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Abstract
The challenges of the energy crisis and environmental pollution are vital global issues as a

result of over-dependence on fossil fuels. These are driving the need to develop a renewable,
sustainable, and eco-friendly energy source to replace the high dependency on fossil fuels,
which are also rapidly depleting. Bioethanol has emerged as a promising alternative to fossil
fuels due to its high energy content and environmentally friendly profile. However, high
production cost and low yield are major obstacles to large-scale bioethanol production. Thus,
a need to investigate novel strategies for improved yield and economically feasible production.
These strategies involve the inclusion of nano additives in bioprocessing, process optimization,
scale-up studies, and the utilisation of renewable feedstock such as agricultural residues, which
are abundant and sustainable. The use of nanoparticles in bioprocessing has attracted
significant attention due to their distinctive physical and chemical nature. The addition of
nanoparticles could influence the process performance, which might affect the microbial
metabolism (stimulates cellular and enzymatic biochemical activities) of ethanol production.
This study investigates the use of different nanomaterials as a biocatalyst to enhance bioethanol
production using Saccharomyces cerevisiae BY4743. The linear and interactive effect of nano
inclusion on the key process parameters for ethanol production was optimized. Further
assessment of bioethanol production at semi-pilot scale, including the geometry, rheology and
hydrodynamic parameters, were investigated.

The potentials of nine nanoparticles as biocatalysts for bioethanol production were evaluated.
Fermentation processes with varying nanoparticle concentrations were experimentally assessed
for glucose utilisation, ethanol yield, ethanol productivity, and fermentation efficiency. The
fermentation input variables consisted of nanoparticle concentration, incubating temperature,
pH, glucose concentration and agitation speed. The glucose utilisation, ethanol yield, ethanol
productivity and fermentation efficiency ranged from 21.95 to 99.95%, 0.03 to 0.26 g/g, 0.01

t00.22 g/L/hand 1.27 to 50.96%, respectively. Kinetic studies showed that a maximum specific
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growth rate (umax) of 0.80 h™* and potential maximum ethanol concentration (Pm) of 5.24 g/L
were obtained with 0.01 wt % Nickel (1) Oxide (NiO) NPs.

Moreover, response surface methodology was used to investigate the effects of NiO NPs
concentration (0-0.05 wt%), temperature (20-50 °C), glucose concentration (10-50 g/L) and pH
(4-6) on biomass concentration and ethanol yield. The optimized process showed an increased
biomass concentration and ethanol yield of 1.03 and 1.19 fold, respectively. Supplementation
with NiO NPs, fostered glucose consumption affinity (1/Ks) (11%), cellular carbohydrate (3%)
and protein accumulation (60%), with a substantial reduction in process inhibitors.
Furthermore, the inclusion of NPs at different stages in simultaneous saccharification and
fermentation (NISSF) of pre-treated potato peels was carried out. The highest ethanol
concentration of 36. 04 g/L was obtained with NiO nanoparticle: NiO NPs (0.02 wt%) included
from the pre-treatment stage, fermentation at 37 °C, 120 rpm for 36 h. Optimum productivity
and yield of 2.25 g/L/h and 0.71 g/g, an increase of 145% and 69% respectively were also
observed at this nano concentration. Similarly, a two-fold reduction in the concentration of
process inhibitor was observed. The kinetic study of the NISSF process was examined. The
product kinetics was described using a modified Gompertz’s equation. A maximum potential
bioethanol concentration (Pm) of 31.84 g/L (1.46 fold increment), was obtained with NiO
nanoparticle (at 0.02 wt%) inclusion from the pre-treatment stage. On the other hand, the lowest
bioethanol production lag time (t.) of 1.50 h was achieved with NiO nanoparticle inclusion
following the pre-treatment stage (2.04 fold lag time reduction).

Additionally, the developed NISSF process was scaled up based on constant power
consumption (P/V) and impeller tip speed (Viip) from 1 L to 5 L scale. The non-gassed power
(P) and the impeller agitation speed (n) by an iterative process were determined for both the
constant P/V and Vip. Implementing constant P/V value from the 1 L scale: 95 rpm, Reynold

number (Re) 5.14E + 06, Power (P) 0.012 W, Power to Volume ratio (P/VL) 2.4 W/m?,
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circulation time (tc) 12.8 s and shear stress (y) 950 S, at 37 °C, pH 5 gave the highest
productivity of 1.10 g/L/h and bioethanol concentration of 25.10 g/L in the 5 L scale bioreactor.
The modified Gompertz model and the logistic function were used to describe the kinetics of
the scale-up process when P/V was kept constant. The logistic function was in agreement with
the experimental values, showing high coefficient of determination (R?) > 0.98. The maximum
specific growth rate (umax) and maximum biomass concentration (Xmax) of 0.24 h™* and 4.57
g/L respectively were obtained from the logistic model. Similarly, the bioethanol production
data fitted the modified Gompertz model with an R? of 0.98. The bioethanol production lag
time of 3.89 h, maximum bioethanol production rate (rpm) of 2.00 g/L/h and a maximum
potential bioethanol concentration (Pm) of 25.29 g/L was achieved. The formation of volatile
metabolic inhibitors was significantly reduced under constant P/V. These inhibitory
compounds include: 5-Methyl-furfural (0.306 g/L), acetic acids (8.042 g/L), 3-methyl-pyridine
(0.084 g/L) and 3-Hydroxy-6-methylpyridazine (0.039 g/L), which were reduced by 1.25, 1.67,
1.87 and 2.41 fold respectively.

This study has demonstrated the effects of metallic oxide nanoparticles on yeast metabolism of
ethanol production for an improved bioethanol yield on substrate resulting from significant
improvement in S. cerevisiae affinity for available substrate, growth rate and reduction in
process inhibitors. The kinetic models were in agreement with the obtained experimental data
on the utilisation of nanoparticles to improve bioethanol production. Furthermore, efficient
production of bioethanol from potato waste supplemented with nanoparticle has been

demonstrated.

Keywords: Bioethanol, nanoparticles, kinetic and metabolic process, scale-up, bioreactor,

modelling and optimization, fermentation, inhibitor, Saccharomyces cerevisiae BY4743
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Chapter 1
General introduction

1.1 Bioethanol as a renewable energy source
Currently, the energy market has attracted global interest with focus on the production of

renewable energy as a result of depleting crude oil reserves and the environmental effect from
consumption of conventional fossil fuels. The future’s commercially feasible fossil fuel
substitute is bioethanol (Ge et al., 2018). Bioethanol exhibits several advantages over fossil
fuels, these include its renewable nature, ease of storage and transportation, higher combustible
oxygen content, higher octane rating, zero sulphur and nitrogen content, lower emission of
greenhouse gases and consequently, reduction in air pollution and global warming (Putra et al.,
2015). In addition, the global market for bioethanol fuel has grown rapidly and its production
is projected to have an annual growth of over 3% (Sekoai et al., 2019). World bioethanol
production has been estimated at around 100, 126 and 128 billion litres in 2017, 2018 and 2019
respectively (Sekoai et al., 2019, RFA, 2020). Although, ethanol can be produced by chemical
processes, it is usually produced by the fermentation of simple sugars. The production of
bioethanol is mainly a two-stage biochemical process of hydrolysis and fermentation, followed

by product recovery through distillation (Kim and Lee, 2016).

1.2 Hydrolysis and fermentation
Hydrolysis is a chemical reaction that breaks chemical bonds between the carbohydrate

molecules of polysaccharides into simple or fermentable sugars in the presence of a catalyst
(Guo et al., 2012). Catalysts for hydrolysis in the production of bioethanol from biomass
feedstocks are usually enzymes, metal salts, acids or bases (Guo et al., 2012). Enzymatic or
basic hydrolysis is via the external addition of commercial enzymes or acids or by innate
enzymes and acids present in the feedstock (Deenanath, 2014). The choice of hydrolysis

method is dependent on the type of feedstock used for bioethanol production.



The process of fermentation to convert sugars by microorganisms to bioethanol is the oldest
and the most frequently used industrial process. As early as 1750-4000BC the Egyptians and
Sumerians produced dough and alcoholic beverages such as wine and beer by fermentation
(Paul Ross et al., 2002). However, the role of microbes in the fermentation process was
unknown (Blandino et al., 2003). Louis Pasteur in 1861 developed pasteurization which paved
the road to the knowledge of microorganisms and their link to fermentation gradually
progressed (Paul Ross et al., 2002). From these theories, presently the definition of
fermentation is simply a biochemical process that converts carbohydrates such as sugar into
ethanol and carbon dioxide by the action of yeast enzymatic reactions (Deenanath, 2014).
Various fermentation processes such as alcoholic, lactic acid, acetic acid and alkaline are used
in the production of fermented food and beverages (Blandino et al., 2003). Alcoholic
fermentation is the production of alcohol by Saccharomyces cerevisiae yeasts using cereal
grains, sugarcane or fruits and presently waste lignocellulosic biomass as a substrate. Alcoholic
fermentation, which is applied in bioethanol production is further classified into three types of
systems, namely batch, fed-batch, continuous and solid-state fermentation. The choice of
fermentation system depends on the type of raw material, desired ethanol yield and
fermentation time (Deenanath, 2014).

The most widely used microorganism for ethanol fermentation is the eukaryotic, fungal
organism S. cerevisiae (Bourdichon et al., 2012). S. cerevisiae is the most preferred microbe
for the following reasons: (1) it’s easily assimilate and ferment hexose sugars to ethanol, (2) it
tolerate high ethanol concentrations, (3) it growth under anaerobic, aerobic and acidic
conditions, (4) it’s not susceptible to bacteriophage contamination, (5) it’s can be easily
separated from the fermented product and re-use for subsequent fermentations, and (6) it’s able
to ferment at a range of temperatures from 15 — 30 °C and thermotolerant S. cerevisiae strains

can ferment at 35 °C or greater (Deenanath, 2014). Other than yeasts, bacteria such as lactic



acid bacteria, Zymomonas mobilis and Thermoanaerobacterium are capable of ethanol
fermentation (Deenanath, 2014).

During fermentation S. cerevisiae produces ethanol by the Embden-Meyerhof-Parnas (EMP)
pathway or glycolysis (Fig. 1.0). The glucose inside the cell is converted to pyruvate and NAD+
is oxidized to NADH. The enzyme pyruvate decarboxylase converts pyruvate to acetaldehyde,
followed by the conversion of acetaldehyde into ethanol by alcohol dehydrogenase while,
NADH is re-oxidized to NAD+ (Mostafa, 2010, Deenanath, 2014). Usually, during bioethanol
fermentation, S. cerevisiae and members of the genus Zymomonas are the two groups of
microorganisms that naturally produces two moles of ethanol per mole of hexose (Mostafa,
2010). Pyruvate produced by the Embden—Meyerhoff (glycolytic) pathway in S. cerevisiae
(Fig. 1.0) or Entner—Doudoroff pathway in Zymomonas is converted to alcohol via pyruvate
decarboxylase/alcohol dehydrogenase enzymes (Mostafa, 2010). An indirect fermentation
approaches involve the production of bioethanol by pyrolyzing/burning the starting plant
material to produce syngas (CO, CO», and hydrogen) (Kim et al., 2014, Kim and Lee, 2016).
Syngas is then converted to ethanol by acetogenic bacteria. The presumably biochemistry
pathway is believed to be Wood-Ljungdahl pathway. Two-carbon compounds products are
produced from one-carbon compounds. Ethanol is produced instead of acetate (Mostafa, 2010).
In fermentative bioethanol production, different parameters impact S. cerevisiae metabolic
activities, that consequently determine the overall output (Rorke et al., 2017). Influencing
parameters during microbial biofuel production include; substrate type and concentration, pH,
temperature, microbial strain, nutrient type, inclusion of additives and agitation (Rorke et al.,
2017).

Moreover, the vast majority of bioethanol production studies are based on biotechnological
processes such pre-treatment, liquefaction, saccharification and fermentation using crops and

lignocellulosic substrates (Izmirlioglu and Demirci, 2012, Kim and Lee, 2016, Moodley and



Gueguim-Kana, 2019) (Fig. 1.1). The utilisation of abundant lignocellulosic biomass is
desirable both for economic and environmental reasons, as substrate suitability is one of the
main cost factors taken into consideration in industrial bioethanol production (Jénsson and
Martin, 2016). It is, therefore, essential that bioethanol production is carried out using cheap
and carbohydrate-rich substrates (Talasila and Vechalapu, 2015). The use of pure
lignocellulosic and starch-based wastes also, mitigate the threat to food security caused by food
based bioethanol production (Moodley and Gueguim-Kana, 2019). Even though, bioethanol as
a renewable energy resource from lignocellulosic biomass could be at the core of global shift
in energy production and is projected to become the dominant form of renewable energy
resource from lignocellulosic substrates, enhanced process performance and product yield is
required to improve the economic viability of this biofuel compared to petroleum fuel (Sekoai
etal., 2019).

Furthermore, the primary biological technique for the production of bioethanol from
lignocellulosic biomass is the saccharification-fermentation process, in which lignocellulosic
biomass is saccharified by hydrolysis to release fermentable sugars, which is simultaneously
fermented to produce bioethanol (Kim and Lee, 2016). In simultaneous saccharification and
fermentation (SSF), the overall process is limited by the need to optimise enzymatic and
cellular activities for maximum sugar release and subsequent bioethanol formation as well as
minimise inhibitor formation during the pre-treatment and fermentation processes (Sewsynker-
Sukai and Gueguim-Kana, 2018). Despite the present intensive research on fermentative
bioethanol production, its low yield has become a major obstacle to its commercialization.
Hence, there is a need to come up with strategies that could make the process more efficient
and productive. Recent studies have examined different process enhancement techniques such
as use of nutrient additives and parameter optimisation to improve the performance of

saccharification-fermentation processes (Cheng et al., 2017, Sewsynker-Sukai and Gueguim



Kana, 2018). Attempts to include nanoparticles as biocatalytic additives to enhance heat and
mass transfer rates, buffering capacity, inhibitor control, enzymatic activities and cellular
functionality in bioprocess has attracted great interest (Kim et al., 2014, Cherian et al, 2015,
Kim and Lee, 2016). The catalysis potentials of nanoparticles (NPs) has led to significant
biotechnological interest. Notwithstanding, very little is known on the bioethanol fermentation
process with nanobiocatalyst inclusion at various process stages.

Nanotechnology involves the process of manipulating matter at the nanoscale level (1-100 nm)
(Abdelsalam et al., 2017). Nanoparticles (NPs) are usually obtained through the assembly of
atoms during a chemical process or through the fragmentation of bulk materials, their size
would normally depend on the process conditions and precursors used for their synthesis
(Abdelsalam et al., 2017). The nano size is one of the principal features of the nanoparticles
especially as it confers the ability to penetrate cell membranes, thereby facilitating the uptake
and transport of nutrients, creating pathways across the biological barriers which will impact
the overall bioprocesses. Aside from the nano size, other properties of NPs include large

surface area, high specificity, dispersibility and self-assembly (Abdelsalam et al., 2017).
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1.3 Nanoparticles as additives in bioprocessing
The application of nanoparticles in bioprocessing has recently become an area of growing

interest. Nanoparticles may influence the growth and proliferation of microorganisms (Ban and
Paul, 2014, Usatii et al., 2016). Most nanoparticles at higher concentrations have a toxic effect
on microbial cells while, some have non-toxic regulatory and stimulatory effect at lower
concentrations (Garcia-Saucedo, 2010). Metallic nanoparticles (NPs) in culture nutrient
formulation have recently been identified as a potential catalytic technique for improving the
bioactivity of ethanol-producing microorganisms and fermentation productivity (Ban and Paul,
2014). Their ability to alter the rate of reaction coupled with other biotechnological potentials
have led to their increased application in many fields of research such as bioprocessing (Usatii
et al., 2016). Exceptional properties of nanoparticles include; chemical stability, catalytic
properties, surface-to-volume ratio, interaction, magnetic separation, and specificity which can
be implemented in biotechnological processes (Usatli et al., 2016). Their catalytic properties
generally depend on their size, shape, stabilizing agents and operating conditions (Ban and
Paul, 2014). Furthermore, metals such as metallic oxide nanoparticles are essential nutrient
element, that could form the metal content at the active site of enzymes, which are fundamental
requirement for enzymes functionality and ultimately, the metabolic performance of enzymes
and microorganisms. These enzymes catalyse various metabolic reactions during bioethanol
production (Qazizada, 2016). For instance, sugar metabolism, involves hundreds of enzyme-
catalysed reactions, structured (organized sequences) into ethanol metabolic pathways, for
ethanol formation (Qazizada, 2016). Though, numerous studies have focused on the production
of bioethanol via media composition using various nutrient supplement (Izmirlioglu and
Demirci, 2016, Phukoetphim et al., 2017), however, there is a dearth of studies on nutrient
supplementation in bioethanol fermentation using nanoparticles.

Generally, bioethanol yields are affected by process conditions such as culture media, nutrient

supplementation, pH, temperature and substrate availability (Torija et al., 2003, Xu et al.,
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2012). Only a few studies have reported on the impact of nutrient supplementation with
metallic oxide nanoparticles and other operating conditions on the dynamic behaviour of
bioethanol fermentation processes (Lin et al., 2012). Little is known on the interactive effect
of nanoparticles and these process conditions on bioethanol fermentation processes. Hence,
bioethanol fermentation process optimization would be essential to optimized these operational

conditions such that high productivity could be achieved.

1.4 Research motivation
A bioethanol-based economy will contribute to the mitigation of environmental pollution such

as greenhouse gas emissions and help build a sustainable energy system (Ge et al., 2018).
Despite the merit of bioethanol as a suitable alternative to conventional fuel, some of the major
challenges face the transition to bioethanol production is the sourcing of an economical and
renewable feedstock as well as need to increase product yield on substrate (Talasil and
Vechalapu, 2015, Moodley and Gueguim-Kana, 2019). Lignocellulosic biomass such as potato
peels is an abundant and renewable feedstock available for biofuel production both from

economic and environmental point of view (Jénsson and Martin, 2016).

Potatoes (Solanum tuberosum) are a staple crop across the world, they are the world's third-
largest staple food crop after rice and wheat (Chohan et al., 2020). The increased importance
of potatoes as staple food has led to the escalation in the generation of large volumes of residues
in the form of peels, usually making up between 20-50% of the whole tuber (Maldonado et al.,
2014). Potato peels are starchy, lignocellulosic waste and suitable renewable substrate
containing intricate structures composed of lignin, hemicellulose and cellulose with
considerable amounts of fermentable sugar (Kristiani et al., 2013). This raw material has been
considered as one of the most attractive and sustainable feedstocks for biofuel production
(Maldonado et al., 2014). It is currently receiving great interest as its bioconversion to

bioethanol fuels does not directly compete with food security. The potential of potato waste as



a feedstock for ethanol production has been reported (Hashem and Darwish, 2010, Izmirlioglu
and Demirci, 2012, Khawla et al., 2014). The results from these studies have not been
impressive. This is due to low process performance and consequently, ineffective
bioconversion of fermentable sugars to bioethanol (Rorke et al., 2017). Process performances
are plagued by low yields due to the formation of inhibitory compounds as well as ill-defined
process parameter boundaries could hamper enzymatic hydrolysis, prevent metabolic processes
and the overall fermentation processes. Overcoming these barriers is challenging, yet this
knowledge is required to achieve high process yields and pave way for the establishment of a

viable industrial scale bioethanol production that can compete with fossil fuels.

Therefore, to alleviate concerns regarding low bioethanol yield on substrate, the use of
biotechnological tool such as nanobiocatalyst should be explored. Bioethanol yield on substrate
should be considered when developing efficient fermentation strategies. This could be achieved
by the implementation of nanobiocatalyst additives to enhance the process performance and
RSM modelling to capture the complex interactions which link the fermentation conditions to
bioethanol production as well as inhibitor generation. Furthermore, the application of
nanobiocatalyst in bioethanol production should be assessed in detail. Using kinetic models
such as Monod, logistic and modified Gompertz models will help to control the process and
increase the quality of the bioethanol produced. These findings could therefore contribute to

industrial scale productions from potato peels lignocellulosic biomass using nanobiocatalyst.



1.5 Aims and objectives
This study aimed to assess the impact of various nanoparticle biocatalysts on Saccharomyces

cerevisiae metabolism for improve ethanol production. Additionally, the viability of a semi-

pilot scale of the optimized process was evaluated.

To achieve this aim, the following specific objectives were carried out:

Q) Screening and assessment of the catalytic potential of nine metallic oxide

nanoparticles for enhanced bioethanol production.

(i)  Assessment of the selected nanoparticles on a simultaneous saccharification and

fermentation of process with pre-treated waste potato peels.

(iii) ~ Modelling and optimization of bioethanol response on operational parameters of
nanoparticles concentration, pH, temperature and substrate concentration using the

selected nanoparticle

(iv)  Preliminary assessment of bioethanol production from pre-treated waste potato
peels under nano biocatalytic condition at a semi-pilot scale.
1.6 Thesis outline
This thesis comprises a literature review chapter and four experimental chapters all presented
in research paper format. Each experimental chapter is independent, containing an introduction,
materials and methods, results and discussion, conclusion and references. The description,
assessment and application of nanoparticles as catalytic additives for the enhancement of

bioethanol production are central to all chapters.

Chapter 2 presents an overview of nanoparticles as a potential additives for boosting biofuel
production. It examines the different nano additives for different bioprocess as well as nano-

based immobilization matrix for biofuel production.
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In Chapter 3, nine nanoparticles namely FesO4 NPs, Co NPs, Ni NPs, Zn NPs, Mn NPs, Ag
NPs, Cu NPs and Fe-Ag NPs, are screened for catalytic potential to enhanced fermentative
ethanol production from glucose. The impact of the nano catalyst on the Saccharomyces
cerevisiae growth and the product kinetics are assessed using logistic function and the modified

Gompertz model.

Chapter 4 discusses the impact of nanoparticles inclusion in simultaneous saccharification and
fermentation of pre-treated waste potato peels. Moreover, the kinetics of the batch bioethanol
production to determine the process dynamics and the process inhibitory profile was

undertaken.

Chapter 5 focuses on the modelling and optimization of nano concentration with key
operational parameters for enhanced bioethanol production using response surface
methodology. In addition, kinetic modelling of bioethanol fermentation process using
Saccharomyces cerevisiae was undertaken to determine the dynamics and thus, predict S.
cerevisiae’s behaviour based on factors such as the substrate utilization, specific growth rate,

affinity to the fermentation substrate and maximum bioethanol production rate.

In chapter 6, a preliminary scale up process is carried out. The geometrical, rheological and
hydrodynamic parameters of the bioreactors and fermentation broth were used to evaluate the
viability of the process scale up based on constant power consumption and constant impeller

tip speed.

The final chapter, Chapter 7, integrates the findings from the experimental chapters and
provides major conclusions derived from this research. Recommendations for future studies

are also provided.
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Chapter 2

Literature review

2.0 Introduction
Global energy demand is rapidly increasing due to the growing human population, with the

current energy sources unable to meet the staggering daily fuel consumption. More specifically,
the major reliance on fossil fuels as an energy source has led to its depletion (Hirsch et al.,
2005; Ge et al., 2018). Fossil fuels such as coal and oil are non-renewable energy sources that
are most exploited globally and have been predicted to run out in the next 115 and 50 years,
respectively (BP Statistical Review of World Energy, 2019). In addition to their depletion, the
consumption of fossil fuels is harmful to the environment, since its combustion releases
greenhouse gases such as CO», nitrous oxide and fluorinated oxide (Fazal et al., 2018; Ge et
al., 2018). Consequently, the development of alternative energy sources such as biofuels that
are renewable, cost-effective and environmentally friendly is attracting unprecedented research
interest.

Biofuels have emerged as sustainable energy sources which could be produced inter alia from
lignocellulosic waste, vegetable oils, animal fat and industrial wastewaters (Sekoai et al.,
2019). These fuels are considered ‘green’ since they are non-toxic, easily biodegradable,
environmentally benign and sustainable in nature (Moodley and Gueguim Kana, 2019).
Biofuels can be classified based on the carbohydrate sources used for their production. For
example, first generation biofuels involve the use of edible feedstocks to produce biofuels
(bioethanol, biodiesel and biogas) (Khawla et al., 2014, Baeyens et al., 2015). While first
generation biofuels generate high yields, the utilisation of staple crops such as wheat, sorghum,
corn and sugar cane hamper food security. Alternatively, second generation biofuels consists
of non-food crops as substrates, commonly lignocellulosic materials which include rice bran,

sawdust, potato waste, corncob, bagasse, and sugar cane leaves (Gueguim Kana et al., 2012,
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Baeyens et al., 2015; Sebayang et al., 2017; Sewsynker-Sukai and Gueguim Kana, 2018, and
Chohan et al., 2020). The third generation biofuels use various types of microalgal biomasses
as feedstock for the production of biofuels (Sekoai et al., 2019). In recent times, second and
third generation biofuels have gained interest as advanced energy sources that can be harnessed
from waste materials such as potato peels, cassava peels, sugar cane leaves, bagasse and corn
cobs (Khawla et al., 2014). These wastes are abundantly available via agricultural activities
(Adeoye et al., 2015; Elegbede and Lateef, 2018).

Currently, the bio-energy market is expanding (Renewable Fuels Association, 2018). For
instance, global biodiesel production is expanding with an estimated annual increase of 7.3%
to a total of US$54.8 billion by 2025, while, the production of bioethanol is projected to have
an annual growth of 3-7%. The global bioethanol production was estimated at around

100 billion litres in 2017, and is envisaged to double by 2027 (Sekoai et al., 2019).

The most commonly researched biofuels that are attracting global attention include bioethanol,
biodiesel, biohydrogen and biomethane — most particularly, bioethanol from lignocellulosic
feedstock. The production of lignocellulosic-based bioethanol involves four phases. These
include; pre-treatment, hydrolysis, fermentation and distillation processes (Deniz et al., 2015;
Kim et al., 2016; Sewsynker-Sukai and Gueguim Kana, 2018; Moodley and Gueguim Kana,
2019). Bioethanol has been characterised as an environmentally friendly, efficient fuel with
higher oxygen content and higher octane number.

Despite the merits associated with microbial biofuel production processes from lignocellulosic
biomass, microalgae biomass and industrial wastewaters, several challenges plague its
application at large scale. Major limitations of biofuel production may include: high cost and
energy requirement; lack of a suitable substrate that can be utilised by the microbes; and low
product yield (Aruwajoye et al., 2017 and Sewsynker-Sukai and Gueguim Kana, 2018). In an

attempt to overcome these challenges, several bioprocess optimization strategies are being
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investigated, such as more cost-effective substrates, low-cost pre-treatment procedures, low
energy input and the application of biocatalysts such as nano-sized biocatalysts (Kim et al.,
2016; Faloye et al., 2014; Sewsynker et al., 2015; Sewsynker-Sukai and Gueguim Kana, 2018).
The use of nano-sized materials has attracted significant attention in recent decades, due to
intrinsic properties that promote its application in several biotechnological fields such as
bioprocessing, agriculture, biosensor, biopharmaceuticals and medicine (Lateef et al., 2018;
Elegbede and Lateef, 2019a, b; Shanmugam et al., 2020). More specifically, nanotechnology
has been employed in various bioprocesses to improve the microbial metabolic activities by
their integration with metabolic intermediates and key enzyme activities, and consequently
increased glycolytic rates, cell-substrate affinity, growth rate, mass transfer rate, modulation of
oxidation-reduction potential (ORP), enhanced process performance and ultimately, high

product yields.

