S.
cerevisiae, which demonstrated improved tolerance against heat, ethanol, osmotic
and oxidative stress as well as efficient fermentation capacity. Thus, cell attachment

on the biomaterial enhanced bioethanol production at high temperatures, yielded
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74% higher productivity under osmotic stress and acted as buffer for the bioprocess
under elevated ethanol contents that resulted in complete inhibition of the
conventional system. Furthermore, monitoring of transcription from TPS associated
with trehalose accumulation, oxidative stress responsive genes (MSN2, MSN4) as
well as genes encoding HSPs (HSP104, HSP12) and the heat shock transcription
factor (HSF1) sustained the protective action of biochar against multiple stresses,
hampering bioethanol production by S. cerevisiae. The current technology holds
significant potential to tackle major challenges associated with the industrial
bioprocess, limiting the need for genetic modification of the workhorse strain aimed

to confer stress tolerance traits and improved fermentation performance.
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4.1.4 Bioethanol overproduction of S. cerevisiae immobilised on char

derived from car tire waste

The work explored the potential use of non-biological char produced from
car tire waste as support material for cell immobilization employed in continuous
bioethanol fermentations. PWC, PLC and UNC demonstrated effective
immobilization of S. cerevisiae as well as enhanced bioethanol overproduction in
terms of higher ethanol concentrations, faster kinetics and the potential application
of the bioprocess under high temperatures, which is expected to reduce the
operational cost. Continuous fermentations conducted using UNC demonstrated
that via attachment of the yeast on the biomaterial, higher dilution rates can be used
in a continuous alcoholic fermentation achieving stable biofuel production as
opposed to the freely suspended cells of S. cerevisiae that was affected by both

dilution rates and high temperatures limiting bioprocess performance.
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4.2 Future work

Following completion of the present Thesis, the topics presented below could be
proposed as future work relevant to the use of the immobilised biocatalyst in
industrial bioprocesses.

4.2.1 Optimization of immobilised biocatalysts for bioethanol production

The current work proposed biochar-based biocatalyst for bioethanol
overproduction utilizing both synthetic media as well as a CPW hydrolysate
employing S. cerevisiae, which confirmed that the material holds great potential as
microbial cell carrier in a major industrial process enabling achievement of multiple
technological objectives. Immobilization of S. cerevisiae, the industrial workhorse
strain, as well as K. marxianus applied in bioethanol fermentations, improved
biofuel production by 36-52% compared to the conventional process conferring
tolerance to yeast stressing factors (e.g. high temperature, bioethanol concentration)

that reduce process efficiency.

Cheese whey constitutes an important bioresource for the development of
advanced bioethanol production processes and immobilised K. marxianus could be
employed in fermentations that enable lactose utilization for bioethanol production.
Thus, subsequent bioethanol fermentations using both free and immobilised cells
of K. marxianus, a strain capable for lactose fermentation, could be performed
under various technologically important conditions, including -elevated
temperatures, as well as high substrate, product and inhibitor (e.g.
hydroxymethylfurfural) concentrations. Following evaluation of the capacity of the
immobilised biocatalysts to buffer the inhibitory effect posed in each case, direct
application of cheese whey as fermentation broth could be applied in K. marxianus
fermentation for ethanol production. Repeated batch as well as continuous
fermentations could be performed to determine the production rate of bioethanol
using a fully automated lab-scale bioreactor. Biochar could be additionally
employed to immobilize hydrolytic enzymes and/or cells aiming to develop

simultaneous saccharification and fermentation processes.
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Potato waste could be applied as a source of starch for bioethanol
production. Prior fermentation the content of starch should be hydrolyzed to
produce directly assimilable glucose. Thus, Aspergillus strains could be employed
to perform amylase and glucoamylase production, employed to hydrolyze starch
and produce a glucose-rich feedstock. The hydrolytic microorganism could be
employed both in the form of suspended and immobilised cells using biochar. Trials
where Aspergillus strains and K. marxianus immobilised on separate
biochar/(nano)biochar particles could be employed while feeding potato waste

hydrolysates and cheese whey.

The proposed technology could be improved by the use of (nano)biochar as
immobilization carrier aiming to achieve higher surface area, which constitutes a
key parameter for cell immobilization. By scaling down biochar to (nano)biochar
an advanced material holding multiple potential applications will be prepared, while
its physicochemical and textural properties could be evaluated comprising crucial
indicators in determining the potential applications. The surface chemistry of the
material could be investigated aiming to assess the future potential role of biochar

as functional material (e.g. catalyst, adsorbent, electrode material).
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4.2.2 Construction of a mathematical model capable of predicting the
performance of BBB

Previous research has shown that the development of experimentally
validated models of key genetic circuits (comprising groups of cellular elements
that interact) could improve prediction of the kinetic properties of a microorganism.
In order to predict the kinetics of the microorganism in relation to glucose uptake
and consumption as well as bioethanol production, a logic model could be
developed with the use of logic gates. In the logic model, interacting molecular
components could be described as a combination of logic gates, while Hill functions
could be used to construct a dynamic mathematical model for the targeted circuit.
Thus, the model could enable predicting transcription from targeted genes involved
in glucose metabolism as well as bioethanol production. The mRNA expression
levels of HXK2, PDC5 and ADH1 could be initially monitored using freely
suspended cells of S. cerevisiae, while transcription from the specific genes could

be additionally quantified and predicted in fermentations employing BBB.
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APPENDIX I

Table 2.3.4: Oligonucleotide primers used in quantitative real-time RT-qPCR.

Gene ppr?::]eo:s Sequence Source
Forward 5 -AGAACCCAACAGCAAGCC-3 Yamamoto et al., 2007
HSFL Reverse  3'-CCCAGCCCGTCCATAATCA-5 Yamamoto et al., 2007
tps Forward 5 -TGTCTTCCGTGCAAAGAGTG-3’ Nuanpeng et al., 2016
Reverse 3 -CTTGTGGATGAAATGGATGG-5 Nuanpeng et al., 2016
HSP104 Forward 5 -CATATGGAACGTGACTTATCATCTGA-3’ Nuanpeng et al., 2016
Reverse  3-ACGGCATTGGAAACAGCTTT-5 Nuanpeng et al., 2016
Forward 5 -TAGGATCCATGTCTGACGCAGGTGA-3 Welker et al., 2010
HSP12 Reverse 3-ATGCGGCCGCTTACTTCTTGGTTGGGTC-5"  Welker et al., 2010
Msn2 Forward 5 -AGTGGCTCTGGGGCAAATC-3 Yamamoto et al., 2007
Reverse  3-CCGATGAAGGTGACGGTGA-5 Yamamoto et al., 2007
Forward 5 -AGCAGTAGCACCACAAGGC-3’ Yamamoto et al., 2007
Msnd Reverse 3-CGCACCAAAAGCATCGTCTT-5 Yamamoto et al., 2007
RDNL8 Forward 5 -TCACCAGGTCCAGACACAAT-3 Yeetal., 2009
Reverse  3'-AGCAGACAAATCACTCCACC-5 Ye etal., 2009
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