2.1 The use of nanotechnology in biofuel production
In the recent years, nanoparticles have attracted significant attention due to their distinctive

physical and chemical nature that has been shown to stimulate microbial and enzymatic
biochemical activities in biofuel production. Previous studies have indicated that the
stimulatory and catalytic properties of nanoparticles are strongly influenced by their shape,
size, concentration, surface coating and operating conditions (Resham and Priyabrata, 2008).
The use of biocompatible and bioactive nanomeric additives such as NiO, FesOs and AgO
nanoparticles in biofuel production processes that could significantly improve bioprocess
performance and productivity are being implemented (Abdelsalam et al., 2016). Nanoparticle
surface properties can regulate stability, solubility and targeting of specific cellular receptors
(Howarth et al., 2008). Moreover, the suitability of nanoparticle additives is strongly dependent
on other factors such as operating parameters, the type of substrate and additive type

(Abdelsalam et al., 2016). For instance, monovalent and functionalised nanomaterial might be
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used to stimulate or regulate the activities of individual proteins or enzymes (Fu et al., 2004;
Howarth et al., 2008). More specifically, for biological applications, the surface property is
generally polar, which gives high aqueous solubility that prevents nanoparticles’ aggregation
and ultimately, their performance (Liu et al., 2010). Nanomaterials can also play a vital role to
improve the thermal and pH stability of enzymes (Pandurangan and Kim, 2015). Furthermore,
a coated nanoparticle that is multivalent or polymeric confers high stability. Multivalent
nanoparticles, bearing multiple targeting groups, can cluster receptors, which could activate
cellular signalling pathways and result in stronger attachment and reactivity. Other significant
properties of nanoparticles that could improve bioprocess performance include large surface-
to-volume ratio, high surface reaction activity, high catalytic efficiency, strong adsorption
ability and redox potential that is normally high due to small atomic size (Ansari and Husain,
2012, Abdelsalam et al., 2016). Nanotechnology has been applied in the production of different
biofuels such as biodiesel, bioethanol, biohydrogen and biogas, and these are subsequently

discussed.

2.2 Bioethanol production
Bioethanol is produced when microbes such as Saccharomyces cerevisiae or Zymomonas

mobilis metabolise fermentable sugars under microaerophilic or anaerobic conditions to
produce ethanol and CO» (Baeyens et al., 2015). Different attempts have been made to improve
the bioethanol fermentation process (Kim et al., 2016). These include; process optimization,
microbial engineering and use of catalysis (Kim et al., 2016; Sewsynker-Sukai and Gueguim
Kana, 2018).

Metallic nanoparticles in fermentation process nutrient formulation have recently been
identified as advantageous in stimulating and promoting the bioactivity of ethanol-producing
microorganisms and fermentation productivity (Demirel and Scherer, 2011; Miazek et al.,

2015; Padrova et al., 2015; Kim et al., 2016). Kim et al. (2014) supplemented six different
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nanoparticles to enhance bioethanol production in syngas fermentation using Clostridium
ljungdahlii. The aforementioned study revealed a 34.5%, 166.1%, and 29.1% increase in the
levels of biomass, ethanol, and acetic acid production respectively due to supplementation with
nanoparticles (Kim et al., 2014). These enhancements were ascribed to enhanced gas-liquid
mass transfer by methyl and isopropyl hydrophobic surface modification on the silica NPs
(Kim et al., 2014). The effects could also be attributed to improved metabolic and enzymatic
activities, buffering capacity and oxidation-reduction potential (ORP) of the nano system.
Various reports on the use of nano biocatalysts such as SiO2-CH3, CoFe;04@SiO2-CHsz and

metal oxides in bioethanol production are presented in Table 2.0.
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Table 2.0: Nanoparticles as biostimulatory catalysts in bioethanol production

Studies
Sources Kim et al. (2014) Kim and Lee Kim and Lee (2016)
(2016)
Strain C. ijungdahlii C. ijungdahlii C. ijungdahlii
Temperature (°C) 30 37 37
Nano supplement 0.3 wt% SiO2-CHz 0.3 wt% SiO2-CHsz 0.3 wt% CoFe204@SiO2-CH3
Time (h) 24 60 60
Substrate 0.9 g Fructose 0.9 g Fructose 0.9 g Fructose
Ethanol (g/L) - 0.354 0.489
Ethanol yield 166.1% 126.9% 213.5%
(% improvement)
Repeated cycle ND 5-Batch 5-Batch
pH 6.8 6.8 6.8
Productivity (g/L/h) ND 0.020 0.027
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2.3 Biodiesel production
Biodiesels are alkyl esters of both short- and long-chain fatty acids from either animal fats or

vegetable oils. Production of biodiesel from microalgal lipids, vegetable oils and animal oils
has attracted interest due to the many benefits of biodiesel, namely: feed stocks are highly
abundant since they are regarded as waste; food security-wise; reduced production cost;

decreased CO» emissions; and its degradability (Sekoai et al., 2019).

Biodiesel is a clean energy source that is considered a suitable substitute for the conventional
petroleum diesel. This is due to its higher energy density, enhanced lubricating property,
environmental friendliness and capacity to be produced using non-edible oils (Sekoai et al.,
2019). Nanotechnology has been employed in biodiesel production to achieve high product
yields (Lee and Lee, 2015). Chen et al. (2018) have reported on the impact of supplementing
Fe304/ZnMg(Al)O nanoparticles in biodiesel production using microalgal oil (Table 2.1). The
incorporation of Fes04/ZnMg(AI)O NPs favoured the biodiesel production, resulting in a high
yield of 94% (Chen et al., 2018). Similarly, Tahvildari et al. (2015) evaluated the catalytic and
synergistic potential of CaO and MgO nanocatalysts on biodiesel production from waste
cooking oil. The combination of both NPs showed an excellent catalytic efficiency, resulting in
biodiesel yield of 98.95%, which was attained with 0.7 g of CaO and 0.5 g of MgO

nanoparticles (Tahvildari et al., 2015).

In another study, Dantas et al. (2017) reported on the influence of copper-magnetic nanoferrites
on methyl transesterification of soybean oil and demonstrated up to 85% enhancement in the
biodiesel yield. Furthermore, acid-functionalised magnetic nanocatalyst was evaluated for
catalytic potential in the transesterification of glyceryl trioleate to biodiesel (Dantas et al.,
2017). The acid-functionalised nanoparticles (sulfamic silica-coated crystalline Fe/Fe3O4
core/shell magnetic nanoparticles) additives showed notable catalytic activity, with high

biodiesel conversion of more than 95% (Wang et al., 2015). Also, Chiang et al. (2015) used
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functionalised nanoparticles (FesOs@silica core-shell nanoparticles) for microalgal oil
conversion to biodiesel and obtained a high percentage yield (97.1%). The use of calcite-Au
nanoparticles for biodiesel production has been evaluated by Bet-Moushoul et al. (2016). These
authors recorded a conversion value of 97.5% at 3% calcite-Au nanoparticles catalyst loading.
The application of nanoparticles in biodiesel production has showed an enhanced substrate
conversion, increased productivity, catalyst recovery and reusability. Various nanoparticles

have been employed as biocatalysts for the enhancement of biodiesel production.
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Table 2.1: Nano-additives employed in biodiesel production processes

NPs Feedstock NPs (wt%b) Yield (%) Cycle References

Fe304/ZnMg(Al)O Microalgal oil ND 94 7 Chen et al. (2018)
CaOo Microalgal oil 1.7 86 ND Pandit et al. (2017)
ZnO Waste cooking oil 1.5 96 ND Varghese et al. (2017)
S04%/Zr02 Waste cooking oil 2.9 94 Vahida et al. (2018)
Ni-ZnO Castor oil 111 95 ND Baskar et al. (2018)
CaOo Bombax ceiba oil 1.5 96 ND Hebbar et al. (2018)
Calcite-Au Sunflower oil 0.3 98 10 Bet-Moushoul et al. (2016)
Sulfamic silica- Fe/Fe3O4 Glyceryl trioleate ND >95 5 Wang et al. (2015)

ND, Not determined



2.4 Biohydrogen production
Biohydrogen is generated during the microbial fermentation of suitable substrates and it

involves diverse groups of microorganisms (Han et al., 2011; Faloye et al., 2014). These
microorganisms are able to utilise organic matter such as lignocellulosic wastes, food wastes,
municipal wastes and animal manure during dark fermentation (Han et al., 2011). The
application of nanoparticles for the improvement of dark fermentative biohydrogen production
has been reported in several studies. Many of these efforts have yielded positive and desirable
results as shown in Table 2.2.

A plausible explanation for increased biohydrogen yields is due to the ability of nanoparticles
to improve the process buffering capacity, which in turn stimulates and enhances the activity
of hydrogenase enzymes and substrate hydrolysis (Han et al., 2011). The addition of
nanoparticles has been shown to enhance the hydrogen-producing metabolic pathways such as
acetate and butyrate reactions and hydrolysis and acidification processes. For instance, the study
by Han et al. (2011) supplemented hematite nanoparticles at 200 mg/L as a bioactive to a
bacterial mixed culture (pH 6.0, at 35C) and this resulted in a 30% improvement in the hydrogen
yield (Table 2.2). The authors attributed this increase to enhanced metabolic activities that

favour hydrogen formation pathways (Han et al., 2011).

Furthermore, Wimonsong and Nitisoravut (2015) investigated the activity of nano-porous
activated carbon (NAC) in batch fermentative biohydrogen production (using sucrose-fed
anaerobic mixed bacteria culture, at 37C). The nanoporous activated carbon resulted in low
concentration of butyric acid with 77% absorption capacity, thereby increasing the buffering
capacity of the system (Wimonsong and Nitisoravut, 2015). This invariably improves the
physiological state and fermentative activities of biohydrogen-producing microbes that lead to
high hydrogen yield in the system (Wimonsong and Nitisoravut, 2015). Moreover, the effects

of silver nanoparticles concentration (0-200 nmol/L) on glucose-fed and pre-treated mixed
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bacteria culture in an anaerobic batch reactor was investigated and revealed a 61.45%
improvement in fermentative hydrogen production at 20 nmol/L (silver nanoparticles) (Zhao et
al., 2013). In another study, MCM41 nanoparticles with or without a functional group
influenced syngas fermentation in a system for biohydrogen production (Haiyang et al., 2010).
Findings from the aforementioned study showed that biohydrogen yield was enhanced twofold
in the presence of 0.6 wt% of the MCM41 nanoparticles functionalised with 5% molar ratio of
mercaptopropyl group (Haiyang et al., 2010). The enhanced hydrogen yield was due to
improved CO-water mass transfer (water-gas shift was biologically and effectively mediated)
through the addition of the functionalised MCM41 nanoparticles (Haiyang et al., 2010).
Similarly, in a recent study, Vi et al. (2017) optimized fermentative biohydrogen-producing
conditions of substrate concentration, pH and FeSO4 nanoparticle concentration. Cumulative
biohydrogen yield of 3.50 g/L was achieved at optimized setpoints of 27.63 g/L, 6.10 and 0.063
g/L, for substrate concentration, pH and FeSOs NP concentration, respectively. Additional
studies on the influence of different nanoparticles on biohydrogen production are summarised
in Table 2.2 (Hydrogen yield: Highest H2 yield in mol Ho/mol substrate, Nanoporous activated

carbon: NAC, Nickel-graphene: Ni-C).
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Table 2.2a: Effect of nanobiocatalyst on fermentative biohydrogen yield

Techniques Substrates Inoculum Additives Highest H2 yield References
Batch Sucrose C. butyricum Hematite NPs 3.57 Han et al. (2011)
Batch Starch Enterobacter aerogenes Fe203 NPs 192.40 Lin et al. (2016)
Batch Glucose Sewage sludge Gold NPs 2.48 Zhao et al. (2013)
Batch Sucrose A. sludge NAC 2.60 Wimonsong and Nitisoravut, (2015)
Batch Sucrose Fe® NPs 4.20 Heguang et al. (2014)
Batch Glucose E. cloacae Iron NPs 1.90 Nath et al. (2015)
Batch Glucose A. sludge Nickel NPs 2.54 Mullai et al. (2013)
Batch Wastewater Sewage sludge Nickel NPs 24.73 H2/g COD El Reedy et al. (2017)
Batch Wastewater Sewage sludge Ni-C NPs 41.28 H2/g COD El Reedy et al. (2017)
Batch Glucose C. butyricum Silver NPs 0.97 Sekoai et al. (2019)
Batch Glucose E. cloacae Copper NPs 1.39 Mohanraj et al. (2016)
Batch Glucose C. butyricum Copper NPs 1.01 Sekoai et al. (2019)
Batch Glucose C. butyricum Pd NPs 0.97 Sekoai et al. (2019)
Batch Distillery wastewater A. sludge Fe>O3+ NiO NPs  8.83 mmol/g-COD Gadhe et al. (2015a)
Batch Dairy wastewater A. sludge Fe2O3+ NiO NPs  17.2 mmol/g-COD Gadhe et al. (2015b)

Footnote: Highest H2 yield in mol Hz/mol substrate, Nanoporous activated carbon (NAC), Nickel-graphene (Ni-C), Activated carbon (A-
C), Activated sludge (A. sludge), Dry weight (DW), Clostridium butyricum CWB11009, Enterobacter cloacae DH-89, Bacillus anthracis
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Table 2.2b: Effect of nanobiocatalyst on fermentative biohydrogen yield

Techniques Substrates Inoculum Additives Highest H2 yield References
Batch Glucose C. pasteurianum CH5 TiO2 NPs 2.1 Sekoai et al. (2019)
Batch Distillery wastewater A. sludge NiO NPs 6.73 mmol/g-COD Gadhe et al. (2015a)
Batch Dairy wastewater A. sludge NiO NPs 15.7 mmol/g-COD Gadhe et al. (2015b)
Batch Glucose and starch A. sludge NiO NPs 1.3 Sekoai et al. (2019)
Batch Palm oil effluent B. anthracis NiO NPs 560 mL/g-COD Mishra et al. (2018)
Batch Sugar cane bagasse hydrolysate A. sludge Fes04 NPs 1.21 Reddy et al. (2017)
Batch Glucose A. sludge Fe3O4 NPs 1.53 Sekoai et al. (2019)
Continuous  Sucrose wastewater Sewage sludge Fe203 NPs 300 mL/g-sucrose Salem et al. (2017)
Batch Distillery wastewater A. sludge Fe203 NPs 7.85 mmol/g-COD Gadhe et al. (2015a)
Batch Dairy wastewater A. sludge Fe203 NPs 16.75 mmol/g-COD Gadhe et al. (2015b)
Batch Sucrose Cracked cereals Fe>O3 NPs 3.21 Han et al. (2011)
Batch Glucose and starch A. sludge Fe203 NPs 1.92 Sekoai et al. (2019)
Batch Cassava starch E. aerogenes ATCC13408 Fe203 NPs 124.3 mL/g-starch Lin et al. (2016)
Batch Glucose E. aerogenes ATCC13408 Fe203 NPs 192.4 mL/g-glucose Lin et al. (2016)
Batch Glucose C. acetobutylicumNCIM2337 Fe2O3 NPs 2.33 Mohanraj et al. 2004

Batch Palm oil effluent B. anthracis CoO NPs 0.487 L/g-COD Mishra et al. (2018)

Footnote: Highest Hz yield in mol Hz/mol substrate, Clostridium pasteurianum CHS5, Bacillus anthracis PUNAJAN 1,

Enterobacter cloacae 811101, Enterobacter aerogenes ATCC13408, Clostridium acetobutylicum NCIM23
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2.5 Biogas production
Anaerobic digestion is one of the most important techniques used to convert organic waste

biomass into renewable energy in the form of biogas (Abdelsalam et al., 2016). The anaerobic
digestion process is relatively slow and is carried out by a mixed consortium of microorganisms.
Anaerobic digestion depends on various process parameters such as pH, temperature, hydraulic
retention time and carbon/nitrogen (C/N) ratio, among others (Abdelsalam et al., 2016). This
process consists of a series of microbial processes that convert organic matter to biogas, which
could take place under psychrophilic (<20 °C), mesophilic (25-40 °C) or thermophilic (50-65
°C) conditions (Abdelsalam et al., 2017a). Biogas production from organic matter mainly
depends on the contents of the substrates that can be degraded to CH4, H> and CO. Substrate
composition, biodegradability and nutrients are key factors for biogas yield. The use of
catalytic, stimulatory and biochemical nanoparticles additives in anaerobic digestion processes
could improve biogas production significantly and have previously recorded promising results
(Table 2.3). These positive outcomes have been related to effective electron transfer (oxidation-
reduction potential), cofactor of key enzymes and improved hydrolysis of organic matter. For
example, the influence of zero valent iron (ZV1) and Fe>O3 nanoparticles on biogas production
using activated waste sludge was reported by Wang et al. (2016). These authors indicted that
ZV1 NPs (10 mg/g TSS) and Fe2O3 NPs (100 mg/g TSS) enhanced the biogas production by
2.20-fold and 2.17-fold, respectively (Wang et al., 2016). Their results demonstrate that
nanoparticles inclusion has a positive effect on the activity of methanogenic archaea. Similarly,
Su et al. (2013) assessed the effects of 0.1 wt% ZVI NPs on biogas production and methane
production using activated waste sludge, and these resulted in 30% and 13.2% increase in
concentration, respectively. Furthermore, Abdelsalam et al. (2017a) reported that the addition
of Co NPs (1 mg/L) notably increased biogas and methane volume by 1.64 and 1.86 times,

respectively. The same authors also observed substantial improvements in the biogas and
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methane volume by 1.74 and 2.01 times, respectively, when 2 mg/L Ni NPs were included in
the anaerobic digestion of livestock slurry.

On the other hand, the study by Abdelsalam et al. (2016) varied Co, Ni, Fe and Fe30s
nanoparticle concentrations (1, 2, 20 and 20 mg/L) to assess their impacts on biogas and
methane production from anaerobic digestion of livestock slurry. The aforementioned study
revealed that these NPs enhanced the biogas and methane production (Abdelsalam et al., 2016).
Similarly, a study by Gonzalez-Estrella et al. (2013) revealed that FesO4 and ZVI nanoparticles
enhanced biogas production by 66% and 45% respectively. This improved process productivity
of nano-base anaerobic digestion can be ascribed to the proliferation of methanogens resulting
from the promotion of direct interspecies electron transfer by nanoparticles (Park et al., 2018).
The inclusion of nanometric materials also enhances the formation of essential biogas pathway
intermediates such as acetate, butyrate, formate and hydrogen, while reducing others like
ethanol (Sekoai et al., 2019).

In addition to the abovementioned impacts of NPs in anaerobic digestion, other catalytic effects
include increased substrate conversion, which can be attributed to the large surface-area-to-
volume-ratio provided by nanoparticles for microbes and enzymes to bind in active sites thereby
promoting their biochemical (such as complexation, aggregation) and metabolic processes.
Furthermore, nano-based anaerobic digestion provides an interdependent process condition that
permits the oxidation state of nanoparticles to be altered by microorganisms acting as catalytic
agents. A few studies showing the impacts of different nanoparticles on the biogas production

is summarized in Table 2.3.
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Table 2.3: Nanocatalysts in anaerobic digestion for biogas production

NPs Inoculum Biogas (mL gas g*VS)  Methane* References

Ni Livestock slurry 615 362 Abdelsalam et al. (2017a)
Co Livestock slurry 579 333 Abdelsalam et al. (2017a)
Ni Livestock manure 512 304 Abdelsalam et al. (2016)
FesOq Livestock manure 496 303 Abdelsalam et al. (2016)
Fe Livestock manure 424 234 Abdelsalam et al. (2016)
Co Livestock manure 491 281 Abdelsalam et al. (2016)
Nzvi Livestock manure 513 286 Abdelsalam et al. (2017b)
FesO4 Livestock manure 584 352 Abdelsalam et al. (2017Db)
Nzvi Dehalococcoides sp. ND 275 pmol Xiu et al. (2010)

Nzvi Waste-activated sludge ND 217 Wang et al. (2016)

Fe203 Waste-activated sludge ND 212 Wang et al. (2016)

CuO Anaerobic granular sludge  ND 6gCODCHsL1d? Otero-Gonzalez et al. (2014)

ND, Not determined; * mL gas g'VS except where otherwise stated
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2.6 Nanoparticles as immobilization matrix for biofuel production
Common immobilization approaches (cells or enzymes) employ materials with sizes above the

nanometre (10°°) range (Nickzad et al., 2012; Wiboon et al., 2012; Charlimagne et al., 2012;
Martins et al., 2013; Zhaohui et al., 2016). Nevertheless, nanoparticles have been well
established as an immobilization matrix and have desirable biotechnological advantages, which
include large surface to volume ratios, high loading of the specific molecules targeted, easy
separation from the reaction using an external magnetic field and strong adsorption ability (Han
et al., 2011). In addition, multivalent nanoparticles, bearing multiple targeting groups can give
stronger anchoring for cells and enzymes (Willner et al., 2006; Han et al., 2011; Ansari and
Husain, 2012).

Nanoparticles can also play a vital role in the improvement of thermal and pH stability of
microbial cells and enzymes (Pandurangan and Kim, 2015). For instance, magnetic
nanoparticles are suitable for lipase immobilization, due to their ability to form nanocrystals.
This phenomenon increases thermal stability and reusability of the enzyme. Furthermore, the
formation of nanocrystals tends to clump together, increasing the biocatalyst surface area.

The incorporation of nano-immobilized enzymes/microbes is beneficial for bioprocessing,
since they enhance process costs, conversion efficiency and the overall process performance
(Sekoai et al., 2019). Limited studies exist on the application of nanoparticles as an
immobilization matrix in biofuel production (Table 2.4). The study by Tran et al. (2012)
immobilized lipase on magnetic nanoparticles (FezO4) coated with silica (Fes0s-SiO2) and
demonstrated an increased tolerance to high methanol-to-oil-ratio (67:93) in an in-situ
transesterification of Chlorella vulgaris lipid. Furthermore, the immobilized lipase could
withstand high water content of 71% with a biodiesel conversion value of 97.3 wt% oil (Tran
et al., 2012). Likewise, lvanova et al. (2011) assessed the effect of immobilized S. cerevisiae
on bioethanol productivity. The immobilized cells substantially enhanced bioethanol

productivity. Moreover, the entrapped cells were employed successfully over 42 days without
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a significant loss of bioethanol productivity. Similarly, the study by Cherian et al. (2015)
reported on cellulase immobilized on MnO> nanoparticles and found the immobilized enzyme
to be more thermostable at 70 °C. Also, the reusability (after five cycles, retained 60% activity)
of cellulase was significantly increased after immobilization. Studies showing the influence of
various nanoparticles as immobilization agents for biofuel production are summarized in Table

2.4.
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Table 2.4: Nanoparticles immobilization matrix employed in biofuel production

NPs matrix Cell/enzymes Process Biofuel produced References
MnO2 Cellulase Sugar hydrolysis Bioethanol Cherian et al. (2015)
SiO; [-galactosidase Sugar hydrolysis Bioethanol Beniwal et al.(2018)
Nanofiber B-Glucosidase Sugar hydrolysis Bioethanol Lee et al. (2010)
FesO4 a-amylase Starch liquefaction Bioethanol Ivanova et al. (2011)
FesO4 Glucoamylase Sugar saccharification Bioethanol Ivanova et al. (2011)
FesO4 S. cerevisiae Fermentation Bioethanol Ivanova et al. (2011)
Fe304-SiO2 Lipase Lipid transesterification Biodiesel Tran et al. (2012)
SiO; Lipase Lipid transesterification Biodiesel Babaki et al. (2016)
Fes04-SiO; Lipase Lipid transesterification Biodiesel Thangaraj et al. (2016)
Modified Fe3O4 Lipase Lipid transesterification Biodiesel Raita et al. (2015)
Modified Fe304 Lipase Lipid transesterification Biodiesel Zhang et al. (2016)
Magnetic NPs Candida antarctica lipase Lipid transesterification Biodiesel Mehrasbi et al. (2017)

carbon nanotubes Lipase Lipid transesterification Biodiesel Fan et al. (2016)




2.7 Bioprocess modelling: optimization and kinetics
The optimization of process conditions such as temperature, pH, nutrient and substrate

concentration is an important factor in the development of economically feasible bioprocess,
owing to their impact on the process. Process optimization aids the reduction of the cost-profit-
ratio for the development of an industrial-scale production system (Faloye, 2015). Bioprocess
optimization is vital to industrial production processes, in which even slight improvements can
be essential for the commercialisation of a process. Process performance and product formation
are influenced by many process parameters, which include the fermentation conditions, strain
of fermenting microbe, substrate type and the bioreactor configuration (Qazizada, 2016; Rorke
etal., 2017).

The traditional method of one factor at a time is a technique that examines one variable singly,
keeping the other parameters constant. The result obtained is represented on a graph to depict
the effects of the single factor on the process output (Faloye, 2015). Several studies on the
optimization of fermentation process focused on the method of one variable at a time method
(OVAT), which is practically insufficient to accomplish appropriate optimization in a finite
number of experiments (Izmirlioglu and Demirci, 2012; Betiku and Adesina, 2013; Betiku and
Ajala, 2014; Adeoye et al., 2015; Adeeyo et al., 2016; Bamigboye et al., 2019). Moreover, the
OVAT technique is usually not preferred because many potential influential factors may be
involved in the fermentation process and their interactive effect might not be accounted for
(Faloye, 2015). Modelling and optimization have been employed with the aim of improving
bioprocessing using various modelling tools. Owing to the limitations of other methods of
optimization such as OVAT, statistical techniques such as Response Surface Methodology
(RSM), Artificial Neural Networks (ANN) and genetic algorithm among others are

progressively being used (Nikzad et al., 2015; 1zmirlioglu and Demirci, 2016).
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The RSM allows for the identification of many factors and their interactive influences on the
process yield and has been reported in the modelling and optimization of various bioprocesses
(Rorke et al., 2017). Response surface methodology is a blend of stepwise mathematical,
statistical and empirical techniques developed to improve and optimize bioprocesses. The
advantages of this technique include, minimum experimental runs, less process time, flexibility
of variable assigning, closer confirmation of the output response to the target requirements,
assessment of relations existing between experimental factors and the target responses (Talasila

and Vechalapu, 2015).

Knowledge on the relationships that exists among the experimental variables and the set points
that can produce the optimal value of the desired response are the most important features of
the RSM (Izmirlioglu and Demirci, 2012). Central composite design and Box-Behnken design
are examples of commonly used response surface methodology. Box-Behnken experimental
design is a three-level fractional factorial model, with a two-level factorial design plus an
incomplete block design. Box-Behnken design is more cost-effective to use compared to the
central composite design, because of the use of few experimental factors and lack of extreme

levels (too high or low levels) (Rorke et al., 2017).

A second-order polynomial model is usually developed based on the data obtained from the
experiments to depict the effects of the multiple factors on the target output. Response surface
and contour map plots from the model display the variation of the influence of two interactive
factors while keeping the other factor level constant. The plots shows the response over the
different factor levels, plus the sensitivity of the response to any change in the factor. The
model is lastly subjected to analysis of variance for estimation and the determination of factors

with significant impact on the target response (Faloye, 2015).

Optimization is one of the essential procedures to develop a more robust process for industrial

application to improve bioethanol yield (Faloye, 2015). Currently, different studies are focused
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on using statistical techniques to optimize the key operational parameters such as temperature,
pH, agitation speed and substrate concentration that affect the process of ethanol fermentation.
Optimization of experimental design is of immense importance in fermentative bioethanol
process due to the complexity and influence of many process factors; therefore, a suitable
experimental design must be employed to assess the effects of these parameters. Equally, the
model provides valuable suggestions for the analysis, design and operation of the bioreactor

(Izmirlioglu and Demirci, 2016).

Bioprocess kinetic modelling enables assessment of the biochemical characteristics of a
microbial or an enzymatic process. Kinetic modelling allows for improved productivity and
product yield as well as high product quality. Similarly, this technique could help in reducing
the formation of process unwanted by-products (Almquist et al., 2014). These models can be
used for virtual experimentation to reduce time and costs related with process development.
Additionally, the implementation of these kinetic models provides a robust foundation for
process design, control, optimization and ultimately lower the challenges faced during process

up-scaling (Linville et al., 2013).

Commonly used kinetic models in bioprocess include the Monod model, Gompertz model and
logistic function model. Monod models are employed to express the relationship between
biomass growth and the limiting substrate, and similarly, the changes in microbial population
as a function of growth rate, initial biomass and maximum biomass concentration, and time,
assuming sufficient substrate can be expressed by logistic model. At the same time, the
modified Gompertz models are used to obtain vital process coefficients such as lag time,
maximum product concentration and the maximum production rate (Imamoglu and Sukan,

2013; Linville et al., 2013; Putra et al., 2015).
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2.8 Process inhibitory compounds production
The formation of inhibitory compounds and the need to reduce their effect or detoxify these

compounds has been one of the challenges of high-process efficiency in bioprocessing.
Numerous process-inhibitory compounds have been identified in bioprocessing. These include
aldehydes, amines, amides, lactones, sulphur-containing compounds, alkanals, ketones,
phenolics, aliphatic acids, alkanols and benzenoids (Han et al., 2011; Rorke et al., 2017).
Moreover, the influence of various process inhibitors have been reported in scientific literature.
For instance, Cao et al. (2010) reported the impact of different concentrations of inhibitory
compounds such as furfural and 5-hydroxymethyl furfural (HMF) on biohydrogen production
from xylose with Thermoanaerobacterium thermosaccharolyticu W16. The authors reported
hydrogen inhibition at concentrations above 1.5, 2.0, 1.0, 2.0 and 10 g/L for furfural, HMF,
syringaldehyde, vanillin and acetic acidic respectively. Similarly, furfural and the HMF
compounds could lower microbial enzyme activity during fermentation. Additionally, phenolic
compounds will permanently disrupt microbial cell membranes (Quemeneur et al., 2012).
While aliphatic acids could diffuse into microbial cells, this lowers intracellular pH which
impedes ethanol production as well as hampering RNA and protein synthesis and the degrading
of microbial DNA molecules. Furthermore, the harsh pre-treatment conditions required to
break down the lignocellulose structure often result in the formation of compounds that have
been proven to inhibit the saccharification step alongside the fermentation process (Kamal et
al., 2011). Lignocellulosic biomass pre-treatment inhibitory by-products include compounds
of aldehydes, amines, amides, lactones, phenolics, sulphur-containing compounds, alkanals,
ketones, phenolics and aliphatic acids (Rorke et al., 2017). These are xylose and glucose
oxidation products, while, some phenolic compounds are derivative of partial lignin
degradation (Cao et al., 2010). These inhibitory by-products have different negative effects in
bioprocessing, including furfural inhibiting bioprocesses, anaerobic growth of the microbes,

causing damage to vacuole and mitochondrial membranes by the conversion of furfural to
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furfuryl alcohol and the accumulation of reactive oxygen species within yeast cells (Rorke et
al., 2017).

Acetic acid is generated in large amounts during acid pre-treatment and fermentation process.
The dissociation of acetic acid within the neutral cell environment results in a drop in pH,
consequently impeding cell activity (Rorke et al., 2017). Furthermore, other aliphatic acids
such as formic and levulinic acid, which are furan degradation products, hamper bioethanol
production by causing intracellular accumulation of anions; and an attempt to correct this by
the fermenting cell results in unnecessary use of ATP, resulting in less being accessible for
biomass formation.

Other important inhibitory compounds are the phenolic compounds. Although, the overall
amount of phenolic compounds generated during pre-treatment is much lower than furan
derivatives and carboxylic acids, the effect exerted by phenolics on bioprocesses is more
pronounced (Harmsen et al., 2010). The inhibitory effect of phenolic compounds include
generation of reactive oxygen species, loss of cell membrane integrity, reduction in specific
growth rate and lowering fermenting cell adaptation to sugars present (Harmsen et al., 2010).
Hence, detoxification or by-product elimination technique is essential to remove these
inhibitory compounds before downstream fermentative process. The detoxification process
employs chemical, physical and biological techniques. Detoxification is the removal of toxic
chemical compounds such as aliphatic acids and phenolics from a process, including biological
processes such as fermentation. Detoxification processes have been suggested as one of the
effective approaches to reduce the concentration of fermentation inhibitory compounds (Deng
and Aita, 2018). Optimization of the detoxification conditions is necessary for maximising

bioproduct yields from lignocellulosic biomass.
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2.9 Bioprocess scale-up
Bioethanol fermentation experiments described in scientific literature are frequently conducted

at laboratory-scale while, data on scale-up bioethanol production studies are scantily reported
(Ghimire et al., 2015). The scale-up of a fermentation process requires several important
engineering considerations which ultimately dictate process performance. Other aspects which
require precise compromise between intrinsically contradictory but desirable characteristics are
the metabolic processes and economic factors regarding the best economic efficiency
(Qazizada, 2016).

Four techniques, namely, fundamental methods, semi fundamental methods, dimensional
analysis and the rule-of-thumb are widely used in scaling up. The parameters employed in these
techniques are usually correlated to reactor geometry, mass transfer, mixing activity, power
consumption, bulk rheology, cell viability, substrate and products concentration, micro-
conditions, nutrients’ state and availability in the bioreactor (Deniz et al., 2015; Qazizada,
2016). The design of an industrial-scale ethanol fermentation process depends on growth
conditions, nutrient formulation, the target product, microbial strain, bioreactor geometry and
fluid hydrodynamics. Therefore, for a certain product, suitable and comprehensive process
parameters which are directly linked to improved productivity and scaling-up potential has to

be established.

2.10 Present challenges and future perspectives on nano application in biofuel production
Fermentative production of biofuel is achieved by the bioconversion of fermentable sugars
contained in organic waste through pre-treatment and fermentation processes. However, the
wide application of fermentative biofuel production has always been limited on account of the
need for suitable feedstock, inefficient pre-treatment regimes and low process yield. To address
the low process yield in fermentative biofuel production, catalytic nano-sized materials are

being employed as one of the approaches to improve biofuel productivity (Han et al., 2011;
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Abdelsalam et al., 2016). Although, this approach has been implemented in various biofuel
production projects, such as for biohydrogen, biomethane, biogas and biodiesel, there is paucity
of literature on the application of this technique in bioethanol production (Han et al., 2011;
Ivanova et al., 2011; Abdelsalam et al., 2016; Abdelsalam et al., 2017a; Mehrasbi et al., 2017,
Shanmugam et al., 2020). The impact of nanoparticles in microbial fermentation include:
enhanced metabolic activities leading to improved cell growth and productivity; reduction in
the oxidation-reduction potential of the process; improvement of buffering capacity; reduction
in organic inhibitors accumulation; and Efficient immobilisation matrix due to large surface
area and modifiable surfaces (Han et al., 2011; Ivanova et al., 2011; Ban and Paul, 2014;
Abdelsalam et al., 2016; Abdelsalam et al., 2017a; Thangaraj et al., 2016; Beniwal et al.,
2018). Despite the merits of nanoparticle application in biofuel processes, several problems
still plague its implementation, including the cost of synthesising the nanoparticles (achieving
a cost-effective biofuel production process will require thorough considerations of the
economic implications involved in the synthesis of nanomaterials), biocompatibility of

nanomaterials, mechanism of action, reusability, process optimization and scalability.
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CHAPTER 3
Impact of various metallic oxide nanoparticles on ethanol production by Saccharomyces

cerevisiae BY4743: Screening, kinetic study and validation on potato waste

This chapter has been published with the title: Impact of various metallic oxide nanoparticles
on ethanol production by Saccharomyces cerevisiae BY4743: Screening, Kinetic study and
validation on potato waste in Catalysis Letters (149 (7) (2019) 2015-2031). The published

paper is presented in the following pages.
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Abstract

This study investigates the impact of nine (9) metallic oxide nanoparticles (NPs) on ethanol production by Saccharomyces
cerevisiae BY4743. Ethanol concentrations decreased at higher NPs (above 0.02 wt%) for all the NPs studied. Ethanol
production was mainly enhanced by Fe,0, NPs with a maximum ethanol yield of 0.26 g/g, glucose utilization of 99.95%,
0.22 g/L/h ethanol productivity and 51% fermentation efficiency at 0.01 wi%. The logistic and modified Gompertz kinetic
models gave R? values > 0.88. The highest maximum specific growth rate (Hyq0), potential maximum ethanol concentration
(P,,) and maximum production rate of 0.80 h™', 5.24 g/L and 0.72 g/L/h were obtained with 0.01 wt% NiO NPs and Fe-Ag
NPs respectively. Nano inclusion in a simultaneous saccharification and fermentation (NISSF) process enhanced ethanol
production from potato peels by 1.60-fold and 1.13-fold using NiO and Fe;O, NPs respectively. These findings demonstrated
the suitability of NiO and Fe;O, NPs biocatalyst for their application in bioethanol production from agro waste such as
potato peels.

Graphical Abstract

Electronic supplementary material The online version of this
article (hups://doi.org/10.1007/510562-019-02796-6) contains
supplementary material, which is available 1o authorized users.

Extended author information available on the last page of the article

Published online: 04 May 2019 € Springer

100



101

I. A Sanusi et al.

Keywords Nanobiocatalyst - Ethanol - Fermentation - Kinetics model - Potato waste

1 Introduction

The last few decades, have witness an increasing demand for
alternative sources of fuels due to the excessive consump-
tion of fossil fuels globally and their environmental impacts.
Thus, alternative and sustainable energy sources, such as
bioethanol may reside in the production of renewable ener-
gies [1]. Bioethanol exhibits several advantages over fossil
fuel, which include its renewable nature, ease of storage,
higher combustible oxygen content, higher octane rating,
zero sulfur and nitrogen content. Additionally, it reduces
greenhouse gas emissions, thus alleviating air pollution and
global warming [2]. Unlike other prospective renewable
energy sources such as biohydrogen and biogas, bioethanol
storage, transportation, and utilization are compatible with
existing infrastructure for fossil fuel products thus making
it a suitable replacement for conventional fossil fuels [3].
However, a sustainable, renewable supply of bioethanol to
meel present energy requirements is not available. Though,
the present bioethanol technologies offer potential for prac-
tical application but are still faced with many challenges
[4]. These include the need for enhancing the bioactivity
and stress tolerance of ethanol-producing microorganisms
[5, 6], cost-effective fermentation process that will result
in high ethanol yield, efficient utilization of substrate and
shorter fermentation time [5]. Several research efforts have
been made to enhance the bioactivity of ethanol-producing
yeast, and to improve the conversion efficiency of substrate
to ethanol [5, 7, 8]. High conversion efficiency of substrates
and satisfactory ethanol yield has remained a challenge.
Attempts to improve the bioactivity of ethanol-producing
yeast in a fermentation process through the administration
of micronutrient has been reported [9, 10]. These micro-
nutrients are required in low concentration and their defi-
ciency can impact on the production of enzymes, coenzymes
and growth factors required for metabolism and ultimately
reduces metabolic activity [11]). The impacts of micronutri-
ent deficiency on fermentation process include; increase in
volatile fatty acids formation and accumulation, weak buff-
ering capacity and poor enzymatic activities [10]. Micronu-
trients are vital constituents of cofactors and enzymes and
their addition to fermentation process has the potential to
stimulate and enhance bioethanol process performance [5,
12]. Micronutrients form the metal component at the active
site of enzymes that catalyze many metabolic processes
such as alcohol dehydrogenase and pyruvate decarboxylase
that catalyze the conversion of pyruvic acid to ethanol [13].
Besides acting as a cofactor for many enzymes, they are also
required for the structural stability of many proteins such as
the regulatory proteins as well as structural proteins, many
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of which exert important controls on cellular metabolic pro-
cesses and eventually process performance [5). For example,
micronutrients such as iron (Fe), nickel (Ni), cobalt (Co),
zinc (Zn), silicon (Si) are essential for cell growth and prod-
uct formation and have been reported to enhance bioprocess
performance [4, 14].

The increasing application of Nano chemistry in bio-
technology has the potential to enhance the bioactivities of
ethanol-producing yeast and bioethanol conversion. Nano-
materials have unique physical and chemical properties and
are gaining prominence in areas such as biomedical science,
environmental science biotechnology, optics, magnetics,
catalysis and energy science [4, 15, 16]. Some of the bio-
processing applications of nanoparticles have been reported
for enzyme encapsulation [17], DNA transfection [18)] and
biosensors [19). The catalytic potentials of these particles
largely depend on their sizes, shapes, stabilizing agents
and operating conditions. Furthermore, some nanoparticles
have shown that they can improve the kinetics of bioprocess
through the capacity to react rapidly with electron donors
and enhance the bioactivity of microbes as biocatalysts [20].
Similarly, some microorganisms in the presence of nanopar-
ticles especially under anaerobic condition, transfer more
efficiently electrons to acceptors [21]. Many new catalytic
systems with nanoparticles as biocatalyst are now being
explored [22]. Abdelsalam et al. [23], achieved improvement
in biomethane production when substrates were treated with
1 mg/L Co NPs. Similarly, an enhancement in biohydrogen
yield by 200% was observed with the addition of 0.6 wt%
functionalized MCM41 nanoparticles during syngas fermen-
tation [22]. Zhang and Shen [24], also reported that the addi-
tion of 5 nm gold-nanoparticle improved the efficiency of
biohydrogen fermentation substantially, and the maximum
increase of hydrogen yield reached 36% compared with the
control experiment. There is a dearth of knowledge on the
impact of nanoparticles in bioethanol processes using agri-
cultural waste substrates [5, 25, 26]. Supplementary nano-
particles’ inclusion approach can promote fermentative etha-
nol production at certain concentrations as well as modify
the microorganism metabolic pathway to favour ethanol
production [4, 15]. Nevertheless, nanoparticles at high con-
centrations can also inhibit the activity of ethanol-producing
microbes through various mechanisms including membrane
disruption [27]. Therefore, the paradox effect of metallic
oxide nanoparticles on the fermentative utilisation and con-
version of substrates makes it an attractive area of research.
Moreover, there is a scarcity of information regarding the
impact of metallic oxide nanoparticles on the bioactivity
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of S. cerevisiae BY4743 and the kinetics assessment of the
fermentation efficiency of substrates for biofuel production.

Kinetic modelling is required in bioprocesses develop-
ment for industrial scale application [28). These models
define the production process under different process con-
ditions which can help improve the product yield, quality,
productivity and reduce undesirable by-products. Logistic
function models describe the changes in microbial growth
as a function of cell growth rate, initial and maximum bio-
mass concentration and time [29]. The modified Gompertz
model elucidates the production lag time, maximum product
production rate, and maximum product concentration on a
given substrate [30].

The specific objectives of this work was to: (1) screen
nine different metallic oxide nanoparticles on batch bioetha-
nol production, (2) study the kinetics of yeast growth and
bioethanol formation under nanobiocatalytic conditions, and
(3) assess the impact of nanoparticles on simultaneous sac-
charification and fermentation (SSF) using potato peels as
substrate.

2 Materials and Methods
2.1 Experimental Setup
2.1.1 Nanoparticle Preparation

Nine nanoparticles were used in this study and were pre-
pared using the following chemicals: iron(III) chloride
(FeCly), iron(I) sulphate heptahydrate (FeSO,-7H,0),
copper sulphate pentahydrate (CuSO,-5H,0), manganous
sulphate monohydrate (MnSO,-H,0), cobalt(II) chloride
hexahydrate (CoCl,-6H,0), nickel(II) chloride hexahy-
drate (NiCl,-6H,0), silver nitrate (AgNO,), zinc chloride
(ZnCly), sodium hydroxide (NaOH) and ammonia (NH;)
sterile distilled water was used throughout the experiment.
All chemicals (purchased from Merck, South Africa) were
of reagent grade and used without further purification.
The nanoparticles used in this study are listed as follow;
iron(II) oxide (Fe NPs), iron(III) oxide (Fe,O, NPs), cobalt
oxide (Co NPs), nickel oxide (Ni NPs), zinc oxide (Zn
NPs), manganese oxide (Mn NPs), silver oxide (Ag NPs),
copper oxide (Cu NPs) and iron(IIT) oxide-silver doped
(Fe-Ag NPs). These nanoparticles were prepared using
the co-precipitation method. For microwave radiation, the
treatment was carried at 800 W using a microwave oven
(Samsung, Model: ME9114S1, South Africa) Calcina-
tion was done using a muffle furnace (LABCON, TYPE
RM4). The nanoparticles were thereafter characterized
using Fourier transform infra-red spectroscopy (FTIR),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

2.1.1.1 Preparation of Fe,0, Nanoparticles (Fe NPs) Fe,0,
NPs was prepared according to the method of Khaghani
and Ghanbari [31]. 3.24 g of FeCl; was dissolved in 20 mL
of sterile distilled water after which the ammonia solution
was slowly added to the mixture. The pH was adjusted to
12 and treated with microwave radiation (700 W, 30 s on,
60 s off) for 4 min. The red-brown precipitate was then
centrifuged at 1000 rpm for 10 min and rinsed with dis-
tilled water. Fe NPs obtained was dried at 70 °C for 12 h.

2.1.1.2 Preparation of ZnO Nanoparticles (ZnO NPs) An
amount of 15 g of starch was completely dissolved in
65 wt% ZnCl, aqueous solution at 80 °C with constant
stirring at 500 r/min. This was followed by the addition of
15 wt% NaOH aqueous solution drop-wisely to the starch-
zinc chloride solution and constantly stirred at S00 r/min
to achieve a final pH value of 8.4. The nanocomposite was
then allowed to age for 30 min with constant stirring at
80 °C. The ZnO nanoparticles were obtained by calcining
the dried ZnO-starch nanocomposite at 575 °C for 1 h after
which it was grounded using the laboratory crucible [32].

2.1.1.3 Preparation of Iron(lll) Oxide Nanoparticles (Fe;0,
NPs) One gram of FeSO,-7H,0 was dissolved in 100 mL of
distilled water after which 1 M NaOH solution was dropped
slowly to adjust the pH to 12, and the volume made up to
200 mL. The solution was subjected to microwave radiation
(700 W) for 10 min for complete reaction and precipitation.
The black magnetic iron(Ill) oxide nanoparticles (Fe,0,
NPs) product was then rinsed with distilled water and oven
dried at 70 °C [23].

2.1.1.4 Preparation of Fe,0,/Ag Nanoparticles (Fe-Ag
NPs) Fe;O, doped Ag NPs was prepared by the co-precipi-
tation of iron(II) sulphate heptahydrate and Tollens’ reagent
([Ag(NH3),]%). 20 mL of [Ag(NH;),]* solution was added
to 80 mL of FeSO,-H,0 solution (1 g of FeSO,-7H,0 dis-
solved in 100 mL of water) with constant stirring. The pH
of the solution was adjusted to 12 with 1 M NaOH and the
volume was made up to 200 mL. The reaction mixture was
then exposed to microwave irradiation (700 W, 10 min). The
Fe-Ag NPs obtained was dried in the oven at 70 °C for 12 h
[34).

2.1.1.5 Preparation of Ag,0 Nanoparticles (Ag NPs) An
amount of 20 mL of 0.02 M solution of AgNO; was made
to react with 1.5 M NaOH drop-wisely until the pH of
the solution reached to 10. The mixture was subjected to
microwave radiation at 700 W for 30 s on, 60 s off for
4 min. The precipitates obtained were washed several
times with distilled water. The greyish brown precipitates
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of Ag NPs were then dried in an oven at 70 °C followed by
SEM and TEM characterization [34].

2.1.1.6 Preparation of CoO Nanoparticles (CoO NPs) The
five-step preparation scheme for cobalt nanoparticles
started with dissolving 4.76 g of cobalt(I) chloride hexa-
hydrate (CoCl-6H,0), in 20 mL distilled water to obtain
a greenish solution. This was followed by the addition
of ammonia to a pH of 11.3. The mixture was then sub-
jected to a microwave irradiation for 3 min at 700 W. In
the fourth step, the obtained precipitate was washed three
times after which the deep dull green Co NPs was dried in
an oven at 100 °C for 6 h [23].

2.1.1.7 Preparation of NiO Nanoparticles (NiO NPs) The
preparation of NiO NPs were carried out by dissolving
4.75 g of Nickel chloride hexahydrate (NiCl-6H,0) in
20 mL distilled water. This was followed by drop-wise
slow addition of ammonia to the solution until the pH
reached 10. The mixture was subjected to microwave irra-
diation (700 W, 3 min) and the formation of light green
precipitate signalled the completion of the reaction. The
NiO NPs obtained were washed three times and dried at
100 °C in an oven for 6 h [23].

2.1.1.8 Preparation of MnO, Nanoparticles (MnO,
NPs) The MnO, NPs were prepared using the co-precipita-
tion method. 6.76 g of MnSO,-H,0 was dissolved in 40 mL
distilled water, after which ammonia was added drop-wisely
to achieve pH 11, with continuous stirring at 60 °C for 2 h
to precipitate the Mn NPs. The resulting brownish precipi-
tated particles were then washed thrice with distilled water
and dried in a hot air oven at 70 °C for 12 h [26]).

2.1.1.9 Preparation of CuO Nanoparticles (CuO NPs) The
CuO nanoparticles were prepared using copper salt and a
reducing agent. 0.04 M of Copper sulphate pentahydrate
(CuSO4-5H,0) was mixed with 1 M NaOH drop-wisely
with continuous stirring to achieve pH 12.7. The mix-
ture was then subjected to microwave irradiation (700 W,
2.5 min). A black-grey precipitate was formed, which was
then washed with distilled water and dried overnight at
70 °C.

2.2 Nanoparticles Characterization

The elemental composition, particle size and the func-
tional binding of the nine NPs were evaluated using the
scanning electron microscope (SEM), transmission elec-
tron microscope (TEM) and Fourier infra-red spectros-
copy (FITR) respectively. The SEM-EDX images were
obtained using the scanning electron microscope (ZEISS,
Model ZEISS-EVO/LS15, UK). SEM was operated using
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EDX detector (Oxford I, X-Max 80 mm?), the variable
pressure of 100 p, dead time 15-30%, accelerating volt-
age 5.00 kV and beam current of 95-105%. Prior to the
image and elemental analysis, the samples were mounted
on aluminium grid coated with carbon INCA x-stream-2
(Oxford, United Kingdom) for Energy-dispersive X-ray
spectroscopy (EDX) analysis.

The transmission electron microscopy (TEM) images of
the nanoparticles were obtained with a transmission clectron
microscope JEM-1400 (JEOL, USA) operating at 120 kV.
TEM samples were prepared by dispersing NPs in etha-
nol/acetone for 15 min in a sonicator (DAWE Instrument,
England). The solution was withdrawn using hypothermal
syringe after which a drop of the solution was placed on a
formvar-coated copper grid and left to dry for 15 min. The
dry grid was then mounted and inserted into the electron
microscope for viewing and further analysis.

The Fourier transform infra-red spectra of the nanoparti-
cles were obtained to ascertain the purity and the nature of
the nanoparticles using FT-IR spectrometer (Spectrum 100,
PerkinElmer, USA). Fourier transform infra-red spectros-
copy spectra were recorded between 450 and 4000 cm™ for
the dry nanoparticle’s samples.

2.3 Ethanol Fermentation
2.3.1 Screening of Metallic Oxide Nanoparticles

A preliminary screening was undertaken to assess the influ-
ence of the nine metallic oxide nanoparticles at different
concentrations on ethanol fermentation. Batch fermentation
experiments were carried out at controlled process set points
of initial pH 5, incubating temperature of 30 °C, agitation
speed of 120 rpm and a process time of 72 h. The nanopar-
ticles concentrations in the experimental set-up range from
010 0.08 wt%. The detailed experimental set up for the pre-
liminary screening is presented in Table 1.

2.3.2 Strain and Inoculum Preparation

Saccharomyces cerevisiae BY4743 obtained from the Depart-
ment of Genetics, University of KwaZulu-Natal, Pietermaritz-
burg Campus, South Africa was used in this study. The yeast
was inoculated into a 250 mL Erlenmeyer flask containing
100 mL of the Yeast Peptone Dextrose (YPD) medium for
inoculum development. The medium contained (g/L); Yeast
extract: 10, Peptone: 20 and Glucose: 20. The strain was incu-
bated at 120 rpm, 30 'C for 12 h until the exponential growth
phase was reached. The culture was then used as the inoculum
for subsequent fermentation.
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Fig.2 Process flow diagram for NISSF process modes
Table 2 P?r,rorfnmcc of . NPs type NPs concentration (wt%)
glucosc utilisation, fermentation
efficiency, ethanol yield and Glucose utilisation (%) Ethanol yield (g/g)  Ethanol productivity Fer i
productivity at different NPs (/L) cfficiency (%)
concentration
0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
Control 99.80 99.80 0.23 0.23 0.19 0.19 45.58 45.58
Cu NPs 99.40 96.80 0.25 0.23 0.21 0.18 49.40 42,58
Mn NPs 99.50 99.95 0.22 0.21 0.18 018 43.08 41.14
Ni NPs 99.95 99.90 0.25 0.22 0.21 0.18 48.83 4207
Fe NPs 99.80 99.80 0.19 0.18 0.16 0.15 3742 35.73
Fe,0, NPs 99.95 99.95 0.26 0.25 0.22 0.20 50.96 47.78
Fe-Ag NPs 99.70 99.85 0.20 0.19 0.17 0.16 39.03 3791
Zn NPs 99.75 99.75 0.24 0.22 0.20 0.18 47.59 41.89
Ag NPs 92.20 2195 0.15 0.03 0.11 0.01 26.69 01.27
Co NPs 98.40 98.45 0.24 0.21 0.20 0.17 45.74 39.57

NPs nanoparticles, Cu NPs copper(Il) oxide, Mn NPs manganese oxide, Ni NPs nickel oxide, Fe NPs
iron(Il) oxide, Fe;0, NPs iron(Ill) oxide, Fe-Ag NPs iron(IlT) oxide-silver doped, Zn NPs zinc oxide, Co
NPs cobalt oxide, Ag NPs silver oxide

average of two repeats. Experimental data for S. cerevisiae
BY4743 growth and ethanol formation were used to fit the
logistic and modified Gompertz using the least squares
method (Curve Expert V1.5.5).

2.4 Analytical Methods

The ethanol concentration was determined using an ethanol
vapour sensor (LABQUEST®2, Vernier, USA). The fer-
mentation broth was centrifuged at 10,000 rpm for 5 min
and the residual glucose concentration in the supernatant
was determined using the DNS method [36]. Biomass
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concentration was measured as a function of the cell dry
weight and the optical density. The optical density was
measured at 600 nm using a SpectroVis plus Spectropho-
tometer (Vernier Software & Technology, USA). The cell
dry weight was determined by sedimenting the cell pel-
lets after centrifugation at 8000 rpm at 4 °C for 10 min.
Subsequently, the correlation between the optical density
and the cell dry weight was extrapolated using a standard
calibration curve [14]. While cell biomass in the NISSF
was quantified by using the cell count as a function of the
concentration of yeast cells.
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Table1 Preliminary screening of nanoparticles for ethanol produc-
tion

NPs Ethanol concentration (g/1.)

Treatments (wt%)
Control 0.01 0.02 0.04 0.08

Cu NPs 4.50 4.86 440 2.55 140
Mn NPs 4.50 434 423 4.29 4.17
Ni NPs 4.50 4.68 4.12 391 3.59
Fe NPs 4.50 4.12 3. 3.67 3.63
Fe,04 NPs 4.50 5.03 4.76 398 349
Fe-Ag NPs 4.50 443 4.22 4.20 4.14
Zn NPs 4.50 4.81 294 2383 276
Co NPs 4.50 4.99 442 3.86 327
Ag NPs 4.50 251 0.24 0.19 0.18

NPs nanoparticles, Cu NPs copper(ll) oxide, Mn NPs manga-
nese oxide, Ni NPs nickel oxide, Fe NPs iron(Il) oxide, Fe,0, NPs
iron(Ill) oxide, Fe-Ag NPs iron(III) oxide-silver doped, Zn NPs zinc
oxide, Co NPs cobalt oxide, Ag NPs silver oxide

2.3.3 Batch Fermentation

The fermentation medium used in this study contained
per litre; glucose, 20 g: yeast extract: 5 g, (NH,),S0,: 1 g,
KH,PO,: 2 g and MgSO,:1 g and was autoclaved at 121 'C
for 15 min. The fermentation processes were carried out in
sterile 250 mL Erlenmeyer flasks with a total working volume
of 100 mL. Aliquots of 10 mL of the inoculum, and nano-
particles (type and concentration specified in Table 1) were
aseptically added to each fermentation flasks. The process set
points of initial pH 5, incubating temperature of 30 °C, agita-
tion of 120 rpm were used [8] and the fermentation broth was
sampled every 3 h for 24 h. All experiments were performed in
duplicate and samples were taken at regular interval during the
fermentation to determine the ethanol concentration. A control
experiment was set up in which there was no NP supplementa-
tion. The kinetic studies of the best NPs concentrations were
further studied.

Fig.1 Flowchart of fresh, dried
and milled potato waste used for
the SATP

Potato waste

2.3.4 Soaking Assisted Thermal Pretreatment (SATP)
of Potato Waste

SATP was carried out as described by [35]. Analysis of the
milled potato peels (Fig. 1) gave starch (20%), structural car-
bohydrate (14%), cellulose (4%), hemicellulose (10%) and
lignin (6%). The milled potato waste was soaked in dilute
hydrochloric acid (0.92 mL) in a water bath at 69.7 °C for
2.34 h and followed by 5 min autoclave thermal treatment
(121 °C).

2.3.5 Nano Inclusion Simultaneous Saccharification
and Fermentation (NISSF)

Hydrolysate from the SATP stage was used. The NISSF
process (50 mL) contained: pretreated potatoes waste with
solid loading (10%), enzyme loading; 0.212 FPU/g amyl-
ase for liquefaction (at 90 °C, pH 7, for 60 min), 0.295
FPU/g amyloglucosidase for saccharification and nutrients
(5 g/L yeast extract, 2 g/L. KH,PO,, 1 g/L MgSO,, 1 g/L
(NH,),S0,). Ten percent S. cerevisiae BY4743 inoculum
broth was then added. After inoculation, the different NISSF
experiments were incubated at 37 °C and 120 rpm over 24 h.
For sample analysis, 0.5 mL aliquots were extracted every
four hours. The NISSF designs with 0.02 wt% of Nano type
supplement are listed below (Fig. 2). NiO and Fe;0, nano-
particles administered were chosen based on their perfor-
mance in the preliminary study. The various fermentation
setup modes assessed are illustrated in the flowchart below:

2.3.6 Kinetic Study

The nanoparticles type and concentration used in the fer-
mentation kinetic study were selected based on preliminary
screening experiments (Sect. 2.4.3). The NPs concentration
ranged from 0 to 0.02 wt% and the detailed experimental
design is presented in Table 2. The fermentation broth was
analyzed for biomass concentration, pH, sugar degrada-
tion and ethanol production. Data were calculated from the

Dried Milled potato waste
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Fig.3 TEM images showing a Fe NPs, b Zn NPs, ¢ Fe,0, NPs, d Fe-Ag NPs, e Ag NPs, f Co NPs, g Ni NPs, h Mn NPs, i Cu NPs

study, Fe~Ag NPs (61 nm) had the highest particle size,
which may be attributed to its doped nature. Similar TEM
micrographs of Fe304/Ag NPs with a spherical shape and
an average diameter of 50 nm was reported by Zheng et al.
[34). The variation in the average diameter may be attributed
to differences in microwave treatment, precursors used and
precipitation rate. ¥

3.1.3 Nanoparticles Characterization by FTIR

In this study, Mn-0O, Co-0O, Cu-0, Ag-0O, Zn-O and Fe;0,
absorption band were observed at 860, 659, 845, 797, 715
and 664 cm™' respectively. NiO NPs and Fe NPs had an
absorption band below 650 cm™". Oxides and hydroxides of
metal nanoparticles generally give absorption peak below
the wavelength of 1000 nm in the fingerprint region. This
arises from inter-atomic vibrations [38, 40]. Other peaks
observed indicated the presence of functional groups, with
different stretching vibrations of -CH,, -CH,, =C-H, -C-H,
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C=0, —OH and NH groups [41]. These absorption peaks
range from 3628 to 1031 cm™'. These peaks at different
points on each NPs spectrum could be attributed to the
absorbed atmospheric moisture, CO, and precursor remains
[38, 41]. Kumar et al. [40], also observed an absorption band
of 515 and 480 cm™" which corresponds to the Mn—O bond
of manganese oxide (MnQ,) nanoparticles. The authors like-
wise opined that absorption peak observed above 1000 cm™"
may be due to stretching vibration of -CH;, —-CH,, =C-H,
and -C-H.

3.2 Screening of Nanoparticles for Ethanol
Production

The results of the preliminary screening for the nine
NPs on ethanol production are presented in Table 1.
The ranges of ethanol concentration observed were,
2.21-5.03 g/L (0.01 wt%), 0.24-4.76 g/L (0.02 wi%),
0.02-4.47 g/L (0.04 wt%) and 0.02—4.45 g/L (0.08 wt%).
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2.4.1 Yield and Productivity Calculation

Sugar utilisation, fermentation efficiency, ethanol yield and
ethanol productivity were determined as stated in the follow-
ing Eqgs. (1)—(4) respectively.

Sugar wtillisation (%)

_ Initial sugar content = final sugar conteni % 100 1)
= Initial sugar content
Fermentation efficiency (%)
Actual ethanol yield(g /1) )

x 100

= Theoretical yield of ethanol (31)

Maximum ethanol concentration (g/1)

Ethanol yield =
ool ield (] 4) Utilized glu cos e (g/1)
3)
s _ M ethanol conc ion (g/0)
Ethanol productivity (g /1/h) = Fermentation period (h)
4)

2.5 Kinetic Calculations

The average specific growth rates (p) of the yeast during
the fermentation process was calculated using Eq. (5). The
specific growth rate values (u) and the substrate concentra-
tion data were subsequently used to estimate the maximum
specific growth rate (u,,,,)-
Specfic growth rate (p) = M 5)
2 h

where X2 and X1 are biomass concentrations (g/L) at time
instants t2 and t1 respectively.

Experimental data for S. cerevisiae BY4743 growth
were used to fit the logistic model (Eq. 6). This equation
represents both the exponential and the stationary phase:

L Xo * exp(Hnac - 1)
1= (32) - (1 = explitnar 1)

(6)

where X, is the initial yeast cell mass concentration (g/L),
X, is the maximum attainable yeast cell mass concentration
(g/L) and g, is the maximum specific yeast cell growth rate
(h~").

Data of ethanol production over time were used to fit the
modified Gompertz model. This model describes the lag
time, the maximum ethanol production rate, and the poten-
tial maximum product concentration as presented in Eq. (7).

Tom * €xp(1)
P=P,-: e.rp{-expT- =D +1 } 7

m

where P is the ethanol concentration (g/L), P, is the poten-
tial maximum ethanol concentration (g/L), r, ,, is the maxi-
mum ethanol production rate (g/L/h) and 1, is the time (lag
phase) from the beginning of fermentation to exponential
ethanol production (h).

3 Results and Discussion
3.1 Nanoparticles Characterization
3.1.1 SEM Characterization

The elemental composition of the nine NPs were character-
ised by SEM-EDS. The Energy dispersive spectrophotomet-
ric (EDS) confirmed the presence of the desired elements,
the metallic and oxygen unit in each of the nine NPs, as well
as their level of purity. All the NPs shows a strong signal of
the metal and the oxygen unit, confirming the existence of
metallic oxide. Some other elements such as carbon, sulphur,
chlorine, silicon, aluminium were found in the NPs, due to
the trace amount of precursor used in the preparation of the
NPs and the grid used in the SEM analysis (aluminium grid
coated with carbon).

3.1.2 TEM Characterization

The Transmission Electron Microscopy (TEM) images
describe the shape and the particle size of each nanoparticle
(NPs). All the synthesized nanoparticles had a rough spheri-
cal shape, except Co NPs which was irregular in shape, with
Ag NPs, Co NPs, and Cu NPs having a weak agglomeration
(Fig. 3). The particle size analysis shows the size distribu-
tion of each NPs. An average diameter of 8, 12, 15, 23, 29,
30, 31, 47 and 61 nm was recorded for Mn NPs, Co NPs,
Cu NPs, Ag NPs, Ni NPs, Zn NPs, Fe,0, NPs, Fe NPs and
Fe—Ag NPs respectively. The results indicated that the nano-
particles are of varying sizes within nano-range, with a nar-
row size distribution.

Co NPs and Cu NPs had particles sizes in the range of
8-17 and 8-19 nm respectively, while, Fe;04 NPs, Ni NPs
and Ag NPs had particles sizes in the range of 18-37, 23-37
and 21-25 nm, which were comparable to those obtained
in other reported studies [37]. Similar to our findings, Li
et al. [38], obtained NiO nanoparticles with a spherical
shape and these authors further reported a small particle
size of 13 nm and a narrow size distribution (ranging from
8 to 18 nm) after calcination at 400 °C for an hour. Also, a
particle size of 30 nm was reported for NiO prepared via a
rapid microwave-assisted method [39]. Furthermore, in this
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Fig.5 Cell dry weight of S.
cerevisiae BY4743 in the NPs

dmini d culture at diff
concentrations a 0.01 wi%, b
0.02 wi%

Biomass concentration (g/L) >

Biomass concentration (g/L) =

against 99.80% for the control experiment (Table 2). The
glucose utilization profiles during ethanol fermentation with
the nine NPs arc presented in Fig. 4a, b. The substrate uti-
lisation efficiency above 92.20% suggests that the substrate
affinity in the presence of metallic oxide nanoparticles was
not drastically affected. In other words, S. cerevisiae BY4743
was able to metabolize the glucose without difficulty with
the administered NPs except with Ag NPs at both concen-
trations. Substrate utilization depends on cell type, biomass
concentration, media composition which then determines the
productivity of a fermentation system. Nanoparticles with
their high surface area to volume ratio are good catalysts.
This catalytic potential probably improved the contact and
the interaction between the glucose and the yeast cells dur-
ing fermentation in this study. El-Kemary et al. [44], con-
cluded that the possible interaction was that the hydrophobic
part of glucose was adsorbed onto the surface layers of NPs
by van der Waals interactions and the hydrophilic part of the
OH —is oriented toward the aqueous phase. This interaction
between the NPs and the glucose might have enhanced the
rate of glucose uptake by S. cerevisiae BY4743 which in turn
enhanced ethanol formation as evident in this study. The rate
of glucose uptake has been indicated as a limiting step in
the optimum functioning of the Embden-Meyerhof-Parnas
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pathway (EMP), consequently, the rate of glucose utilisation
may affect the efficiency of the ethanol fermentation system.

3.3.2 Effect of Nanoparticles on Biomass Accumulation

The biomass concentration (g/L) increased rapidly in the
first 3-9 h of fermentation and then progressed slightly until
the 24 h mark (Fig. 5a, b). The cell dry weights obtained
after 24 h for 0.01 wt% Cu NPs, Fe~Ag NPs, and Zn NPs
were 2.53, 2.49, 2.40 and 2.34 g/L which corresponded to
11.47, 9.66, 6.05 and 3.13% improvement respectively over
the control experiment (2.27 g/L). The results also revealed
that the biomass concentration was enhanced by 0.04, 5.47,
6.93,7.46, 11.21 and 18.27% at 0.02 wt% for Fe NPs, Zn
NPs, Ni NPs, Fe;0, NPs, Cu NPs and Fe-Ag NPs respec-
tively over the control. This increment was probably due
to the improvement in the metabolic activities of S. cerevi-
siae BY4743 as a result of the biocatalytic effect of these
NPs. Metal-biomass interactions depend on the chemical,
biological and physical processes occurring at and near the
biological interface in controlling trace metal bioavailability
through shifts in the limiting bio-uptake fluxes. Many cel-
lular processes are catalysed by transported ions and mineral
elements, which help to improve metabolic activities such as
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Fig.4 Effect of nine metallic
oxide NPs on glucose utilisa-
tion during fermentation at a
0.01 w1% inclusion, b 0.02 wi%
inclusion

Glucose concentration (g/L) »»
o

Glucose concentration (g/L)
b

Ethanol concentration was enhanced mainly by Fe,O, NPs
(5.03 g/L), Co NPs (4.99 g/L), Cu NPs (4.86 g/L), Zn NPs
(4.81 g/L) and Ni NPs (4.68 g/L) at 0.01 wi% supplemen-
tation, which corresponds to 11.78, 10.89, 8.00, 6.89 and
4.00% improvement over the control experiment (4.50 g/L)
respectively. At 0.02 wt% inclusion, only Fe;0, NPs cul-
ture showed ethanol concentration (4.76 g/L) higher than
the control experiment. The inclusion of nanoparticles might
have triggered changes in the cellular membrane and cyto-
plasmic activities which in turn influences cell growth and
metabolic processes. In addition, the variation in the ethanol
concentration observed could be attributed to the differences
in types, sizes, and shapes of the NPs, which confers on
them unique chemical and physical properties.

At NPs concentration above 0.02 wt%, a drastic decrease
in ethanol concentration was observed for all the nine NPs.
Ethanol concentration decreased with an increase in the con-
centration of NPs from 0.04 to 0,08 wt% for all the metallic
oxide nanoparticles tested.

The above results indicated that the bioactivity of etha-
nol-producing yeast can be promoted by the supplement of
nanoparticles, but excess nanoparticles is harmful to ethanol-
producing activity of S. cerevisiae in this work. Other possible
reasons for the negative impact with higher NPs concentration
includes (1) cell toxicity or cell inhibition, (2) inhibition of the
ethanol production pathway, and (3) promotion of other path-
ways apart from the ethanol production pathway. In addition,

—+— Control
= AgNPs
CoO NPs
CuO NPs
——Fe NPs
—a—Fe304 NPs
—+—Fe-Ag NPs
——MnO2 NPs
——NiO NPs
—+—Zn0 NPs

9 12 15 18 21 24
Fermentation time (h)

—&— Control
#-AgNPs
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CuO NPs
—»—Fe NPs
~o—FedO4 NPs
== Fe-Ag NPs
——MnO2 NPs
——NiO NPs
~+—Zn0 NPs

9 12 158 18 21 24
Fermentation time (h)

the antimicrobial mechanism of these NPs at higher concen-
tration may involve the formation of reactive oxygen species
(ROS), lipid peroxidation and the alkaline effect ultimately
resulting in cell death. The release of ions from the surface
of nanoparticles has been reported to cause bacterial death by
binding to the cell membrane.

However, Lower concentrations of NPs have been shown to
possess catalytic effect on some microbial cells [23,42]. In a
recent study by Ban and Paul [43], ZnO NPs with an average
diameter of 5 mm was reported to support yeast cell growth
while 10and 15 mM resulted in the inhibition of yeast growth,
Based on the observation from the preliminary study, 0.01 and
0.02 wt% inclusion was selected for further studies.

3.3 Effect of Nanoparticles Concentration
on Fermentation Characteristics

3.3.1 Effect of Nanoparticles on Glucose Utilisation

In this study, S. cerevisiae BY4743 was able to utilise over
92.20% glucose within 24 h of fermentation in all the cul-
tures, with the exception of 0.02 wt% Ag NPs which had
21.95% glucose utilization. The maximum glucose utiliza-
tion of 99.95% was observed at 0.01 and 0.02 wi% Fe;0,
NPs administered cultures, while the minimum glucose uti-
lization of 21.95% was observed at 0.02 wt% Ag NPs as
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Fig.7 Time course of ethanol
production showing the effect of
melallic oxide NPs at different
concentrations a 0.01 wi%, b
0.02 1%

Ethanol concentration (g/L) 3
" N

O e N W LA

0 3 6

Fermentation time (h)
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Ethanol concentration (g/L) =
"

Fermentation time (h)

fermentation have been known to be pH dependent, a buff-
ering effect will keep them in the optimum physiological
state for optimum activities. Ban and Paul [43], reported that
yeast culture administered with S mM ZnO NP enhanced
the intracellular p-glucosidase (BGL) activity for up to 28%
with a simultaneous increase in cell growth compared to
the control.

The pH was relatively stable in the nano-administered
culture with the final pH value above 3.66 and 3.70 at 0.01
and 0.02 wt% inclusion respectively. This is with the excep-
tion of Fe NPs (0.01 wt% =3.59, 0.02 wt% =3.61). This
result suggests the buffering effect of the NPs resulting in
pH stability during fermentation. Additionally, NPs directly
influenced S. cerevisiae BY4743 metabolism towards less
acidic metabolites formation or a chemical interaction
between the NPs and these acidic metabolites which thus,
reduces the effect of these metabolites on the pH during the
fermentation process 26, 46]. Furthermore, volatile metabo-
litic compounds (VMCs) have chelating capacities due to
their functional groups such as carboxylates, hydroxyls, phe-
nols, sulfhydryls, and amines, These chelating groups can

@ Springer
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perform as ligands and complex most of the metals available
during fermentation. Suggesting that natural chelating agents
such as VMCs formed in the bioprocessing play an impor-
tant role in metal ions bioavailability to microorganisms and
consequently the process performance.

3.3.4 Effect of NPs on Ethanol Formation

The observed ethanol concentration for the two experimen-
tal set up (0.01 and 0.02 wt%) with the nine NPs are pre-
sented in Fig. 7a and b respectively. Ethanol concentration
increased from 0 h till the 24 h, after which there was a
decline in the concentration of ethanol for all the cultures
(< 3.60 g/L). The decline in ethanol concentration could be
attributed to the depletion of glucose, nutrient, formation of
metabolites and decrease in the pH of the medium. Ethanol
concentrations of 2.73, 3.83, 3.99, 441, 4.68, 4.87, 5.00,
5.05 and 5.21 g/L were obtained at 0.01 wt% inclusion for
Ag NPs, Fe NPs, Fe—Ag NPs, Mn NPs, Co NPs, Zn NPs, Ni
NPs, Cu NPs and Fe,O4 NPs respectively (Fig. 5a), while
0.10, 3.66, 3.88, 4.05, 4.15, 4.29, 4.30, 4.36 and 4.89 g/L
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Fig.6 pH profile during ethanol A
fermentation at different NPs
concentrations a 0.01 wi%, b

0.02 wi%

o

pH
w o
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0 3 6

pH
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cell division, protein synthesis, and transportation of materi-
als across the plasma membrane which in turn will enhance
cell proliferation [23].

Table 2 shows the specific growth rate of yeast cell for the
nine NPs. At 0.01 wt%, 0.23, 0.23, 0.22, 0.23, 0.22, 0.24,
0.21,0.12 and 0.20 h™" was obtained for Cu NP, Mn NP, Ni
NP, Fe NP, Fe;0, NP, Fe—Ag NP, Zn NP, Ag NP and Co NP
respectively, while 0.23, 0.23, 0.22, 0.22, 0.23, 0.21, 0.23,
0.22, 0.08 and 0.21 h™" was recorded for Cu NP, Mn NP,
Ni NP, Fe NP, Fe,04 NP. Fe—Ag NP, Zn NP, Ag NP and
Co NP respectively at 0.02 wt%. The results also show that
the highest specific growth rate of 0.24 h™' was obtained
with 0.01 wi% Fe-Ag NPs. Ag NPs administered cultures
at both concentrations had the lowest specific growth rate
of 0.122 h™ (0.01 wt%) and 0.084 h™" (0.02 wt%). This is
believed to be influenced by the silver nanoparticles anti-
microbial activities. Ban and Paul [43], reported a higher
specific growth rate of 0.54 h™' of S. cerevisiae with 5 mM
ZnO NP. Although there was no appreciable effect of metal-
lic oxide NPs on the specific growth rate of S. cerevisiae
BY4743, however, the results suggest that the NPs have the
potential to improve the growth rate of S. cerevisiae BY4743
under the optimum process conditions,

Fermentation time (h)
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~8— AgNPs
——~ CoNPs
CuNPs
—¥—FeNPs
—&—MION
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3.3.3 Effect of Nanoparticles on Culture pH

The pH profiles during ethanol fermentation are shown in
Fig. 6a, b. A slight decrease in the pH was observed in the
first 3 h of fermentation, which then gradually continued till
the 24 h mark in all the cultures. For instance, with Zn NPs
at 0.01 wt%, the pH gradually declines from 5.00 to 4.01
after 12 h and remained at 3.8 by the 24 h mark (Fig. Sa).
Likewise, Ag NPs and Mn NPs, at 0.01 wt%, recorded a
decline from pH 5.00 to 4.49 and 5.00 to 4.15 respectively
at the 12 h mark and was stable at pH 4.00 by the 24 h mark.
On the other hand, the control experiment declined sharply
to 3.79 after 12 h and reached pH 3.65 by the 24 h.

Higher ethanol yields were achieved at pH 3.65-3.84,
which occurred between the 15 h and 24 h at 0.01 wt% NPs
inclusion. At pH above 4.00, ethanol yields were lower as
evident with 0.02 wt% Ag NPs, which recorded the lowest
ethanol yield of 0.03 g/g at pH above 5.00. The highest etha-
nol yield of 0.26 g/g was obtained at pH 3.72 with 0.01 wi%
Fe,O4 NPs. Perhaps, the conversion of glucose to ethanol
and other metabolic activities of S. cerevisiae BY4743 was
improved at this pH range, which in turn enhanced ethanol
yield [45]. For instance, enzyme activities during microbial
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Table 3 Kinetic parameters

NPs (wt%)  Logistic function parameters

Modified Gompertz p s

for cell growth and ethanol

i R P,(gL) r,,@LM) M) R~
(L I )

production under different NPs X,(g/L) X, (eL) p H
types and concentrations %

Cu NPs

0.01 0.40 243

0.02 0.34 241
Fe,0, NPs

0.01 0.22 225

0.02 0.23 2.28
Ni NPs

0.01 0.12 2.00

0.02 0.25 230
Zn NPs

0.01 0.27 225

0.02 0.24 230
Co NPs

0.01 0.22 2.11

0.02 0.25 2.11
Fe NPs

0.01 0.19 217

0.02 0.22 220
Fe-Ag NPs

0.01 0.17 244

0.02 0.26 257
Mn NPs

0.01 0.14 2.02

0.02 0.16 1.96
Ag NPs

0.01 0.24 299

0.02 031 1.06

Control 0.18 221

023 041 0950 5.01 0.54 267 0998
023 0.60 0970 429 037 190 0997
022 054 0988 494 0.56 289 0995
021 054 0991 474 0.54 271 0997
022 080 0998 524 047 271 0989
022 057 0991 447 042 250 0993
021 053 0989  5.02 0.35 1.61 0987
022 055 0994 443 0.35 1.77 0992
020 053 0985 471 0.40 228 0993
021 049 0987 4.26 0.32 208 0.99%4
023 062 0993 3.77 049 243 099
023 057 0991  3.60 043 207 0995
024 063 0998 381 0.72 397 0986
023 053 0994 389 049 316 0.99%
023 070 0998 441 0.56 3.00 0997
022 073 0997  4.18 0.54 280 0997
012 014 0.989 25.03 033 18.58 0.993
008 017 0877  0.12 1.03 197 0999
023 060 099  4.61 0.49 245 0997

NPs nanoparticles, Cu NPs copper(ll) oxide, Mn NPs manganese oxide, Ni NPs nickel oxide, Fe NPs
iron(ll) oxide, Fe,0, NPs iron(Ill) oxide, Fe=Ag NPs iron(Ill) oxide-silver doped, Zn NPs zinc oxide, Co
NPs cobalt oxide, Ag NPs silver oxide

0.084 h™" using §. cerevisiae in a fermentation process with
240 g/L initial glucose concentration. Aside the variation
that might be due the inclusion or exclusion of nanoparticles,
other factors such as substrate type and concentration, yeast
strain and process operating conditions might have led to the
differences in the specific growth rate () values.

3.4.2 Ethanol Production

The ethanol formation during fermentation of glucose is
shown in Fig. 7a, b. The experimental data fitted excellently
the modified Gompertz model (Table 3), with a coefficient of
determination (R%) > 0.99 for all the NPs tested. This shows
the adequacy of the model to describe the formation of etha-
nol by S. cerevisiae BY4743 in the presence of these metallic
oxide nanoparticles.

@ Springer

Maximum ethanol production rate (r,, ) of 0.54, 0.56,
0.47, 0.35, 0.40, 0.49, 0.72, 0.56 and 0.33 g/L/h were
obtained for Cu, Fe,0,, Ni, Zn, Co, Fe, Fe-Ag, Mn and
Ag NPs with 0.01 wt% inclusion respectively. While
the maximum ethanol production rate (r,,,) obtained at
0.02 wt% inclusion was 0.37, 0.54, 0.42, 0.35, 0.32, 0.43,
0.49 and 0.54 g/L/h for Cu, Fe;0,, Ni, Zn, Co, Fe, Fe-Ag
and Mn NPs respectively. Most of the processes with
0.01 wt% inclusion demonstrated higher r, ,, values com-
pared to the 0.02 wt% inclusion and the control experi-
ment (0.49 g/L/h). Fe-Ag NPs at 0.01 wt% had the highest
7,.m Value (0.72 g/L/h), which did not translate to higher
ethanol production, primarily because of the long lag time
(3.97 h) observed for ethanol production in the process.
This was caused by the long adaption time by the yeast to
the Fe—-Ag NPs.
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were recorded for Ag NPs, Fe NPs, Fe-Ag NPs, Co NPs, Mn
NPs, Zn NPs, Ni NPs, Cu NPs and Fe,0, NPs at 0.02 wt%
inclusion respectively (Fig. 5b). Cultures with Co NPs, Zn
NPs, Ni NPs, Cu NPs and Fe,0, NPs at 0.01 wt% enhanced
cthanol yield with 0.43, 4.51, 7.30, 8.37 and 11.80%
improvement in the ethanol concentration observed from
the control experiment (4.66 g/L.).

Kim and Lee [5], obtained 0.35 g/L and 0.49 g/L ethanol
in syngas fructose fermentation by Clostridium ljungdahlii
(ATCC 55383) using SiO,—CH; and CoFe,0,@Si0,-CH,
nanoparticles respectively. A maximum glucose utilisation
of 99.95%, ethanol yield of 0.26 g/g, ethanol productivity
of 0.22 g/L/h and fermentation efficiency of 50.96% was
achieved with Fe;04 NPs at 0.01 wt%. Ethanol yield, pro-
ductivity and fermentation efficiency at 0.01 wt% Fe;O,
NPs, Cu NPs, Ni NPs, Zn NPs and Co NPs were found to be
higher than other NPs and the control at both concentrations
tested (Table 2). These results indicated that ethanol produc-
tion was best impacted at 0.01 wi% NPs. Metal ions could
act as an enzyme cofactor/enzyme activator, growth factor,
chelating agent, enzyme stabilizer and cell growth stimula-
tor to enhance microbial metabolic activities. Furthermore,
these metallic ions are important in stimulating the forma-
tion of cytochromes and ferroxins (Fd) which are vital for
cell energy metabolism, hence product formation during
fermentation. The correlation between ethanol production,
biomass concentration and metabolic activity during fer-
mentation has been reported by other authors [14). This,
however, may depend on the yeast strain, culture conditions,
the physiological properties of the metal and its interaction
with other metal ions in the medium [23].

The variation in ethanol response under various NPs
may be attributed to differences in the NPs'shape, diameter
and particle size. For example, spherically shaped Fe, 0,4
NPs with an average diameter of 31 nm had the highest
impact on ethanol production. Zn NPs (30 nm), Ni NPs
(29 nm), and Cu NPs (15 nm) which were also spherical
in shape, similarly impacted ethanol production positively.
On the other hand, Co NPs (12 nm), with an irregular shape
had the least positive impact (0.43% improvement over the
control) on ethanol production. The NPs with a positive
effect on ethanol production in this study ranged from 12
to 31 nm in average diameter, except for Ag NPs (23 nm).
A similar bio-stimulatory effect was reported with spheri-
cally shaped Co and Ni NPs within the range of 17-28 nm
which resulted to an improved biogas and methane produc-
tion during anaerobic digestion of slurry [23]. Also, Verma
and Stellacci [47] in their study on the effect of surface
properties on nanoparticles—cell interactions, opined that
the shape and size of nanoparticles significantly influence
cellular uptake.

On the other hand, Fe-Ag NPs (61 nm), Fe NPs (47 nm),
Ag NPs (23 nm) and Mn NPs (8 nm), showed a lower etha-
nol concentration at 0.01 and 0.02 wt%. Besides the pos-
sibility of a toxic effect by these nanoparticles, the larger
particle size of these NPs could have also affected the etha-
nol metabolic pathway. Nano-size is a principal property
that influences the NPs interaction with biological systems
as it determines the ability to penetrate the cell membrane,
thus facilitating the passage across biological barriers,
uptake, absorption, distribution and metabolism of biologi-
cal material.

3.4 Kinetic Studies
3.4.1 Biomass Growth

The kinetic parameters of S. cerevisiae growth were esti-
mated by fitting the experimental data into the logistic
equation (Eq. 6). The experimental data fitted the model
with R?>0.88 (Table 3). This suggests that the model’s
predictions could explain over 88% of the total variations
observed with the S. cerevisiae BY4743 growth in the nano-
administered processes [45]. According to the fitted growth
model, the values for the maximum biomass concentration
(X,,) were mostly higher in the nano-administered processes
compared to the control experiment (2.21 g/L). On the other
hand, the estimated values of maximum specific growth
rate (y,,,,) were lower in the nanoparticles supplemented
processes in comparison to the control process (0.60 h™")
except for Cu NPs (0.02 wt%), Fe NPs (0.01 wt%), Fe-Ag
NPs (0.01 wi%), Mn NPs (0.01 wt%), Mn NPs (0.02 wt%)
and Ni NPs (0.01 wt%), which were 0.60, 0.62, 0.63, 0.70,
0.73 and 0.80 h™' respectively. Based on the y,,,,, the results
indicated that NPs supplementation has a potential to sig-
nificantly improve the specific growth rate of S. cerevisiae
during fermentation.

The lowest specific growth rate of 0.14 and 0.17 h™" were
observed with 0.01 and 0.02 wt% Ag NPs respectively. The
lower specific growth rate (u) values obtained for some of
the NPs supplemented processes may be due to the longer
lag phase and the need for the yeast cells to adapt to the
administered NPs. Therefore, an inoculum development
stage with the metallic oxide nanoparticles prior to fermen-
tation might be crucial to improve the specific growth rate
of the yeast. Previous kinetic studies on ethanol production,
though without nanoparticles supplementation gave a cor-
related p,,,, values, For instance, Ortiz-Muniz et al. [48],
studied the kinetics of S. cerevisiae ITV-01 on sugarcance
molasses with initial glucose concentrations ranging from
100 to 250 /L and reported s, values of 0.26 to 0.23 h™".
Similarly, Ahmad et al. [49], recorded a y,,,, value of

4 Springer



114

Impact of Various Metallic Oxide Nanoparticles on Ethanol Production by Saccharomyces...

Fig.8 Time course of ethanol
production in Nano inclusion in
a simultaneous saccharification
fermentation (NISSF) process
a NiO SSF, b Fe;0, SSF. A
SATP — Nano — liquefac-
tion — SSF. B SATP — lig-
ucfaction — Nano — SSF.

C SATP — liquefac-

tion — SSF (control). D

Nano — SATP — liquefac-
tion — SSF. E SATP — lique-
faction — SS — no fermenta-
tion

45

Ethanol concentration (g/L) »»

Ethanol concentration (g/L) oy

Lag time (1;) obtained for the processes at 0.01 wt% were
2.67,2.89,2.71,1.61, 2.28,2.43,3.97, 3.00 and 18.58 h for
Cu, Fe;0y, Ni, Zn, Co, Fe, Fe~Ag, Mn and Ag NPs respec-
tively while at 0.02 wt% lag time of 1.90, 2.71, 2.50, 1.77,
2.08,2.07,3.16, 2.80 and 1.97 h for Cu, Fe;0y, Ni, Zn, Co,
Fe, Fe—Ag, Mn and Ag NPs respectively. The long adapt-
ing time for the yeast to the administered NPs and the anti-
microbial activities of Ag NPs accounts for the longer lag
time observed in the nano-administered processes. However,
Zn NPs had the shortest lag phase of 1.61 h at 0.01 wt%
inclusion compared to the other NPs administered processes
and the control experiment (2.45 h). This led to the high P,
(5.02 g/L) obtained.

High maximum potential ethanol concentration (P,,) of
5.01,4.94,5.24, 5.02 and 4.71 g/L at 0.01 wt% inclusion for
Cu, Fe;04, Ni, Zn and Co NPs respectively were obtained
compared to 0.02 wit% inclusion and the control process
(4.61 g/L). This observation can be attributed to high maxi-
mum ethanol production rate and shorter lag time observed
in these set ups.
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4 Effect of Nano on SSF of Potato Waste

Bioethanol evolution under the nanoparticles inclusion
in a simultaneous saccharification and fermentation
(Fig. 8a, b) processes conditions revealed a short lag
phase (4 h) for all four NISSF processes. An increase
in the ethanol concentration up to 25.85, 25.63, 22.53
and 36.04 g/L were observed for SSF NiO NPs inclusion
processes Mode A, B, C and D respectively. The SSF
Fe;O4 NPs inclusion processes also showed increases in
the bioethanol concentration up to 23.99, 25.49, 22.49
and 23.75 g/L for NISSF processes Mode A, B, C and
D respectively. Maximum bioethanol concentration
occurred during the exponential growth phase in all the
NISSF processes and were associated with a rapid con-
version of glucose to ethanol. The high production of
fermentable sugars and bioethanol in NISSF processes
were due to increased hydrolysis and glucose conversion
rates at improved enzymatic activities. A previous study
by Ban and Paul [43], also reported increase in intracel-
lular p-glucosidase (BGL) activity up to 28% with 5 mM
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Table4 Fermentation performance in Nano inclusion simultancous
sacchanification fermentation (NISSF) process

A B C D

NiO NPs SSF mode

Sugar utilization (%) 96 100 100 99

Ethanol yield (g/g) 048 048 042 0.71
Ethanol productivity (g/L/h) 092 0.80 0.92 225
Fe,0, NPs SSF mode

Sugar uulization (%) 97 100 100 96

Ethanol yield (g/g) 093 058 046 079

Ethanol productivity (g/1./h) 200 1.59 0.92 1.98

of 0.22 g/L/h and fermentation efficiency of 50.96% were
achieved with Fe;0, NPs at 0.01 wt%. The Logistic model
(R?>0.88) and the modified Gompertz model (R*>0.99)
fitted the experimental data excellently. Nano inclusion in
a simultaneous saccharification and fermentation (NISSF)
process conditions favoured ethanol production from potato
peels up to 60%. The present study demonstrate the of use
of metallic oxide NPs as a biocatalyst to enhance substrate
conversion efficiency and ethanol yield.
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ZnO NP process inclusion. This can be attributed to the
nanoparticle’s presence, which provides excellent reac-
tive sites for several enzymes such as alcohol dehydro-
genase [42]. Similarly, the metallic nanoparticles act as a
bridge between the substrate and enzyme thus, increasing
the binding energy. Maximum glucose utilisation of 96,
100, 100 and 99% were observed for the SSF NiO NPs
inclusion processes Mode A, B, C and D respectively,
while 97, 100, 100 and 94% maximum glucose utilisa-
tion were observed for the processes Mode A, B, C and
D SSF Fe;0,4 NPs inclusion respectively. These suggest
the presence of the NPs did not affect glucose utilization.
The yield, and the productivity of bioethanol production
increased noticeably. The highest ethanol productivity
(2.25 g/L/h) and ethanol yield (0.93 g/g) were obtained at
the process design D with NiO NPs and process design A
with Fe;O, NPs respectively. These were 146% and 102%
respectively improvement over the control experiment
(Table 4). Nanoparticles bio-stimulatory potentials and
enhancement of metabolic activities have been reported
[43, 47]. For instance, they are important in stimulating
the formation of cytochromes and ferroxins (Fd) which
are vital for cell energy metabolism. Additionally, the
surface free energy of particles increases as the dimen-
sions decrease, which enables the strong ability of small-
sized particles to interact with electrons, enhancing effi-
ciently electrons to acceptors transfer, this is of benefit
to bioprocessing [19]. Verma and Stellacci [47], reported
effect of surface properties on nanoparticles—cell inter-
actions which significantly influenced cellular activity.

5 Conclusion

This study investigated the impacts of nine metallic oxide
NPs on ethanol production with S. cerevisiae BY4743. The
results indicated that ethanol production was best impacted
at 0.01 wt% Fe;O, NPs. A maximum glucose utilisation
of 99.95%, ethanol yield of 0.26 g/g, ethanol productivity
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CHAPTER 4
Impact of Nanoparticle Inclusion on Bioethanol production Process Kinetic and

Inhibitor Profile

This chapter has been published with the title: Impact of Nanoparticle Inclusion on Bioethanol
production Process Kinetic and Inhibitor Profile in Biotechnology Reports 29 (2021) e00585,
https://doi.org/10.1016/j.btre.2021.e00585. The published paper is presented in the following
pages.
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NiO nanoparticle (NP) inclusion enhanced bioethanol production up to 59.96%.

Band energy gap impact NP catalytic performance in bioethanol production.

Presence of NiO NP improved ethanol productivity by 145%.

Modified Gompertz model was used to describe ethanol production with NP inclusion.

Presence of nanoparticles significantly reduced acetic acid concentration by 110%.
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This study examines the effects of nanoparticle inclusion in instantaneous saccharification and
fermentation (NIISF) of waste potato peels. The effect of nanoparticle inclusion on the fermentation
process was investigated at different stages which were: pre-treatment, liquefaction, saccharification
and fermentation. Inclusion of NiO NPs at the pre-treatment stage gave a 1.60-fold increase and 2.10-fold
reduction in bioethanol and acetic acid concentration respectively. Kinetic data on the bioethanol
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Keywords: production fit the modified Gompertz model (R ? > 0.98). The lowest production lag time (t ;) of 1.56 h,
Band energy g4 and highest potential bioethanol concentration (P ) of 32 g/L were achieved with NiO NPs inclusion at
Inhibitor profile g Z 7 3 £
Nanoparticles d!ffertnt process stages; (he_hquehmon_ stage anfi (h_e pre-trta(rf\en.k .phasc.t. respectively. Elevated
Bioethano! bioethanol yield, coupled with substantial reduction in process inhibitors in the NIISF processes,
Saccharomyces cerevisiae demonstrated the significance of point of nanobiocatalysts inclusion for the scale-up development of
bioethanol production from potato peels.
© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction production costs [1]. Different techniques are employed for the

i

Diminishing fossil resources, in ¢ ion with envi
tal pollution associated with the exploitation of these resources,
make it imperative that a transition to bio-based resources is
considered [1]. The utilisation of lignocellulosic biomass is
desirable both for economic and environmental reasons, as
substrate suitability is one of the main cost factors taken into
consideration in large scale bioethanol production. It is, therefore,
crucial that ethanol production is carried out using inexpensive
and carbohydrate-rich feedstocks [2]. Agricultural waste is the
most abundant bioresource available for use as a feedstock for
biofuel production, thereby contributing to the reduction of

Abbreviations: NPs, N icles; wt®, Weight percent; SATP, Soaking assisted
thermal pre-treatment: ISF, Instant saccharification and fermentation; SNLISF, SATP
+ Nano + Liquefaction + ISF; SLNISF, SATP + Liquefaction + Nano + ISF: SLISF, SATP +
Liquefaction + ISF; NSLISF, Nano + SATP + liquefaction + ISF; SLIS, SATP + Liquefaction
+$S + No Fermentation; NSLIS, Nano + SATP + Liquefaction + SS + No Fermentation;
HMF, 5-Hydroxymethy! Furfural; ORP, Oxidation-reduction potential; ATP, Adeno-

production of bioethanol from various bioresources (crops and
lignocellulosic) depending on the geographical location, crop and
the lignocellulosic biomass availability [3.4]. Potatoes (Solanum
tuberosum) are the single most prominent vegetable crop in South
Africa as the country is the number four producer of potatoes in
Africa, producing an estimated 2.3 x 10° tonnes of potatoes, with
the top three producing countries being Algeria (4.9 = 10°), Egypt
(4.8 x 10°) and Malawi (4.3 x 10°) [5]. Potatoes are also a staple
crop across the world, currently, they became the world's fourth-
largest food crop after maize, wheat, and rice [6]. The amount of
potatoes processed is increasing yearly due to the expansion in the
fast-food industry, increase in average income of the populace,
increasing urbanisation and the inflow of international investment
through international processing companies [5]. This rise in
production and processing often leads to an increased generation
of large volumes of waste residues such as peels, usually making up
between 20-50 % of the entire tuber [6]. Most of the plant is,
therefore, underutilised and its disposal has led to environmental
concerns [7). It is, therefore, necessary that an integrated,
envi tally friendly solution is identified and developed

sine triphosphate: VICs, Volatile inhibitory compounds; SPR, Surface
resonance; SPA, Surface Plasmon Absorption: UV-vis, Ultraviolent visible; TEM,
Transmission electron microscopy: SEM, Scanning electron microscopy: EDX,
Energy-dispersive X-ray spectroscopy: EDS, Energy dispersive spectrophotometric:
GC-MS, Gas chromatography-Mass spectrometry.
* Corresponding author.
E-mail addresses: Sanusi_isaac@yahoo.com, SanusiA@ukzn.acza (LA. Sanusi).

https://doi.org/10.1016/j.btre.2021.e00585

[8.9]).

Potato peels are a starchy, lignocellulosic waste containing
intricate structures composed of lignin, hemicellulose and cellu-
lose [10]. This food waste has been reported as one of the
sustainable and foremost feedstocks for biofuel production [6]. It is

2215-017X/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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currently receiving great interest as its bioconversion to high-
value products such as renewable fuels do not directly compete
with food security [11]. The potential of waste potato material as
a feedstock for bioethanol production has recorded some
successes [12-14]. For instance, Fadel [15] achieved high alcohol
concentration of 13.2 % vfv in a fermentation broth containing 25
% w/v glucose from potato waste. Likewise, Arapoglou et al. [8]
obtained 18.5 g/L fermentable sugar from the enzymatic hydroly-
sis of potato peel waste with a group of three enzymes and
produced 7.6 g/L of ethanol after fermentation. Efforts towards the
use of starch-based lignocellulosic biomasses for bioethanol
production are being challenged by low sugar yield from substrate,
high inhibitor production, high production cost and low fermen-
tation efficiency [16], thus highlighting the need for further
optimisation.

Despite the vast information available on the use of pre-treated
starch-based substrate for bioethanol production, there is a dearth
of literature on the kinetics of Saccharomyces cerevisiae growth and
bioethanol production from potato peels under nanobiocatalyst
conditions. Studies on kinetics would provide insights into the
impact of process parameters on bioethanol formation [17,18].
Moreover, kinetic modelling can be used to predict the dynamics of
substrate utilisation and bioethanol production rate. Usually, these
models are employed to improve the yield and the productivity of
high-quality product. The release of detrimental and inhibitory can
also be minimised using these models [19]. The modified
Gompertz model is employed to evaluate production lag time,
maximum product production rate, and maximum product
concentration on a given substrate [20]. Such model could provide
valuable process products knowledge on bioethanol production
process using potato peels as feedstock in the presence of a
nanobiocatalyst.

Nano-size materials have attracted huge interest for their
unique material properties and their corresponding practical
applications in biotechnology [21,22] Nanoparticles (NPs) have
been used extensively in biomedicine, drug delivery, biosensors,
water purification and environmental remediation [21,23). Some
biological applications include immobilisation of enzymes, micro-
bial cells, as well as biocatalytic agents [23,24]. The strategy of
using nanobiocatalytic agents in bioprocesses is to increase
process efficiency through increased mass and heat transfer,
enzymatic and cell metabolic activities arising from their large
surface areas, catalytic properties, growth and enzyme cofactor
functionality [25,26). Besides their importance as cofactor for
enzymatic activities, they are also required to aid the structural
stability of several proteins and enzymes, many could exert
significant control on cellular metabolic processes and ultimately
process performance [27). Furthermore, nano-compounds such as
NiO and Fe;0, provide a suitable start-up environment for
bioproduct formation due to their ability to modulate oxidation-
reduction potential (ORP) values [28]. Yet, the application of this
approach is limited because of the poor understanding of the
process and the limited available information on nanocatalysed
bioethanol fermentation.

Process conditions used for the pre-treatment of lignocellulosic
biomass result in the formation of inhibitory compounds [29]. The
negative impact of these inhibitors are usually longer microbial lag
time and lower cell concentration. In addition, many of these
compounds have been reported to influence negatively enzymatic
hydrolysis and fermentation processes. Fermentation inhibitors
include aliphatic acids, ketones, phenolic compounds, furan-
derivatives and alcohols [30). Their concentrations differ, depend-
ing on the structure of the lignocellulosic biomass employed and
the pre-treatment techniques implemented [29,30]. Knowledge of
profile of inhibitory compounds from various stages of biomass
conversion, namely, pretreatment, liquefaction, saccharification
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and fermentation in the presence of nanocatalyts would enhance
the understanding of the interaction of the biomass and nano-
particles.

The primary biological technique for the production of
bioethanol from lignocellulosic feedstock is the instantaneous
saccharification and fermentation process. During this process
lignocellulosic feedstock is first saccharified by hydrolytic pro-
cesses to release fermentable sugar, which is simultaneously
fermented to produce bioethanol [26). In instantaneous sacchari-
fication and fermentation (ISF), the overall process is limited by the
need to optimise enzymatic and cellular activities for maximum
sugar release and subsequent ethanol formation as well as to
minimise inhibitor formation during the pre-treatment and
fermentation processes [16]. Recent studies have examined
parameter optimisation as a technique to improve the efficiency
of instantaneous saccharification and fermentation process [31,16].
Attempts to include nanoparticles as biocatalytic agents to
enhance heat and mass transfer rates, buffering capacity,
enzymatic activities and cellular functionality continue to attract
great interest [23,24,26,32,33). Very little is known on the
instantaneous saccharification and fermentation process with
nanobiocatalyst inclusion at various process namely, liquefaction
and pre-treatment stages.

This study therefore examines the impact of nanoparticle
inclusion at different stages of ISF, using waste potato peels as
substrate and to model the bioethanol production using the
modified Gompertz model. In addition, the effect of nanoparticle
inclusion on the process volatile compounds profile was also
evaluated.

2. Materials and methodologies
2.1. Potato peel powder preparation

Potato peels were collected from food vendors in the
Pietermaritzburg metropolis, KwaZulu-Natal province, South
Africa. They were immediately oven-dried at 5055 °C and milled
to 1-2 mm particle size using a centrifugal miller. Composition
analysis [34] of pulverised waste potato peels show 20 % starch, 14
% structural carbohydrate, 4 % cellulose, 10 % hemicellulose, 6 %
lignin and 46 % others (lipids, protein, moisture content and ash
contents).

2.2. Soaking assisted thermal pre-treatment (SATP)

The powdered waste potato peels (Fig. 1) were subjected to
previously optimised process parameters of pre-treatment [35).
Briefly, 0.92 % (v/v) HCl solution at a solid-to-liquid (S:L) ratio of 10
% solid loading was soaked in a water bath without shaking for 2.34
h at 69.6 °C and followed by 5 min autoclave treatment (121 °C).
The pH of the treated potato peel biomass was thereafter brought
to neutrality in preparation for the enzymatic hydrolysis (the

Fig. 1. Flowchart of SATP pulverised waste potato peels.
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hydrolytic enzymes-amylase and amyloglucosidase used were
purchased from Sigma-Aldrich, South Africa).

2.3. Microorganism and inoculum preparation

An Erlenmeyer flask containing 100 mL Yeast-Peptone-Dextrose
broth was inoculated with S. cerevisiae BY4743 and grown at 120
rpm, 30 °C overnight, to attain an exponential growth phase. This
cultivation was subsequently used as seed-culture (10 %) source for
the instantaneous saccharification and fermentation.

2.4. Preparation of nanomaterials

NiO nanoparticles (NPs) were synthesised by dissolving an
appropriate amount of NiCl;.6H;0 in distilled water. Then NHj
solution is added dropwise to reach a pH of 10. The solution was
treated with microwave irradiation operated at a power of 700 W
for 180 s, and the culmination of the reaction was signalled by the
precipitation of light green NiO NPs. The NiO nanoparticle obtained
were washed a few times with deionized water and oven dried for
six hours [24).

Iron (111) oxide nanoparticles (Fes04 NPs) were synthesised by
dissolving 1.0 g of FeSO4.7H,0 in distilled water, and the pH was
adjusted to 12, then the volume was made up to 200 mL The
solution was heated in a microwave oven at 700 W for 600 s. The
obtained black magnetic Fe;0; NPs precipitate was rinsed a few
times and dried at 70 °C for a couple of hours [36].

2.5. Characterisation of nanoparticles

The morphology of NiO and Fe;0, NPs was determined by a
scanning electron microscope (SEM, ZEISS-EVO/LS15, ZEISS
instrument, Germany). Each sample was mounted on an alumini-
um grid coated with carbon prior to scanning electron microscopy
(SEM) analysis. Transmission electron microscopy (TEM) was used
to study the shape and the particle size of the NPs. TEM image was
captured on JEM-1400 electron microscope operating at 120 kV.
The ultra-violet visible (UV-vis) absorption spectral properties of
the nanoparticles were investigated by absorption spectroscopy
using an ultra-violet visible spectrophotometry (200-700 nm).

Biotechnology Reports 29 (2021) 00585

2.6. Nanoparticle inclusion in instantaneous saccharification-
Jermentation (NIISF)

The NIISF experiments were carried out using hydrolysate from
the SATP [32) pre-treatment stage. The NIISF process (50 mL)
contained pulverised and pre-treated potato peels; 10 % solid
loading, 0.212 mL liquefying amylase (at 90 °C, pH 7, for an hour),
0.295 mL saccharifying amyloglucosidase and fermentation
nutrients: yeast extract-5 g/L. KH;PO4-2 g/L. MgSOs-1 gL,
(NH4):504-1 g/L. S. cerevisiae inoculum (10 %) was introduced,
then, the different NIISF set-up in replicates were incubated at 37 °
C and 120 rpm over 24 h until glucose concentrations were
depleted. Aliquot of 0.5 mL were extracted at regular interval for
sample analysis. The NIISF designs [24] with nanoparticle
supplementation at various process stages are shown below
(Fig. 2).

2.7. Analytical methods

2.7.1. Glucose, bioethanol and cell concentration determination

The glucose concentration in the sampled aliquot was deter-
mined using p-glucose Assay Kit (Megazyme, Ireland).

The amount of bioethanol produced was determined using a
bioethanol vapour sensor (LABQUEST* 2, Vernier, USA) [24).

2.7.2. Kinetic model constants
The bioethanol empirical data were used to fit the modified
Gompertz model. The model Eq. (4) is shown below.

P=Pn .exp{—-exw. (t—t) + 1} (4)
m

where P is the bioethanol concentration, (g/L). P is the potential
maximum bioethanol concentration, (g/L). rpm is the maximum
bioethanol production rate (g/L/h) and ¢, is the lag time of
bioethanol production (h).

2.7.3. Calculation of bioethanol yield (wt.%) and bioethanol
productivity (g/L/h)

Glucose utilisation, fermentation efficiency, bioethanol yield
and bioethanol productivity were obtained using the following

NSLISF ﬁ- \ ;"Ef,,l, N 3‘2‘1:‘?‘& \ %
sus T b ?‘:'.’.'i"lw \ m
NSLIS g N, m%um \ ;&‘Eﬁ'ﬁ’:u Jataataseon

. )

treatmeat 7, " Nofermentation

Fig. 2. Process flow diagram showing stages of nanoparticle inclusion in the ISF process. Nanoparticies (0.02 wt.% relative to biomass weight) were added at the pre-treatment
(NSLISF), the liquefaction (SNLISF) and the saccharification (SLNISF) stages. The control is without nanoparticle inclusion (SLIS).
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Eqs. (5)-(7) respectively.

v it r i r content
Sugar utilisation (%) = Initial sugar content - final sugar contei

Initial sugar content
x 100

(5)

Maximum ethanol concentration (g/L)

Ethanol yield (g/g) = Utilized glucose (g/L)

(6)

Maximum ethanol concentration (g/L)

Ethanol productivity (g/L/h) Farmentation time (1)

7)

2.7.4. Analysis of volatile organic inhibitory compounds

Analysis of inhibitory compounds such acetic acid, furfural, 5-
Hydroxymethylfufural (HMF) and ketones from the fermentation
broth was carried out using with Varian 3800 gas chromatography
(Varian Palo Alto, California, USA) and Varian 1200 mass
spectrometry [30].

3. Results and discussion

3.1. Characterization of NiO and Fe;04 nanoparticles (NPs) with SEM
and TEM

In Fig. 3A, SEM-EDS analyses showed the surface morphology
and elemental constituent of Fe304 nanoparticles. Strong signals
corresponding to Fe (56.06 %), and oxygen (30.19 %) were observed.
Other elemental constituent of Fe;04nanoparticles were C (13.40
at %) and Si(0.34 at %). Similarly, the Scanning Electron micrograph
showed the aggregated NiO nanoparticle, and the elemental
composition obtained using the SEM-EDS machine is Ni (31.46 at
%), C(35.04 at %),0(32.53 at %), C1 (0.50 at %) and Si (0.48 at %). The
TEM micrograph (Fig. 4A) shows that Fe;0,4 particles were roughly
spherical with particle size in the range of 1839 nm with a mean
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size of 31 nm. Equally, the TEM image of NiO nanoparticle is
depicted in Fig. 4B with an average mean size of 29 nm.

Ultraviolent visible (UV) absorption spectra of NiO and FeO4 NPs
were presented in Fig. 5. The UV-vis absorptions showed sharp
absorption at 220 and 282 nm due to nickel and iron oxide metal
nanoparticles respectively [37]. This can be attributed to the
Surface Plasmon Resonance (SPR). The SPR originates from
resonance of collective conduction electrons with incident
electromagnetic radiations. The frequency and width of the
Surface Plasmon Absorption (SPA) usually depends on the size
and shape of the nanomaterials. In addition, the dielectric constant
of the metal itself and the surrounding medium influences the SPA
[38). Also, the profile of the resonance peak can be qualitatively
related to the nature of the NPs. NiO NPs with a small and uniform-
sized narrow distribution (23-37 nm) produces a sharp absor-
bance, however, Fe;04NP with a larger particle size and aggrega-
tion shows a broad absorbance [37,38).

3.2. Effect of nanoparticle band gap energy on bioprocessing

From the curve in Fig. 5, the band gap energy of Fe304 NPs and
NiO NPs were 4.04 eV and 4.51 eV, respectively [39]. The inclusion
of NiO nanoparticle in the fermentation process resulted in better
process efficiency and consequently, higher productivities when
compared to Fe;04 NPs supplemented fermentation process
(Table 1). This impact by NiO NPs inclusion can be attributed to
the size of it band energy gap which is typical of efficient catalyst
[40,41). Activation energy and NPs catalytic potentials are usually
dependent on band gap energy. In other words, lower activation
energy is associated with higher energy gap, such as obtained in
this study. Consequently, band energy gap could impact the
interaction/affinity between the nanoparticles, the yeast and the
substrate [24]. The process time for nanoparticle supplemented
fermentation process achieved peak ethanol production after 16 h.
This was two-fold faster than the result obtained in the control
experiment. This clearly indicates the presence of the nano-
particles had high catalytic effect on the biochemical processes to
improve bioethanol production. This catalytic activity could also be
ascribed in part to its band energy gap. Likewise, the efficiency of
heat and mass transfer which are vital bioprocess conditions, could
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Fig. 3. Scanning electron microscopy (SEM) image and EDX Spectrum of Fe;04 NPs (A) and NiO NPs (B).
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Fig. 4. 1 electron mi py (TEM) micrographs of Fe;04 NPs (A) and NiO NPs (B) showing the shape and weak agglomeration of the nanoparticles.
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Fig. 5. Fe304 NPs (A). NiO NPs (B). Tauc plot of Fe;04 NPs (€) and Tauc plot of NiO NPs (D).
Table 1 with suitable band energy gap would enables the optimal electron
Performance of ISF processes with nanoparticle inclusion. transfer and catalytic properties, that could support high process
ISF mode with NiO NPs SNLISF__SLNISE _SLISF (control) _ NSUSF performance.
Glucose utilization (%) 9600 100,00 100.00 99,00 . :
Bioethanol yield (g/g) 050 050 040 070 3.3. Bioethanol production from potato peels
Bioethanol concentration (g/L) 25.85 2563 2253 36,04 :
Bioethanol productivity (g/L/h) 090 0.80 0.90 225 Bioethanol evolution under Fe;04 NIISF (Fig. 6A) and NiO NIISF
i (Fig. 6B) fermentation processes revealed a short lag time (4 h) for
ISF mode with Fe;04 NPS SNUSF__ SLNISF__ SUSF ___ NSUSF all modes in both nano systems. The NSLISF (NiO NIISF) process
Glucose utilization (%) 97.00 10000 10000  96.00 showed a sharp increase in bioethanol concentration up t0 36.04 g/
Bioethanol yield (g/g) oW, oM. 046 079 L. the highest obtained of the NiO NIISF processes which occurred
Bioethanol concentration (g/L) 2399 2549 2249 2375 f 4 hi 5 2513 g/L (Mode SLNISE), th
Bioethanol productivity (g/L/h) 199 160 0.90 198 rom 4 to 20 h in comparison to 25.13 g/L (Mode ). the

be influenced by band gap size. Mass transfer phenomena are
considered under the Poole-Frenkel effect and small-polaron
mechanism: these are band energy gap dependent (40,41). The
most remarkable correlation is: the smaller the particle size, the
higher the energy gap, that could occasion lower activation energy
hence, high process performance. The synthesis of a nanomaterial

highest of the Fe;O4 NIISF processes. Maximum bioethanol
concentrations were obtained during the log yeast cell growth
stage in the NSLISF (NiO NIISF) and SLNISF (Fe;04NIISF) and were
higher than the control experiment (Mode SLISF) in both systems.
These were linked with precipitous utilisation of glucose by the
yeast and bioethanol formation. Further increment in bioethanol
concentration was not observed after the log phase, due to nutrient
exhaustion besides fermentable sugar depletion. Ethanol yields of
048, 048, 042 and 0.71 g-ethanol/g-glucose (Table 1)
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corresponding to productivities of 0.92, 0.80, 0.92 and 2.25 g/L/h
were achieved for NiO NPs ISF Mode SNLISF, SLNISF, SLISF and
NSLISF respectively. Similarly, ethanol yield of 0.93, 0.58, 0.46 and
0.79 g/g was obtained, corresponding to 2.00, 1.58, 0.92 and 1.98 g/
L/h productivity for Fe304 NPs ISF Mode SNLISF, SLNISF, SLISF and
NSLISF respectively during the same fermentation period. The
effect of NiO and Fe;O4 NPs inclusion on the processes were
substantial. For instance, ethanol yield in the NiO NPs ISF process
was 1.69-fold higher than the control set-up while a twofold (2.02-
fold) increment in ethanol yield in comparison with the control
set-up was observed in the Fe304 NPs ISF process. Micronutrients
such as nickel and iron have a significant impact on S. cerevisiae
growth and bioethanol formation [2,42]. Additionally, nickel oxide
nanoparticles have been reported to exhibit a glucose-nanoparticle
electropositive interaction [42], and this is advantageous for
substrate to cell contact. Moreover, nanoparticles have stronger
affinity for electrons due to their redox potential and small atomic
size [43]. Strong affinity within few nanometres distance of
microbes and nanoparticles under anaerobic conditions was
obtained in previous reported [44]. Furthermore, the possibility
of nanoparticles being adsorbed to the cell surface as well as cell
adsorption to the surfaces of NPs have been reported [28,33].
Hence, improved S. cerevisiae substrate contact, cellular metabo-
lism and process performance were obtained for the nano-
fermentation processes [33,45,46].

In comparison, higher bioethanol concentrations were achieved
with NPs inclusion in the ISF processes in relation to previous
studies using potato wastes as feedstock for bioethanol production.
For instance, 1.7-fold increase in the bioethanol concentration was
observed in the NiO NPs ISF process compared to the study of
Khawla et al. [14]. Likewise, 4.7-fold and 6.5-fold higher ethanol

concentration were achieved in the NiO NPs ISF process compared
to studies by Arapoglou et al. [8] and Hashem and Darwish [12],
respectively. Similarly, the Fe;O5 NPs ISF process had higher
bioethanol concentration, 25.49 g/L (4.6-fold increment), com-
pared to previous study on potato starch residue (5.52 g/L, [12]).
Again, in another related study, a 3.4-fold increase in bioethanol
concentration was also obtained with the Fe;04 NPs ISF process
compared to the study by Arapoglou et al. 8], where the authors
obtained highest bioethanol concentration of 7.6 g/L from potato
peel waste using Saccharomyces cerevisiae var. bayanus. The higher
bioethanol concentration in the current study is desirable and
might be ascribed mainly to the nanobiocatalyst employed, which
increases the chances of S. cerevisiae substrate contact, utilisation
and ultimately, enhanced process performance.

Furthermore, the highest bioethanol productivity of 2.25 g/L/h
was achieved with NiO NPs inclusion during the pre-treatment
stage in the present study (Table 2). By comparison, lower ethanol
productivity, in the range of 0.15 to 0.25 g/L/h from previous
studies was achieved by Arapoglou et al. [8] and Khawla et al. [14],
both also using potato peel as substrate. Similarly, Hashem and
Darwish [12] reported ethanol productivity of 0.15 g/L/h which was
15-fold lower than the current study. Additionally, in two different
studies, 1zmirlioglu and Demirci [13] and Izmirlioglu and Demirci
[47] reported bioethanol productivities of 0.29 and 0.27 g/L/h,
respectively using waste potato mash as feedstock. The obtained
productivities were 7.8-fold and 8.3-fold, respectively lower when
compared tothe current study. The reported variations observed in
these bioethanol productivities can be attributed mainly to the
presence of nano additives as well as the different potato waste
feedstock, yeast strain, and the fermentation approach employed
[48].

Table 2

Comparison of bioethanol productivity with previous studies,
Substrate Yeast Productivity (g/L/h) References
Waste potato peels S. cerevisiae BY4743 092 This study (NiO NP Mode SNLISF)
Waste potato peels S. cerevisiae BY4743 0.80 This study (NiO NP Mode SLNISF)
Waste potato peels S. cerevisiae BY4743 0.92 This study (NiO NIP Mode SLISF-control)
Waste potato peels S. cerevisiae BY4743 225 This study (NiO NP Mode NSLISF)
Waste potato peels S. cerevisiae BY4743 199 This study (Fe304 NP Mode SNLISF)
‘Waste potato peels S. cerevisiae BY4743 1.59 This study (Fe304 NP Mode SLNISF)
Waste potato peels S. cerevisioe BY4743 092 This study (Fe304 NP Mode SLISF-control)
Waste potato peels S. cerevisiae BY4743 198 This study (Fes0, NP Mode NSLISF)
Waste potato peels S. cerevisiae 025 [15]
Waste potato peels S. cerevisiae var. bayanus 0.15 9]
Waste potato peels S. cerevisiae y-1646 015 [12]
Waste potato mash S. cerevisiae (ATCC 24859) 029 [13]
Waste potato mash Aspergillus niger (NRRL 330) and 027 [45]

S. cerevisiae (ATCC 24859)
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The maximum bioethanol yield of 0.93 g/g was achieved in the
current research. This was achieved with Fe;0, NPs inclusion
(NIISF Mode SNLISF). Ethanol yields between 0.38 and 0.46 g/g
have been reported in previous studies [8,47). These were 2.4 and
2.0-fold lower than the ethanol yield (0.93 g/g) obtained in present
study. These observations further underscore the potential of
nanobiocatalyst in the fermentation of waste potato peels and
other feedstock for bioethanol production [49].

The high glucose release during the pre-treatment process can
be attributed to the enhanced enzymatic hydrolysis of pre-treated
waste potato peels [25). The recovery of fermentable sugars in the
nano systems was observed to be slightly higher in comparison to
the control experiments (Fig. 7) and this can be ascribed to
increased enzyme activities under the nanobiocatalyst conditions
[50-54]. In a related study, Ban and Paul [25], reported an increase
in intracellular p-glucosidase (BGL) activity up to 28 % with 5 mM
ZnO0 nanoparticle process inclusion. Furthermore, the high glucose
availability for immediate utilisation by the yeast cells could
promote glycolytic rates and consequently, increase ethanol
production instead of cell development, which further explains
the higher bioethanol concentration observed in the nano systems.

The depletion of glucose occurred from O to 28 h in the Fe;04
NPs inclusion ISF processes (Fig. 7A). The percentage glucose
utilisation of 97.00 %, 100.00 %, 100.00 % and 94.00 % were observed
under the four fermentation conditions (SNLISF, SLNISF, SLISF and
NSLISF, respectively). Similarly, rapid glucose depletion was
observed in the NiO NPs inclusion ISF processes from 0 to 36 h
(Fig. 7B). And the maximum glucose utilisation of 96.00 %, 100.00
%,100.00 % and 99.00 % (Table 1), was observed for SNLISF, SLNISF,
SLISF and NSLISF processes respectively, further suggesting the
nano catalysts favoured glucose uptake and utilisation by S.
cerevisiae.

3.4. NIISF processes bioethanol production kinetics

The observed data fitted the modified Gompertz model (R?
value >0.98) for the ISF NiO and Fe;04 NPs inclusion modes,
respectively (Table 3). The modified Gompertz kinetic model is
widely used for bioproduct formation study [55,56]. This model
gives information on the process lag time, the maximum
bioethanol production rate, and the potential maximum bioetha-
nol concentration. The kinetic coefficients for the highest
maximum potential bioethanol concentration (Py), maximum
bioethanol production rate (rp.m), and the lowest lag time obtained
in the present study were 32 g/L, 4.50 g/L/h, and 1.56 h, obtained
for the ISF NPs inclusion processes, NSLISF (NiO NPs inclusion),
SNLISF (Fe304 NPs inclusion) and SNLISF (NiO NPs inclusion).
respectively. All the NIISF results suggest that the presence of these
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nanomaterials effectively improved the bioactivity of S. cerevisiae
and subsequently increase the formation and yield of ethanol from
glucose. Also, these metals are bio-active agents such as cofactor
enzymes stabilizer and activators that enhance anaerobic bio-
ethanol fermentation [57]. Besides their role as growth factors and
enzyme cofactors, they are important in stimulating the formation
of cytochromes and ferroxins (Fd) which are vital for cell energy
metabolism [42]. Furthermore, NPs have been reported to
modulate the oxidation-reduction potential (ORP) values in
bioprocessing [28]. Low ORP value enhances bioprocessing, by
providing a suitable process environment for bioproduct formation
such as bioethanol production [28].

Table 3 shows the comparison of modified Gompertz coef-
ficients obtained in this study with previous studies. In the present
study, maximum bioethanol production of 31.84 g/L obtained was
2.77-fold higher compared tothe report by [58] and 1.5-fold higher
than that achieved by [17]. Similarly, the maximum bioethanol
production rate of 4,50 g/L/h was 18.75 times, 8.65 times and 1.03
times that achieved by [58] from oil palm frond juice, Rorke and
Gueguim Kana [59] from sorghum leaves and Dodic et al. [19] from
sugar beet raw juice, respectively. The highest Py, and rp . observed
in the present work coincided with NPs' presence. This further
highlighted the potential of nanoparticles as efficient biocatalyst
for starch-base lignocellulosic bioethanol production from ISF
processes.

3.5. GC-MS volatile organic inhibitory profile

Fig. 5 shows the profile of obtained volatile organic inhibitory
compounds (VOIcs) under the various modes of nano inclusion
during instantaneous saccharification and fermentation (NIISF) of
potato peels. Major VOIcs groups found were organic acids,
alkanols and ketones. Lower fractions of aldehydes, benzenoids,
sulphur-compounds, phenolic compounds, alkanals, amines and
amides were also found. Frequently reported volatile inhibitory
groups in bioprocessing include aliphatic acid, alcohol, aldehydes,
benzenoids, phenolic compounds and ketones [28,30]. Table 4
represents the VOIcs distribution observed under different NIISF
designs. The largest VOIcs part obtained was the aliphatic acids (69
%), with acetic acid making a large part (94 %), corresponding to a
concentration of 16.07 g/L (Table 4). The formation of acetic acids
has been reported in the pre-treatment of starch-based lignocel-
lulosic biomass due to the release of acetate (acetyl groups of
hemicelluloses) upon hemicellulose hydrolysis and fermentation
of hexose sugars [35). Acetic acid within the neutral cell
environment dissociates and leads to a decline in pH which
consequently impedes cellular activities. Therefore, before pro-
ceeding to fermentation, it is important that acid is neutralised,
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Table 3

Modified Gompertz model process parameters for NIISF processes compared to previous studies.
Feedstock Pe (/L) Tp.m (8/L/0) t, (h) Reference
Waste potato peels 2464 156 1.56 This study (NiO NP Mode SNLISF)
Waste potato peels 2407 190 179 This study (NiO NP Mode SLNISF)
Waste potato peels 2185 3.02 318 This study (NiO NIP Mode SLISF-control)
Waste potato peels 3184 This study (NiO NP Mode NSLISF)
Waste potato peels 2324 450 347 This study (Fes04 NP Mode SNLISF)
Waste potato peels 2483 3.26 359 This study (FesO4 NP Mode SLNISF)
Waste potato peels 2235 230 2.86 This study (FesO4 NP Mode SLISF-control}
Waste potato peels 23.59 This study (Fe;04 NP Mode NSLISF)
Beet raw juice 73.30 440 1.00 [20)
Sweet sorghum Juice 8848 217 298 [21]
Waste sorghum leaves 1715 052 631 [49)
0il palm frond juice (10-20 years) 3.79 0.08 0.77 [48)
Oil palm frond juice (3-4 years) 11.50 0.24 012 [48]
Corn cobs waste 4224 239 198 [17)
Corn cobs waste 32.09 325 2,68 [17)
Corn cobs waste 37.87 214 2.66 7]
Corn cobs waste 2762 233 312 [17]

while during fermentation metabolic shift away from acid
formation will favour ethanol production [28]. Other aliphatic
acids produced were, among others, propanoic acid (<0.17 g/L),
isobutyric acid (<0.13 g/L), larixinic acid (<0.20 g/L) formic acid
(<0.15 g/L). sorbic acid (<0.20 g/L), hexanoic acid (<0.10 g/L) and
levulinic acid (<0.16 g/L). Aliphatic acids such as levulinic acid and
formic acid are typically formed upon the degradation of 5-
hydroxymethylfufural and furfural. It has been reported that the
presence of these acids affects process performance by reduction
of biomass formation and consequent inhibition of ethanol
production. This occurs when less ATP is available for biomass
formation resulting from intracellular build-up of anions within
the fermentative microbes due to dissociation of these acids [30].

The next largest volatile fraction were the ketones, amounting
to a maximum of 47 %, with 2,3-dihydro-3.5-dihydroxy-6-methyl-
4H-Pyran-4-one being the most prominent, up to 93 % (4.65 g/L).
Usually, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-Pyran-4-one is
formed from the intermediate product of Maillard reaction of
dextrose, maltose and hexoses such as glucose [60]. Other ketones
formed include 1-hydroxy-2-propanone (<2.48 %), 2-Pyrrolidi-
none (<2.16 %), ethenone (<8.33 %) and 2,5-Dimethyl-4-hydroxy-3
(2 H)-furanone (<16.98 %), corresponding to concentrations of 0.21,
0.07, 0.27 and 0.55 g/L respectively. Generally, the formation of
ketones occurs due to pentose sugars such as xylose degradation.
Similarly, ketones are degradation compounds formed during
lignocellulosic biomass pre-treatment and subsequently ethanol
fermentation. Like other volatile compounds they have inhibitory
effect on enzymes and yeast activities [61].

Phenolics such as 2-methoxy phenol and 2-methoxy-4-vinyl-
phenol observed in this study were formed due to partial
degradation of lignin [1]. Phenolic compounds formation can also
be due to degradation or protonation of carbohydrates such as o-
glucose, p-xylose and L-arabinose [61]. These phenolic compounds
impede enzymatic saccharification and can lead to the destruction
of cellular electrochemical gradients [30).

Other groups found were aldehydes, amines, amides, lactones,
sulphur-containing compounds and alkanal fractions (Table 4).
Aldehydes, mainly furfural, 5-Methyl-fufural and 5-Hydroxyme-
thylfufural (HMF) were detected, which were products of xylose
protonation that occurs at elevated pre-treatment conditions [61].
Inhibitory mechanisms of furfural and HMF in bioprocesses
include furfuryl alcohol from yeast metabolism of furfural that
inhibits anaerobic growth of S. cerevisiae and subsequently
impedes ethanol production. Similarly, S. cerevisiaze metabolises
HMF to 5-hydroxymethyl furfuryl alcohol, resulting in a prolonged
lag phase in microbial growth.

Furthermore, as shown in Fig. 8, aliphatic acids concentration
(up to 69 %), was observed to be higher in the control experiment
(Mode SLISF) compared to the NiO nano systems: Mode SNLISF (59
%), Mode SLNISF (62 %) and Mode NSLISF (55 %). Likewise, in the
Fe;04 nano systems (Mode SNLISF, 58 %; Mode SLNISF, 59 %; Mode
NSLISF, 55 %), aliphatic acids concentrations were lower when
compared to the control set-up (69 %). This suggests metabolic
shift away from ethanol production in the control set-up towards
organic acid formation, especially acetic acid formation (Table 4),
while the opposite can be suggested for the nano-administered
processes. The formation of less acetic acid is of benefit to ethanol
production by S. cerevisiae [28]. This agrees with the observation in
this study, where higher bioethanol concentrations were associat-
ed with the NIISF processes, which had lesser acetic acid
concentrations when compared to the control experiment (ISF
without nanoparticles). Cellular accumulation of acetic acid is
detrimental to the cell and the overall fermentation process
performance. Also, notable is the lowest acid concentration (55 %)
obtained in Mode NSLISF of both nano systems, suggesting the
stage of NPs inclusion was vital to its impact on the acid inhibitor
formation. Furthermore, in this study, high ethanol yield (>0.93 g/
g), lower concentration of aliphatic acids (<69 %), benzenoids (<7
%), lactones (<0.08 %), sulphur-containing compounds (<0.35 %),
phenolics (<0.08 %) and alkanal (<0.08 %) were associated with
nano supplementation. The distribution of metabolites formed
during ethanol production is a crucial signal in assessing the
efficiency of the process [43]. To maximise the yield of ethanol, the
metabolic activities (by S. cerevisiae) must be directed away from
these volatile organic inhibitory compounds. In this study, the shift
in metabolic pathway away from volatile organic inhibitory
compound formation, towards ethanol production can be ascribed
to the presence of nanobiocatalyst [62]. Noticeable is the disparity
in the concentrations of VOIcs obtained in the nano-administered
processes and the control experiments. For instance, lower
concentrations of acetic acid (<7.837 g/L) and levulinic acid
(<0.104 g/L) were observed in the nano system as against the
control experiments (> 16.073, >0.162 g/L, respectively), represent-
ing a 105 % and 56 % reduction in acetic and levulinic acid
respectively in the nano system. Similarly ketone, such as 1-
Hydroxy-2-propanone (<0.055 g/L). was in lesser concentration in
comparison to the control experiments (0.063 g/L), also represent-
ing a 15 % reduction in 1-Hydroxy-2-propanone concentration in
the nano system. Furthermore, the sulphur compound, dimethyl
trisulfide was 7.9-fold less in the nano systems in comparison to
the control set-up. These results further vindicate the inclusion of
nanoparticles in the ISF process.
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Table 4

Relative amounts (g/L) of volatile organic inhil y ¢ from ISF with icle (NiO and Fe;04) inclusion.
Compounds NiO NPs ISF Fey04 NPs ISF

1 2 3 4 3 6 1 & 3 4 ; 6
Amines
3-methyl-pyridine 0022 0026 0 0010 0013 0 0 0 0 0 0 0
Amides
Acetamide 0 0 0 [ 0 0.032 0 0 0 0 0 0
Alcohols
3-Methyl-1-butanol 0152 0.123 0.295 0177 0.026 0 0 0.081 0.090 0167 o 0
Pentanol [ 0 0 0 0 o 0.054 o 0 0 0 0
2.3-Butanediol 0 0 0 0 0 0 0 0 0 0 0 0
2-Furanmethanol 0293 0125 0.114 0.203 0.105 1137 0.105 0076 0151 0141 0.210 0.598
5-Methyl-2-furanmethanol 0059 0020 O 0062 0071 0226 0059 0033 0049 0046 0044 0192
3-(methylthio)-1-Propanol 0.056 0.047 0.090 0.053 0.047 0 0.060 0.057 0.045 0.082 0 0
2-Methoxy phenol 0.055 0 0.018 0 0.092 0 0 o 0 0 ] 0
Phenylethyl Alcohol 0602 0.422 0375 0.582 0292 0 0.374 0498 0353 0.667 o 0
Benzyl alcohol o 0 0 0 0 0.297 0.026 o 0 [ 0
4-hydroxy-benzenemethanol 0 0 0 0 0 0.061 o o 0 0 0.026 0.055
Cinnamy] alcohol 0.092 0 0.128 0.099 0098 0 0 0 0 0 0 0.019
1-(2-Furyl)-.2-ethanediol 1559 1138 1223 1672 0919 0.164 1.002 1567 0825 1657 0.085 0.072
Aldehydes
Fufural 0.098 0.098 0.107 0.228 0 2.798 0150 0.083 0.098 0.152 0.726 1.808
5-Methyi-fufural 0.263 0278 o 0.307 0.220 3367 0.348 0323 0.352 0.406 0.387 1427
5-Hydroxymethylfufural 0 0 0 o 0054 5.844 0 0 0 0 2.509 4.781
Aliphatic acids
Acetic acid 7.837 7.187 16.073 7642 2464 7220 6.032 6.966 7.016 7416 un 4573
Formic acid 0 0 0127 0.022 0 0 0 0 0.043 0 0.020 0.148
Propanoic acid 0.090 0.064 0.162 oan 0.044 0 0 0.103 o 0170 0.023 0.038
Isobutyric acid 0.077 0.064 0133 0.071 ] 0 om 0.083 0.053 0.075 0.031 0.048
4-Hydroxybutanoic acid 0 0 0 0 0 0 0.084 0174 0084 0 0.026 0.077
Butanoic acid 0.055 0.046 o 0.091 0320 ) o 0 0 0.083 0.026 0
Isovaleric acid 0 0 0 0 0 0 0.061 0 0 0 0 0
2-Methylhexanoic acid 0.064 0.036 0.165 0.095 0.059 0 o 0.067 0.049 0.076 0 0
Valeric acid 0 0 0 0 [} 0 0 0 0.070 0 0 0
Hexanoic acid 0059 0057 0086 0090 0051 O 0.071 0076 0056 0104 0053 0098
Larixinic acid 0063 0062 0.98 0082 0059 0084 0075 0068 0075 009 0013 0065
Sorbic acid 0.116 0.151 0 0471 0.046 0 0.070 0123 0.054 0.202 0.036 0.198
Octanoic acid 0 0 0 0 0 0 0 0 0 0 0.083 0.052
Levulinic acid 0.078 0.097 0162 0 0.031 0.081 0.076 0.095 0.100 0.104 0.042 0.043
Benzenoids
Benzencacetaldehyde 0.461 0371 1283 0733 0344 0815 0587 0446 0389 0581 0030 0393
Benzoic acid 0 0.155 0497 0 0 0 0 0175 [AYE] 0.185 0.061 0.206
Ketones
Acetoin o 0 0 0 0.187 0 ] 0 0 ] 0 0
1-Hydroxy-2-propanone 0.034 0.037 0.043 0.028 0.051 0213 0.055 0.048 0.063 0.027 0.076 0133
Ethenone, 1-(2-furanyl) 0 0 0.485 0.087 0.033 0138 0 0 0 0.065 0.035 0.186
2-Pyrrolidinone 0.051 0039 0071 0058 0022 0 0041 0045 0040 0049 O 0
Ethenone 0198 0140 0268 0.255 0130 0158 0136 0173 0.145 0.207 0.054 0.061
Furyl hydroxymethyl ketone 0 0 0 0 0 0neé 0 0 0 [} 0019 0051
2,5-Dimethyl-4-hy y-3(2 H)-fi 0242 0.260 0.555 0.339 0140 0.247 0247 0223 0.200 0315 0.105 0.144
2,3-dihydro-3,5-dihydroxy-6- 1.595 1271 1815 1.956 1538 7.601 1391 1.562 1397 2.034 4.649 6170
methyl-4H-Pyran-4-one

4-cyclopenetene-1,3-dione 0 0 0 0 0 0 0 0 0 o 0.082 0169
lLactones
5-Methyl-2(5 H)-Furanone 0 0 0 0 0 0 0 ] 0 1] 0 0,026
2(5 H)-Furanone 0 0 0 0 0 0 0 0.008 0.010 0 0.014 0.038
Sulphur compounds
Dimethy! disulphide 0 0 0 0 0 0 [ ] 0 0 0 0.031
Dimethy! trisulfide 0.009 0.007 0.087 0.01 ] ] [} 0.007 0.009 0.011 0 0
Phenolic compounds
2-Methoxy phenol 0.055 o 0.018 0 0.092 0 o 0 0 0 0 0
2-Methoxy-4-vinylphenol 0.084 0.073 0172 0.100 0017 0.180 0.062 0.076 0.063 0.139 0.019 o.1ne
Alkanal
Methional 0 0 [} 0 0 0.129 0 0 0.009 o.on 0 0

1- SNLISF. 2-SLNISF. 3-SUSF-control, 4-NSLISF. 5-SLIS and 6-NSLIS.
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Fig. 8. Profile of volatile organic inhibitory compounds in different modes of ISF processes in the presence of nanocatalysts (A) Fe;04 NPs and (B) NiO NPs.

3.6. Effects of stage of nanoparticle inclusion in the ISF inhibitor
compounds profile

There were differences in the concentrations of bioethanol and
volatile organic compounds observed in the NIISF processes
resulting from the different stages of nanoparticle inclusion in the
ISF processes. Inclusion of NiO NPs at the pre-treatment stage
(Mode NSLISF), suggests an improved alcoholic metabolic pathway
resulting in the highest bioethanol concentration of 36.04 g/L and
considerable reduction in acetic acid formation (27 %). The results
obtained with NPs administered at the liquefaction, saccharifica-
tion and fermentation stages (Modes SNLISF and SLNISF) indicate
the enzymatic and yeast metabolic activities were shifted away
from sulphur-containing and phenolic compound formation. Also,
the acetic acid was reduced by administering NPs at these stages,
but to a lesser extent (10 %). The impact of nanoparticles on volatile
inhibitory compound formation may be ascribed to the proton-
ation degradation of potato peel biomass during the physiochem-
ical pre-treatment process and the enzymatic activities during the
NIISF processes [51]. Protonation site initiating substrate degrada-
tion determines the mechanism and degradation pathway,
consequently, the degradation products [61]. Similarly, the
degradation products depend on operating conditions and could
be regulated by controlling the process parameters. In addition, the
formation of organic metabolites also occasion by the amounts of
enzymes and co-factors such as nickel and iron present, thus, from
enzyme regulatory mechanisms, and the need to maintain a
relatively steady intracellular pH [63]. Inclusion of metallic
supplement in bioprocessing performs various functions such as
enzyme activator, enzymes stabilisers, enzymes cofactor, growth
factor and chelating of other compounds hence, reducing their
toxicity [57]. Moreover, volatile organic inhibitory compounds
(VOIcs) released due to substrate metabolism have chelating
potentials and capacities occasioned by their functional groups
[64). These chelating compounds such as sulfhydryls, amides,
carboxylates, hydroxyls, phenols and amines can form ligands and
complexes with Fe and Ni metals. The affinity for ¢ lexation

the same for various metals; and this is also dependent on
operating conditions [27). Consequently, the VOIcs formed, and
their chelating activities in bioprocesses play vital roles in metal
ions’ availability to microorganisms, metabolic activities and
ultimately process performance.

4. Conclusions

The impact of inclusion stage of NiO and Fe304 nanoparticles on
bioethanol production and volatile inhibitory organic compound
formation in the instantaneous saccharification and fermentation
(ISF) of potato peels is elucidated in detail. Addition of NiO NPs at
the pre-treatment stage (NSLISF mode) resulted in the production
of optimal concentration of bioethanol (36.04 g/L). Likewise,
inclusion of Fes04 NPs during pre-treatment (NSLISCF) and
liquefaction (SNLISF) stages lead to the best bioethanol concen-
tration values of 23.99 and 23.75 g/L respectively. Higher ethanol
yield (0.93 g/g) with inclusion of Fe304 NPs during liquefaction and
productivity (2.25 g/L/h) with inclusion of NiO NPs during pre-
treatment were obtained with the NIISF processes, Moreover,
substantial reduction in inhibitory organic compounds was also
achieved with the NIISF (nanoparticle inclusion) strategy. Nano-
particle band gap energy property had a pronounced effect on
bioethanol bioprocessing. These nano additives are effective
biocatalysts: their individual inclusion had significant impact on
the biomass conversion processes (pre-treatment, liquefaction,
saccharification and fermentation). Hence, NiO and Fe304 nano-
particles could be an efficient biocatalyst for the industrial
bioethanol production from potato peels.
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ARTICLE INFO ABSTRACT

Keywords:
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Bioethanol production

The present study optimized ethanol yield using nickel oxide (NiO) nanoparticles (NPs) as a biocatalyst.
Additionally, Saccharomyces cerevisiae BY4743 cell growth and the bioethanol production kinetics were assessed.
The Response Surface Methodology (RSM) model showed a coefficient of determination (R?) value of 0.93. The
optimized process gave a biomass concentration and ethanol yield of 2.04 g/1 and 0.26 g/g (1.03 and 1.19-fold
increment compared to the control experiment), respectively, The process kinetic data showed that the inclusion
of NiO NPs improved the affinity of S. cerevisize BY4743 to glucose consumption, carbohydrate and protein
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accumulation. A significant reduction in volatile fatty acid (VFA) was observed in the presence of NiO NPs. The

of nano bi

ingfully enhanced bioeth

ification and fe of potato peel waste, mean-

duction (> 65 %). The study provided major insights into the use of NiO NPs to

enhance the bioprocess of ethanol production.

1. Introduction

The global energy consumption has increased tremendously over
the last century and there are envi | concerns iated with
the use of fossil fuels. There is a need for alternative sources of energy
such as bioethanol, biohydrogen, bi h and biodiesel which

Additionally, enhancing the bioactivity of ethanol-producing yeast as
well as reduction in the formation of inhibitory compounds such acetic
acid, phenolic, alcohols are desirable to achieve high ethanol
yield, The significance of trace metals in biop dium f¢ la-

tion for enhanced metabolism is still vastly underestimated [7]. Their

y 3
could replace the depleting fossil fuels and alleviate their environ-
mental impacts [1]. Bioethanol has gained global attention as a result of
its renewability and environmental benefits [2]. Nevertheless, many of
the current bioethanol production technologies are still faced with
several chall These include the ity for an enh d bioac-
tive and stress tolerant ethanol-producing microorganism and an eco-
nomical fermentation process that will lead to high ethanol yield, en-
hanced substrate utilisation and shorter fermentation time [3]. A
number of studies have reported enhanced bioactivity and boli

ilability as micro-nutrients plays a very significant role on the me-
tabolic performance of microorganisms. Although, trace metals is re-
quired at very low concentration, their deficiency can impact on the
production of enzymes, and growth factors required for
metabolism and ultimately reduce their metabolic activity [8]. For in-
stance, trace metal deficiency in bioprocesses results in increased build-
up of inhibitory volatile fatty acids (VFAs) and subsequently poor fer-
mentation performance [9]. A typical case was reported by Schmidt
et al. [9], where precipi! of VFA ds in a Fe/
Ni-deficient biop was observed.

activities of ethanol-producing yeasts under appropriate environmental
and nutritional conditions [4,5]. However, higher conversion efficiency
of substrates coupled with satisfactory ethanol yields has remained a

hall Ethanol fer ion perfor are infl d by pro-
cess conditi such as constituents, pH, temperature, and
substrate concentration [5). The develof of suitabl di

constituent and determination of optimum process conditions are cru-
cial steps in obtaining high ethanol yield and productivity [6].

* Corresponding author.
E-mail address: kanag@ukzn ac.za (G.E.B. Kana).

hutps://doi.org/10.1016/).procbie. 2020.01.029

Metallic nanoparticles (NPs) in culture nutrient formulation have
recently been identified as a potential catalytic technique for improving
the bioactivity of ethanol-producing microorganisms and fermentation
productivity [10,11]. Their ability to alter the rate of reaction coupled
with biotechnological potentials have led to their increased application
in many fields of research such as biotechnology [12,13,14). This is due
to their exceptional properties (chemical stability, catalytic properties,
surface-to-volume ratio, interaction, magnetic separation, and
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in biotech

specificity) which can be imp logical processes
[15]). Their catalytic properties generally depend on their size, shape,
stabilizing agents and operating conditions [15,16).

Data on the use of catalytic nanoparticles for enhancing biological
processes such as biomethane, biogas and biohydrogen production
currently exist [17,18]. The study by Zhao et al. [18] observed a 1.7-
fold increase in biohydrogen yield when silver NPs inclusion in the
range of 0-200 nmol/L was implemented. Furthermore, this study re-
ported a higher yield in biohydrogen production when the initial pH
was 8.5 compared to pH value of 8.1 (68 % increase). Similarly, Zhang
and Shen [19) recorded a 57 % improvement in biohydrogen produc-
tion using 5nm particle size gold nanoparticles compared to 20 nm
particle size (43 %). Nevertheless, there is a significant knowledge gap

on the effect of ticles nutrient supp for enhancing
bioethanol production using Saccharomyces cerevisiae.
G Iy, high | yields following fer are affected

by process conditions such as culture nutrient, pH, temperature and
substrate availability [20,21]. Hence, bioprocess can be optimized with
these operational conditions such that high productivity could be
achieved with their optimum process conditions. Only few studics have
reported on the impact of fermenting temperature on the dynamic be-
haviour of Saccharomyces cerevisiaze BY4743 during fermentation pro-
cesses [5]. Metabolic activities of the cell are largely dependent on the
pH of the medium and can modify the metabolic pathways as well as
the kinetics. Culture nutrient especially the micro-nutrients such as
nickel oxide at low concentration have been reported to enhance the
bioactivity and growth of yeast during ethanol fermentation [3]. There
is dearth of k ledge on the i ive effect of these environmental
process conditions on bioethanol fermentation process.

Various bioprocess optimization strategies have been reported
[1,22,23). The ‘one-factor at a time' technique is not only time con-
suming but also often easily misses the interactive effects of the process
inputs, and the obtained optimum process set points are not reliable. In
contrast, the R Surface Methodology (RSM) is a modeling
technique that combine both mathematical and statistical function to
establish the relationship between controllable set of empirical factors
and the observed results [24]. RSM has been reported in the optimi-

Process Biochemistry 92 (2020) 386-400

peel waste as a potential feedstock for fuel ethanol production has been
reported [24]. However, the kinetics of bioethanol production from
potato waste in the presence of nanobiocatalyst has not been eluci-
dated.

In this study, the optimum process conditions of NiO NPs con-
centration, perature, pH and sub ion to achieve
high ethanol yield using S. cerevisiae BY4743 were investigated.
Furthermore, the Monod, logistic and modified Gompertz kinetic
models were employed in the current study to describe the microbial
growth and ethanol production under the optimized nanobiocatalyst
condition. The optimized condition was further validated on simulta-
neous saccharification and fermentation (SSF) of potato waste.

2. Materials and methods
2.1. Experimental setup

2.1.1. Synthesis of NiO nanoparticles

NiO ticles were p d by dissolving 4.75g of Nickel
chlonde hexahydrate (NiCl. GH;O) in distilled water (20 mL), and then
a dropwise addition of ia to NiCl,.6H,0 was made to attain a pH
of 10. The mixture was irradiated in a microwave oven at 700 W for
3 min to complete the reaction. The obtained NiO NPs precipitate was
washed thoroughly and oven dried at 100 °C for 6 h [13].

2.1.2. Characterization of NiO NPs

The elemental composition, shape and size of the nickel oxide na-
noparticles (NiO NPs) were determined using Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM). The
SEM and the TEM op ional ployed have been pre-
viously detailed in Sanusi et al. [17]

2.1.3. Process modelling and optimization

The Box-| Behnken design class of Response Surface Methodology
(RSM) was employed to dependent experi 1 runs (29)
with process inputs of NiO nanoparticles concentration (0-0.05 wt%),
(20-~50°C), initial glucose concentration

zation process of citric acid prod [25,26), biodiesel production,
ethanol production (3], yoghurt fermentation [27], biogas generation
and biohydrogen production [28]. Knowledge on the dynamics of nano-
catalysed ethanol fermentation (NCEF) processes will ease the de-
termination of optimum process conditions.

With increasing interest in the large scale production of ethanol,
many kinetic models have been proposed which describe substrate
consumption, microbial growth and product formation [29]. Some ex-
amples include the logistic, Monod and modified Gompertz models.
These kinetic replicas describe bioprocess under different operational
input conditions and this can help to ductivity, p
yield and minimise the formation of undesired by-products (such as
inhibitors) [30,31). G lly, bi growth with respect to the
limiting substrate can be described using Monod model [32]. Similarly,
the changes in mlcrobxal population as a function of growth rate, initial

and and time, assuming
sufficient substrate can be expressed by logistic model [33); the mod-
ified Gompertz model can be used to describe the ethanol production
lag time, maximum production rate, and maximum concentration on a
given substrate [30]. Despite the availability of data on kinetic models
of bioethanol production, very little is known on bioethanol production
utilizing nanobiocatalyst.

Agro-industrial wastes are being considered as renewable source of
substrate for biofuel production [24,31). These resources offer nu-
merous advantages which include: local availability, sustainable de-
velopment of bioenergy, waste management and va]orlsauon Agri-

cultural waste such as pota(o waste i id of
starch, lignin, cellul icellulose and fer ble sugars that
warrant its use as fé ion feedstock. The probable use of potato

(10 50g/L) and pH (4-6) (Table 1). The input ranges were chosen
based on previous studies (5, 17). The obtained experimental data were
then used to fit the polynomial model equauons relating the input

to the resp ion and
bloe!hano] yield. The general equauon of the model is shown in Eq. (1).

Y = ap + Xy + aXz + asXs + anXy? + azXa®+ amXi +
a;2XiXz + a13XiXs + azaXaXs (¢}]

Y represents the response output, ay is the intercept, a; X, to asXs
are the linear coefficients, a;,X? to a33X3 are the quadratic coefficients
and a,2X, Xz to az3X,Xs represents the interaction of coefficients.

This model was evaluated using the Analysis of variance (ANOVA).
The optimum fermentation set points for the responses (biomass con-
centration and ethanol yields) were obtained by solving the equations
[34] and these set points were hence validated experimentally in du-
plicate.

2.1.4. Strain and inoculum preparation

The yeast strain used in this study (Saccharomyces cerevisiae
BY4743) was obtained from the Department of Genetics, University of
KwaZulu-Natal, Pietermaritzburg Campus, South Africa. To prepare the
inoculum, the yeast was inoculated into a 250 mL Erlenmeyer conical
flask containing 100 mL of Yeast Peptone Dextrose medium. The in-
oculum medium contained; Yeast extract —10g/L, Peptone —20g/L
and Glucose —20g/L. The yeast was incubated in a rotary shaker at
120rpm, 30°C for 12h until the exponential growth phase was
reached. The culture was then used as the inoculum for the bioethanol
production studies.
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the lag time (t;), maximum bioethanol production rate (r; ;) and the
maximum potential bioethanol concentration (P,).

Fp.m - exp(1)
P =p, . expl—ex [——’ =0 +1)

ReoSRWEL g L ®)
where P is the ethanol concentration (g/L), P, is the potential max-
imum ethanol concentration (g/L), r, is the maximum ethanol pro-
duction rate (g/L h) and t, is the time (lag phase) from the beginning of
fermentation to exponential ethanol production (h).

2.4. Yield and productivity calculation

The ethanol yield and productivity of S. cerevisiae BY4743 in the
presence of NiO NPs were determined using the following parameters;
sugar utilisation, fermentation efficiency, ethanol yield and ethanol
productivity were determined using the following Eq.s (6)-(9), re-
spectively:

Initial sugar content — final sugar content

Sugar utillisation (%) = - x 100
Initial sugar content
©)
2 Actual ethanol yield (g/L)
Fermentation efficiency (%) = 100
ciency (%) = o oretical yield of ethanol /L)
@)
Maximum ethanol concentration (g/L)
Ethanol yield (g/g) =
arol yield (8/g) Utilized glucose (g/L) ®
e ethanol tion (g/L)
Ethanol product L/h)
anol produceivity (g/L/k) Fermentation period (h) ()]

3. Results and discussion
3.1. Nanoparticles characterization

The morphology of synthesized NiO NPs from SEM analysis is

Process Biochemistry 92 (2020) 386-400

oo ne

Fig. 2. Transmission electron micrograph of NiO NPs synthesized via micro-
wave-assisted irradiation.

shown in Fig. 1A. The SEM image revealed the spherical structures of
NiO NPs that were aggregated. The elemental composition of NiO NPs
determined by SEM-EDS shows that NiO NPs comprises of 31.46 % Ni,
35.04 % C, 32.53 % 0, 0.50 % Cl, and 0.48 % Si (Fig. 1B and 1C). TEM
image (Fig. 2) also confirmed NiO NPs’ spherical shape with a narrow
size distribution (23-37nm), an average size of 29nm, which, is
comparable to other studies [39]. Similarly, Li et al. [40], obtained
spherically shaped nickel oxide nanoparticles with a smaller particle
size of 13 nm and a narrow size distribution (8 — 18 nm). The disparity
in the obtained diameter and size distribution compared to other re-
ports, may be attributed to variances in preparation method and the
precursors employed.

3.2. RSM Modeling of biomass and ethanol under NiO NPs condition

The observed from the experi I design are shown in
Table 1. Table 2 shows the fitness of the models as assessed by Analysis

mem Weight _ Atomics
cx 35.04 s2.88
ok 3253 36.85
Sik 0.48 031
ax 050 0.25

Fig. 1. SEM and EDX images of NiO NPs (A) Scanning electron micrograph of the NiO powd:

d via mici

d route (B) The percentage

weight and atomic composition of the elemental units of NiO NPs. (C) EDX spectrum of NiO NPs on carbon coated grid.

389
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Table 1
Box-Behnken design used for NiO NPs administered fermentation on variables
of NiO NPs ion, glucose pH and incubati p
ture.

Run  A: Temperature B: C:pH D: Response 1 Response 2

Q) Glucose NPs Biomass (g/  Ethanol (g/
(2/1) (wt L 8
%)

1 20.00 30.00 600 003 209 on

2 20.00 30.00 500 000 215 011

3 50.00 30.00 400 003 028 0.04

a 35.00 50.00 500 000 201 0.16

s 50.00 10.00 5.00 003 0.24 0.8

6 50.00 50.00 500 003 026 0.06

7 35.00 30.00 4.00 0.05 1.96 0.15

8 50.00 30.00 500 000 o021 0.08

9 20.00 50.00 500 003 206 0.09

10 35.00 30.00 400 000 1.96 0.15

1 35.00 30.00 6.00 0.05 1.97 0.16

12 20.00 30.00 500 005 219 0.11

13 50.00 30.00 500 005 0.39 0.04

14 35.00 30.00 500 003 1.96 0.18

15 35.00 30.00 500 0.03 1.98 0.18

16 20.00 30.00 4.00 003 2.19 on

17 35.00 10.00 500 0.00 1.96 0.19

18 35.00 10.00 600 0.03 1.96 0.18

19 35.00 30.00 500 0.03 1.96 0.18

20 50.00 30.00 600 003 0.30 0.05

21 35.00 10.00 5.00 00s 2.09 0.24

22 20.00 10.00 500 0.03 2.03 0.15

23 35.00 50.00 600 0.03 1.93 0.16

24 35.00 30.00 600  0.00 1.88 015

25 35.00 50.00 500 005 1.89 0.16

26 35.00 30.00 5.00 003 1.92 0.18

27 35.00 50.00 4.00 003 184 0.17

28 35.00 10.00 4.00 003 1.96 0.21

29 3500 30.00 500 003 195 0.18

Process Biochemistry 92 (2020) 386-400
2.2. Analytical methods

The glucose content of the enzymauc hydrolysa:e and fermentation
media was determined sp ically using Mi gl
kits (Megazyme, lreland)

The cell dry weight was obtained by measunng the optical density

P

at 600nm using SpectroVis plus Spectrop The bi
concentration (cell dry wmghx) was delermined using a standard cali-
bration curve; a cor dence on b dry weight as a
function of optical density [1 0,29]

The conc ion of ethanol in the was determined by

means of Vernier ethanol sensor (LABQUEST*2, Vernier, USA). Vernier
vapour sensor employs a metallic oxide semiconductor 1o sense ethanol.
Ethanol is ¢ dinac reaction with the metallic oxide,
hence a reduction in the internal resistance of the sensor element oc-

curs. A resp voltage corresponding to eth results
from the change in the internal resistance [29].
Metabolite profile under op fer ion conditions (0.05 wt

% NiO NPs, 10 g/L glucose concentration, pH 4.86 and incubating
temperature of 32.25°C) was assessed for volatile fatty acids and in-
hibitory compounds such as acetic acid, butyric acid, succinic acid, 5-
methyl-furfural and furfural. Samples were analysed using coupled
Varian 3800 Gas Chromatography (California, USA) and Varian 1200
Mass Specn'omeu‘y (GC-MS) [35].

The p was precipitated from the yeast cells (without
the nanoparticles separated fmm the culture), using the method pre-
viously described by Wessel and Fluegge [36]. The protein concentra-
tion was then determined by the Bradford method [37], using bovine
serum albumin as the standard,

Total carbohydrate content was obtained by pipetting 1 mL sample
without the nanoparticles separated from it into 2mL centrifuge tubes
contamlng saturated mercuric chloride (0.1 mL). Mercuric chloride

2.1.5. Fermentation process

The fermentation experiments as specified in the experimental de-
sign (Table 1) were carried out in sterile 250 mL Erlenmeyer flasks with
a working volume of 100 mL. The fermentation medium contained;
glucose (10-50 g/L), NiO nanoparticles (0-0.05 wt%), nutrients (yeast
extract: 5g/L, (NH4);S04 1g/L, KHzPO4: 2g/L and MgSO4:1 g/L).
Then pH values (pH 4-6), were achieved by adjusting the pH of the
medium with 1M HCl and 1 M NaOH. The operating p set

completely i d any further glucose utilisation by the yeast cells.
The suspension was centrifuged at 3500 rpm for 15 min. Thereafter,
1 mL aliquot of the suspension was extracted for the total carbohydrate
determination using the anth gent with p-gl as d at

620 nm (SpectroVis plus Spectrophotometer) [38).

2.3. Kinetic calculations

The specific growth rates (4) of the fermentation processes were

+

points were maintained as specified in Table 1. Yeast inoculation were
carried out at 10 % (v/v). After inoculation, the experiments were in-
cubated at 30 °C and 120 rpm, while 2 mL aliquots were extracted every
3 h for sample analysis.

2.1.6. NiO NPs inclusion in simultaneous saccharification and fermentation
of potato waste

The optimized process condition for cell growth and product for-
mation in the presence of NiO NPs obtained using gl dium were
further applied on simultaneous saccharification and fermentation
(SSF) of potato peel waste. For the SSF experiments, hydrolysate from
the pr stage was employed. The detailed pretr pro-
tocol has been reported in our previous study (Sanusi et al. [17)). The
SSF process (S0 mL) contained: 0.05wt% NiO NPs, pretreated dried
potato peel waste with solid loading of 10 %, enzyme loading of
0.212 mL amylase for the liquefaction stage at 90 °C, pH 7, for 60 min.
Then, 0.295mL of amyloglucosi for ification and fermen-
tation broth (5g/L yeast extract, 2 g/L KHzPO,, 1g8/L MgSO,, 1g/L
(NH4);S04). After inoculation (S. cerevisiae BY4743 inoculum broth (10
% (v/v))), the SSF experiment was incubated at 37 °C and 120 rpm over
24 h until glucose concentrations were depleted. For sample analysis,
0.5mL aliquots were extracted once in every four hours.

d using Eq. (2). The specific growth rate values (u) and the in-
itial substrate concentration data were then used to estimate the max-
imum specific growth rate (}i,,,,) and Monod constant (K,).

InX; — InX,
S rowth rate (i) = —m—=
pecfic g ()] = @
where X, and X, are biomass concentrations (g/L) at t; and t;, re-
spectively. The linear rep ion of this equation is exp d as
follows:

1 1 ) |

- — e el (o

K Hma Hma & ®)
where S represents substrate concentration.

In addition, the integrated logistic function equation (Eq. 4) was
used to describe the relationship of biomass (X), at specific times (t)
during exponential and stationary phases of cell growth to initial bio-
mass concentration (Xp), maximum biomass concentration (Xmax) and
maximum specific growth rate (ji,,,). This equation was used to model
S. cerevisiae BY4743 growth under NiO NPs biocatalyst.

Xo. m(ﬂmu' ‘)
1= (32) 0 = Pt ) @

X=

Furthermore, the experi ] data on bioethanol production were
used to fit the modified Gompertz model in Eq. 5. This model estimates
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Fig. 3. 2.D contour plots showing the interactive effects of process

on bi ion and the ethanol yield. (A)
The i ive effect of P and glucose on biomass
concentration (B) Resultant effect of pH and temperature on
biomass concentration (C) The impact of the interaction of NiO

NPs and on the ion of cell bi D)
Bi from the i effect of pH and glu-
cose (E) Resul infl of the i tion of NiO NPs and

glucose on biomass concentration (F) Ethanol yield from the in-
teraction of pH and process (@) I ive infl

of NiO NPs and temperature on ethanol yield (H) Contour plot of
the effect of NiO NPs and pH on ethanol yield.
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ethanol yield (0.24 g/g) when temperature and pH input variables were
i d at their median values (35 °C and 5), glucose at the lowest

Table 2

Analysis of variance (ANOVA) for biomass and ethanol models.
Source Sum of Df  Mean Fvalue Pvalue  R?

squares squares
Biomass model 4.00 4.00 100 40440 < 0.0001 0.998
Ethanol yield 0.053 4.00 0.013 33.01 < 0,0001 0925
model
Df: degree of freed F-value: Fish d distribution value, P-value:

probability value, R% coefficient of determination.

Table 3
Models coefficient of estimates with standard errors.

Factor Biomass Biomass Ethanol Ethanol
coefficient standard coefficient standard
estimate error estimate error

Intercept  1.95 0.022 0.18 8,977E-003

A -0.92 0.014 -0.019 5.795E-003

B —-0.021 0.014 -0.029 $.795E-003

c = 5.000E-003 0.014 —1667E-003 5.795E-003

D 0.027 0.014 1.667E-003 5.795E-003

AB = 2.500F-003 0.025 -0.015 0.010

AC 0.030 0.025 2.500E-003 0.010

AD 0,035 0.025 —1.000E-002 0.010

BC 0.022 0.025 5.000E-003 0.010

BD -0.062 0.025 -0.012 0.010

cp 0.023 0.025 2.500E-003 0.010

A? -0.75 0.020 -0.083 7.882E.003

B -0.023 0.020 0.020 7.882E-003

(s -0.012 0.020 =0.019 7.882E-003

p? 0.030 0.020 =0.011 7.882E.003

of Variance (ANOVA). The relatively low p-values of < 0.0001 for both
the biomass and ethanol models and the high F values of 404.40 (bio-
mass) and 33.01 (ethanol) elucidate the models’ significance (Table 2).
The obtained experimental data fitted well to a quadratic model for the
models and both exhibited low standard error (Table 3). Coefficient of
determination (R?) should be =0.80 for the good fit of a model [41). In
this case, R of the models obtained were 0.998 and 0.925 for biomass
concentration and ethanol yield respectively, which indicate that the
sample variation of 99.8 % for biomass concentration and 92.5 % for
bioethanol concentration is ascribed to the independent factors and
only 0.2 % (biomass concentration) and 7.5 % (ethanol yield) of the
total variation are not explained by the model. It can be implied from
these observations that the models are suitable to depict the actual

value (10 g/L) and NiO NPs concentration at the highest value (0.05 wt
%) (run 21) compared to maintaining input variable at low and high
values of temperature and pH.

Shown in Fig. 3 (A-H) is the interactive effect of the process inputs

on bi ion and ethanol yield. It was observed that NiO
NPs concentration, glucose conc pH and ure had a
linear relationship on bi (Fig. 3A-E). When glucose

and temperature were si ly increased from 10
to 50g/L and 20-50°C respectively, an increase in biomass con-
centration from 0.2 to 2.2 g/L (Fig. 3A) was observed. Similar responses
were obtained for the interaction of pH (4-6) and temperature
(20-50°C) (Fig. 3B), NiO NPs concentration (0 to 0.05 wt%) and tem-
perature (20-50 °C) (Fig. 3C) when these interacting parameters were
concurrently increased. Additional increase in the temperatures from
35 to 50 ‘C resulted in a sharp decrease in biomass concentration from
2.2 10 0.73 g/L. The noticeable infl of input on bio-
mass concentration may be ascribed to its impacts on the yeast bioac-
tivities and growth kinetics during ethanol fermentation [21,22]).
Generally, high temperatures (> 45 "C), negatively impact the process
efficiency by d ing the cells’ , promoting the production
of inhibitory compounds and shortening the exponential growth phase.
Additionally, extreme temperatures (> 50 ‘C) were reported to com-
pletely inhibit microbial growth [5].

Moreover, shown in Fig. 3D is the interactive effects of pH and
gl on the bi ion. Concurrent in-
crease in pH from 4 to 5 and glucose concentration from 10 to 30 g/L
resulted in an increase in biomass concentration from 1.84 to 1.96.
Additional increase in the pH from 5 to 6 and glucose concentration
from 30 to 50g/L showed a slight reduction in the biomass con-
centration from 1.96 to 1.91. However, the interactive effect of NiO NPs
concentration and glucose concentration in Fig. 3E showed that a si-
multaneous increase in NiO NPs concentration from 0 to 0.05 wt% and
glucose concentration from 10 to 50 g/L led to a sharp increase in
biomass concentration from 1.89 to 2.09 g/L with increasing NiO NPs
concentration while increasing glucose concentration only resulted in
steady increase in biomass concentration from 1.89 to 1.99 g/L. The
high biomass concentration observed at high NiO NPs concentration
and substrate availability may be attributed to the significance of cell
growth largely dependent on substrate concentration [42]). Also, sub-
strate availability might alter the cell’s metabolic flux from an ethanol
fermentative metabolism using mainly glycolysis, to a respiratory me-
tabolism in which the ethanol formed in the earlier stages of growth is

¢

relationship among the selected factors. C ly, the quadratic
model obtained in this study could be employed in the th ical
prediction of biomass concentration and ethanol yield under nanobio-
catalyst condition. The final polynomial mode equations in terms of

coded factors are depicted below.

Biomass (g/1) = +1.95 - 0.92A - 0.021B - 5.000E-003C + 0.027D -
2.500E-003AB + 0.030AC + 0.035CE + 0.022BCE -
0.062BD + 0.023CD - 0.75A% - 0.023B% - 0.012C* + 0.030D*  (10)

Ethanol (g/g) = +0.18 - 0.019A - 0.029B - 1.667E-003C + 1.667E-
003D - 0.015AB + 2.500E-003AC - 1.000E-002CE + 5.000E-003BCE -
0.012BD + 2.500E-003CD - 0.083A% + 0.020B - 0.019C? - 0.011D?

11)
3.3. Interactive effect of input par on b [ ion and
ethanol yields
The biomass concentration and ethanol yield resp btained for

each experimental run is shown in Table 1 and ranged from 0.21 g/L to
2.19 g/L and 0.04 g/g to 0.24 g/g, respectively. The f pro-
cess gave higher resp of bi (2.09g/L) and

390

d using the tricarboxylic acid, glyoxylate cycles and mi-
tochondrial electron transport chain [43). And micro-nutrient such as
nickel are known to enhance cell metabolic activities and therefore,
could have contributed to high ethanol productivity [3].

Looking at the interactive effect of pH and temperature depicted in
Fig. 3F, higher ethanol yield (0.04 to 0.15g/g) was attained with si-
multaneous increase in pH from 4 to 5 and temperature from 20-35 °C,
A further increase in pH (5-6) and temperature (35-50°C) caused
ethanol yield to decrease from 0.15 to 0.096 g/g. Similarly, the inter-
active effect of NiO NPs concl and temp on ethanol yield
when the NiO NPs concentration is set at its median value is shown in
Fig. 3G. It was observed that an increase in NiO NPs concentration and
temperature from 0 to 0.05wt% and 20-35°C, respectively led to an
increase (350 %) in the ethanol yield from 0.04 to 0.18 g/g. Any further
i in p (35-50°C) st d ethanol yield was drasti-
cally reduced from 0.18 t0 0.08 g/g. M ,the i ive infl e
of NiO NPs concentration and pH on ethanol yield is shown in Fig. 3H,
with simultaneous increase in NiO NPs concentration from 0 to 0.03 wt
% and pH from 4 to 5 resulting in an increase (22 %) in ethanol yield
from 0.144 to 0.176 g/g. Further increase in NiO NPs concentration
(0.03 to 0.05wt%) and pH (5-6) led to a sharp reduction in ethanol
yield from 0.176 to 0.152g/g.
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Fig. 4. Bioethanol production process perf under bi ly dition. (A) Time course of bioethanol production sh g the effect of 0.05 wt% NiO
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in cell dry weight was observed after 24 h. (D) pH profile during ethanol fermentation. In the presence of NiO NPs, an enhanced buffering capacity was observed. The
pH in the nano system remain above 4.2 while the pH in control experiment fell below 4.0 after 24 h.

Table § (disregarding the substrate utilisation). Disparities in maximum specific
Fermentation performance and kinetic parameters from logistic and modified growth rates values from the logistic and Monod models have been
Gompertz model. previously reported [56]. Shafaghat et al. [56], observed a max of 0.65
Fermentation performance and 0.45h~" using the Monod and logistic model, respectively for
Parameter  Glucose Ethanol Ethanol Fermentation ethanol production from glucose. The ., obtained in the current
utilisation  yield (g/g)  productivity (g/  efficiency (%) study are comparable to previous studies [29,56]. Growth rates above
) Lm) 0.025h~" have been shown to linearly increase the fermentative ca-
Control 99.8 0.22 0.12 40 o o
NIO NPs 9.9 026 014 o pacity of yeast such as Saccharomyces spp, therefore, the obtained pya.
Kinetic parameters values in the current study are highly desirable, particularly for com-
Logistic Xo (/1) Xonax (8/1) Honax (071 R2 mercial scale up. Moreover, higher growth ratcs could tngger resplr-
ml""r’" - - - P ofermentative cellular activities, thus, i g fer pacity
NiO ;:Ps 0.24 180 054 0939 and productivity [29).
Gompertz Py, (g/1) Tom (8/0/1) t (h) R2
mm‘*' e o _— — 3.5.3. Kinetics of bioethanol formation using the modified Gompertz model
NiO NPs 256 0.31 158 0.997 The experimental data on bioethanol production over time (Fig. 4A)

fit the modified Gompertz model with high R? values > 0.99 for the
NiO NPs suppl dp and the ] experiment. A shorter
conversion of glucose to ethanol [55). Inoculum development with Ni0 ~ lag time of 1.58h was observed in the NPs supplemented process
NPs could enhance cell growth rate, biomass concentration and further ~ compared to 1.91h for the control experiment. Also, the nano-ad-
boost ethanol formation [17]. ministered process gave potential ethanol (P

However, the Jim. values obtained from the Monod model differ for ~ ©of 2.56 g/L as against 2,15 g/L of the control experiment (19 % incre-
the logistic model. The variance in the py.. values between the two ment over the control experiment was observed). The observed shorter
types (logislic and Monod) can easily be attributed to the boundaries lag time and higher P,, values in the nano-administered process may be
and i ters employed by each model. For instance, the  attributed to enhanced metabolic activity under the nanobiocatalyst
Monod considers both the biomass concentration and the rate limiting  fermentation (57). NiO NPs has the potential to trigger metabolic shifts
substrate only in log phase whereas the logistic function model employs within the cell towards ethanol formation [17]. Additionally, NiO NPs
the biomass concentration from the lag phase to stationary phase  transportation across the cell improves glycolytic rate that go beyond
the pyruvate dehydrogenase reaction which generates an overflow

393
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Table 4
Optimum levels of variables during NiO NPs
tion.

d glucose

Process Biochemistry 92 (2020) 386400

period (Fig. 4D), while the pH in the control experiment decreased to
3 99 after 24 h. Both the pH of the system and the cell internal pH
fl the rate of Ni** cation uptake by S. cerevisiae [49). The up-

Independent variables Predicated optimum levels

NIO NPs concentration 0.05 wi
Glucose concentration 10g/L

pH 4.86
Temperature 32.25°C
Response Predicted value Observed value
Biomass 21981 2.04g/1

Ethanol yield 023 /g 0.26g/g

Thus, due to the sensitivity of metabolic fluxes to process input
parameters, it is vital to ensure that optimum process conditions are
elucidated for i hanol production rate and ethanol yield.

3.4. Experimental validation of the developed models

Experimental validation carried out in duplicate yielded 2.04 g/L
and 0.26 g/g for the b ion and ethanol yield, respec-
tively, compared t01.99g/L (biomass concentration) and 0.22g/g
(ethanol yield) obtained for the control experiments (Table 4). Conse-
quently, the optimized process under nanobiocatalyst showed a 3 %
and 19 % enhancement in the biomass concentration and ethanol yield,

take of ion is reduced at pH value below 5, due to the reduction in the
net negative charge of plasma membrane. This result suggests a close
relation between NiO NPs uptake and S. cerevisiage metabolic activities
which subsequently influences the pH in the nano-administered system
[45,50]. The pH stability r g from h d buffering ca-
pacity also kept the yeast in opti physiological state for op
metabolic activities. Similarly, a stable pH would enhance enzymatic
activities [51,52].

3.5. Kinetic studies of S. ¢
presence of NiO NPs biocatalyst

growth and bioethanol formation in the

3.5.1. 8. cerevisiae BY4743 growth using the Monod model

The specific growth rate (j1) were determined from the log phase of
S. cerevisize BY4743 growth. The specific growth rate when nano-
particle was included were 0.222, 0.282, 0.279, 0.297, and 0.305 h™'
at initial substrate concentrations of 2.00, 4.00, 6.00, 8.00, and
10.00 g/L, respectively. Alternatively, lower p values of 0.198 h™'
(2.00g/L), 0.252 h™' (4.00g/L), 0.265 h™' (6.00g/1), 0.265 h™'
(8.00g/L) and 0.271 h~' (10.00 8/L) were obtained for the control
experlmenrs (Fig. 5A). The higher p values achieved for the nano-ad-

respectively over the control experiment. Maxi hanol con-
centration was associated with the optimized process conditions em-
ployed, NiO NPs presence and stable pH. Bioethanol production re-
quires micronutrients like nickel for the yeast optimum metabolic
activities during ethanol fermentation [3]. Nickel form the metal con-
tent at the active site of alcohol dehydrog yme, thus activating
and enhancing anaerobic ethanol production [44a,b). In addition, the
impact of NiO NPs on the process can also be ascribed to the oxida-
tion-reduction potential (ORP), that provide a relatively good start-up
environment for ethanol formation. Reports have shown that low ORP
value benefits bioprocessing [45,46). Ethanol concentration was ob-
served to show no additional increment after the exponential phase
(> 18h) and this can be attributed to glucose and nutrient been used
up along with change in pH of the system [47].

The higher ethanol yield obtained for the dmini d pro-
cess (0.26 g/g) in this study could be of interest considering that fer-
mentation efficiency and ethanol yield were improved by 50 % and 18
% over the control experiment. S. cerevisiae BY4743 growth in the nano-

d suggests the impact of NiO NPs on glucose uptake
and S. cerevtslae growth [51). NiO NPs has been reported to have a
positive i ion with gl where the h phobic unit of glu-
cose is adsorbed onto the surface layers of NiO NPs by van der Waals
forces [52]). Likewise, a strong affinity within few nanometre distance
between microbes and nanoparticles has been reported [53]. This af-
finity is influenced by various factors which include; electrostatic
considerations of the process, degree of electrochemical heterogeneity
on the surface of cell and the amine groups on cell surface proteins.
Additionally, the adherence of NPs to the cell surface was observed in
the present study (Fig. 6) [45,54]). The adhesion between yeast and
nickel nanoparticles is presumed to be due, at least in part, to processes
associated with metal dtssunllauon by the cell, that they localize and/or
produce reactive 1 gregate at the metal
interface. The aforementioned interactions enhanced substrate uptake
by the cells and improved process productivity.
Estimated Monod constant (Ks) and maximum specific growth rate
(Mmax) from the specific growth rate values and initial glucose con-

ules to

fermentation process and the control experiment are p d in
Fig. 4C, with apparently no lag phase and an exponential phase that
occurred for 6h in both processes. Though the growth patterns ob-
served in the lag and exponential phases were comparable the nano-
administered process resulted in a higher biomass concentration
(2.04 g/1) compared to the control experiment (1.99 g/1). Higher bio-
mass accumulation in the nano-administered processes can be ascribed
to the impact of NiO NPs on S. cerevisiae BY4743 (as microorganisms
require metals like Ni that are essemia] for microbial bolism and

¢ are shown in Fig. 5B and 5C. A maximum specific growth
rate (Mmex) Value of 0.33 and 0.30h™" were observed for the nano-
administered and control processes, respectively. The K, value obtained
for NiO NPs (at 0.05 wt%) inclusion was 1.00 g/L while the K, value of
1.11 g/L was obtained for the control experiment. Furthermore, S.
cerwklae BY4743 had higher affinity constant (1/K,) for glucose in the

ini p (1.0) ed to the control experiment
(0 9). The higher p,.o. and 1/K, values observed for the NiO NPs sup-

growth) and the employed diti The i ing im-
pacts of NiO NPs may as well be due to their cellular up(ake and in-
tegration with the metabolic intermediates and key enzyme activities
[48]).

Maximum glucose utilisation of 99.9 and 99.8 % (Table 5) were
observed for the nano-administered process and the control experiment,
respectively. At the initial fermentation phase, the glucose concentra.
tion decreased from 10 g/L to 4.44 g/1. and 10 g/L to 4.36 g/l for the
control and the nano-administered processes respectively (Fig. 4B).
Furthermore, as glucose concentration reduces, there was no sub-

d process d the sunabnhty of this NPs as a poten-
ual catalytic | to improve gl uptake and improve cell
metabolic activities.

3.5.2. S. cerevisiae BY4743 growth using the Logistic model

The empirical data from the biomass concentration over the fer-
mentation period were used to fit the logistic function models with
correlation coefficients (R?) > 0,93. An indication that the model could
proficiently describe S. cerevisiae BY4743 growth under these fermen-
tation conditions. Slightly lower maximum cell concentration (Xp...)
and maxlmum specific growth rate ([nm..) were obtained with NiO NPs

stantial ethanol production through this period. P bly, glu-
cose was ch lled for cells adapti bolism and synthesis of key
nutrients required for biomass and product formation [30].

The pH was observed to be stable in the nano-administered process
with values maintained around 4.19 th h the fer

392

P in comparison with the control experiment
(Table 5). Though insignificant lower Xnox and pi,., Were obtained in
the nano-administered process, higher ethanol concentration was ob-
served in comparison to the control experiment, thus suggesting that
the presence of NiO ticles largely enh d S. cerevisi
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Table 6
C .

in the fi perf
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and kinetic parameters with previous studies.

Fermentation performance

Substrate Glucose utilisation (%) Ethanol yield (g/g) Ethanol productivity (g/L/h) Fermentation efficiency (%) References

Glucose 9.9 0.26 0.14 60 This study

OPFJ (10-20Yrs) 89.5 0.39 0.04 76 [en

OPFJ (20-25Yrs) 95.2 037 0,02 73 s

Sugar beet juice 100.0 0.43 077 79 [60)

Monod model

Substrate Strain Hoax (1) K, (g/L) R2 References

Glucose S. cerevisiac BYA743 021 1.0 0.900 This study

Xylose Scheffersomyces stipitis 0.23 1.67 0.945 [64)

OPFJ (20-25Yrs) S. cerevisiae 0.11 1.82 > 0.950 [61])

OPFJ (10-20Yrs) S. cerevisiae 0.15 10.21 > 0.950 (611

Glucose S. cerevisiae 0.13 370 ND [62)

Glucose S, cerevisiae 0.65 11.39 ND [56])

Glucose S. cerevisiae 0.08 213.60 0.957 [63)

Sorghum leaves S. cerevisiae BY4743 0.18 10.11 0.980 (E3)]

Logistic model

Substrate X, (g/1) Xenass (871) Ponax (A1) Rz References

Glucose 0.24 1.80 054 0.939 This study

Corn cobs (PSSF) 0.56 365 022 0.893 2]

Corn cobs (OSSF) 0.29 352 0.27 0.927 21

Gompertz model

Substrate P, (g/1) Tpm (8/h/L) ;. (h) R2 References

Glucose 256 0.31 1.58 0.997 This study

OPFJ (10-20Yrs) 3.79 0.08 0.77 0.996 (61)

OPFJ (20-25Yrs) 234 0.05 0.85 0.990 (61)

Sorghum leaves 17.15 0.52 6.31 0.980 (21
Footnote: OPFJ-oil palm frond juice, PSSF-simultaneous saccharification and fe with prehydrolysis, OSSF-simull harification and f

q

without p ND-not d

substrates, fermentation condition and strain of yeast employed. Fur-
thermore, the maximum specific growth (Hy,.,) of 0.067 h~' was ob-
tained in the present study. Using waste sorghum leaves as substrate,
Heax Of 0.18 h! was obtained by Rorke and Gueguim-Kana [31], while
Srimachai et al. [61] and Singh and Sharma [62], reported p,, in the
range of 0.11-0.15h™ using oil palm frond juice and gl respec-

3.7. S. cerevisiae carbohydrate and protein accumulation in the presence of
NiO NPs

The carbohydrate accumulation profile by S. cerevisiae BY4743
under different process conditions is presented in Fig. 7. Cellular car-
bohyd fractions formed during bioprocessing by the yeast has the

tively. Likewise, using S. cerevisiae and glucose as substrate, Shafaghat
et al. [56] and Ahmad et al. [63] obtained maximum specific growth
(Mmax) of 0.65h™" and 0.08 h~" respectively (Table 6).
Furthermore, by comparison, higher i cell conc
(Xmax), in the range of 3.65 to 3.52 g/L from different modes of SSF
studies were obtained by Sewsynker-Sukai and Gueguim-Kana [2], as
against the 1.80 g/L obtained in the present study. Variations in the

potential to infl the yeast productivity [64). The total cellular
carbohydrate obtained for the control sample increased from 1.37 g/L
to 2.22g/L after 24 h (Fig. 7A). While in the NiO NPs administered
process, the total carbohydrate content initially increased from 1.36 g/L
(0 h) 1o 1.57 g/L (12 h) followed by a decline. This decline stretched for
6h th fter a sharp i was observed in the cellular carbo-
hydrate fraction till the 24 h mark (2.29 g/L). 1.03-fold higher cellular

Amini

cell ion (Xpax) observed for the prehydrolysi
(PSSF), without prehydrolysis (OSSF) and the present study can be at-

carbohydrate was observed in the d process pared

to the control experiment. This suggests S. cerevisiae growth in the

tributed to the different initial cell concentration (Xo) and sub
concentration [42].

The modified Gompertz model in this study exhibited R* value of
0.997, which is higher than those reported in many previous studies
(Table 6). Higher maximum potential ethanol concentration (P,,) was
also achieved with the NiO NPs inclusion compared to some recent
reports (Table 6). For instance, the i ial ethanol con-

p e of particles imp: d both glucose uptake, cellular car-
bohydrate synthesis and accumulation. Accumulated cellular carbohy-
drates are classified as alkali-labile, alkali-soluble and alkali-insolubl

carbohydrate, all playing different roles during fermentation (65,66).
For i Ikali-insoluble cellular carbohydrate has been identified
as the most important energy source during endogenous fermentation
by the yeast cells. They are synthesized at a faster rate than the car-

centration (P,,) was 1.1-fold higher d to that ob dina
batch fermentation study on oil palm frond juice by Srimachai et al.
[61]. Maximum ethanol production rate (r;, ,), obtained was 3.9-folds
higher compared to the study by Srimachai et al. [61]. Additionally,
Srimachai et al. [61], in the same study, using palm oil frond juice
obtained ry, o, value of 0.05 g/L/h, which was 6.2-folds lower than the
NiO NPs administered process in the present study. The model by Sri-
machai et al. [61], had a lower lag time (0.85h) compared to the
current study on fermentation with NiO NPs (1.58 h), while the lag time
in the current study was 4 times lesser than that obtained by Rorke and
Gueguim-Kana [31] (Table 6). These further demonstrated that the
inclusion of NiO NPs in the ethanol f ion pi had con-
siderable impact on bioethanol production lag time, production rate
and maximum potential bioethanol production and can be applied to
ethanol fermentation for enhanced process performance.

bohyd of other fi and ly broken down to provide
additional carbon source which enhances the yeast overall metabolic
processes [65,67]. Moreover, the final period is marked by a continued
synthesis of the alkali-soluble carbohydrates and the conversion of the
alkali-insoluble reserve to other carbohydrate products. This phenom-
enon may account for the carbohydrate accumulation pattern observed
in the nano-administered process.

The total cellular protein in the nano-administered process was 1.6-
fold higher compared to the control experiment (Fig. 7B). This can be
attributed to the growth medium and the protein cellular machinery
[38). Nickel ion (Ni**) can be taken up by S. cerevisiae at different
growth stages. Ni** is absorbed by a non-exchangeable pool but the
uptake process has been shown to deteriorate at low pH values (< 4)
[49,68). The pH range (4.19-4.86) in the present study favoured the
absorption of Ni and subsequently enhanced the S. cerevisiae BY4743
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Fig. 6. Scanning electron micrograph of Nano-yeast interaction. NiO nano-
particles adhered to the cell surface.

towards pyruvate decarboxylase, thus increasing S. cerevisiae affinity
for glucose and invariably increasing ethanol production. Pyruvate
decarboxylase and alcohol dehydrogenase convert pyruvate into
ethanol and carbon (IV) oxide to reoxidize two molecules of NADH that

394

in initial glucose concentration. The specific growth rate in all the nano fermentation runs was higher compared to the control
for batch ethanol production using glucose as substrate (Bcoara) and (Cuio nps)-

was produced from the glycolytic pathway under anaerobic conditions
(58).

d NPs based bioethanol production with

3.6. Comparison of the develop
previous studies

Ethanol yield of 0.26 g/g was obtained in the present study, corre-
sponding to 60 % fermentation efficiency (Table 6). Similar to other
studies, Linville et al. [59] reported ethanol yield of 0.12g/g, while
ethanol yield of 0.43 g/g and fermentation efficiency of 79 % was ob-
tained by Pavlecic et al. [60). A productivity of 0.14 g/L/h and 99.9 %
glucose utilisation was observed in this study, while glucose utilisation
and ethanol productivities between 89.5 % and 95.2 %, 0.02 g/L/h and
0.04 g/L/h, respectively were reported by Srimachai et al. [61], using
oil palm frond juice as substrate.

The coefficient of determination (R®) (0.950) obtained for the
Monod model was similar to earlier reports (R? range; 0.980-0.957) on
different substrates (Table 6). This suggests that Monod model can ef-
ficiently describe yeast-substrate affinity under different fermentation
conditions. The Ks value obtained (1.0g/L) was the least compared
with values reported from studies on lignocellulosic substrates, xylose,
and glucose (Table 6). The high value of 1/Ks obtained in the present
study can be ascribed to the impact of NiO-biocatalyst [52]. Variations
in Kg values (1-213.6 g/L) can be attributed to substrate type for de-
fined sub sugar composition and concentration of lignocellulosic
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NPs biocatalyst in the process probably shift acid-forming pathway to
gradually reduce in the metabolic flow. Additionally, the production of
benzoic acid, propanoic acid, octanoic acid, acetic acid and butanoic
acid were in agreement with the trend of bioethanol formation, a
probable suggestion that enzyme metabolic pathway that produced
these acids contributed to the majority of ethanol production. The
lower concentration of acidic metabolites in the nano system also les-
sens acid effect on the buffering capacity of the medium (pH value
remains above 4.19). In the control experiment, with the pH value
falling to 3.99, higher concentrations of by- products were observed
(Fig. 8), which, sub ly, i d ethanol yield and the fermen-
tation efficiency (Twhle 5). While i m the nano system, the pH was above
4.19 and the concentration of by-products was lesser (Fig. 8), resulting
in an enhanced ethanol production efficiency [19].

The second largest fraction of the volatile compound profile is the
alcohols (excluding ethanol), with phenylethyl alcohol (over 80 % of
the other alcohols produced in both system) being the most prominent.
Alcohols are the by-products of different processes such as carbohy-
drate bolism and degradation of acetic acid and acetaldehyde [77].
For instance, acetic acid condenses to form acetoacetate, which un-
dergoes decarboxylation to acetone. The latter can either be reduced to
isopropanol or cond d with ac to B-methylocr
hyde which gets further converted to 3-methyl-1-butanol [77]. In-
creased formation of other alcohols can result to reduction in ethanol
formation by deviation of metabolic pathway from ethanol formation as
observed in the control experiment.

The other large groups present were the benzenoids and the alde-
hydes. The control experiment had higher concentration of both groups
compared to the nano system. Benzene acetaldehyde is the major
fraction of b ids in both sy y d to 5.54g/L and
3.08 g/L for the control experiment and nano system, respectively.
While the aldehydes main fraction is attributed to 5-methyl-furfural, up

Process Biochemistry 92 (2020) 386-400
NiO NPs supplemented process was ¢ ly higher through the
fermentation time compared to the control experiment (Fig. a). These
results indicate that inclusion of biocatalyst in the hydrolysis, lique-
faction, saccharification and fermentation of starch-based lig-
nocellulosic biomass such as potato peel waste might be desirable, as
cnhanced sugar recovery (1.05-fold increment compare to the control
experiment) and ethanol yield were observed. This may be attributed to
improved hydrolytic process as well as an enhanced activity of lique-
fying and harifying enzy in the p e of NiO NPs [17,51].

Bioethanol production on this substrate in the presence of NiO NPs
gave a peak concentration of 31.58 g/L which was 65.96 % improve-
ment over the con(rol experlment and decreased thereafter (Fig. 9b).
This d in ion can be ascribed to fermentable
sugar and nutrient depletion [2,17]. Although a similar bioethanol
production pattern was observed in control experiment, the maximum
bioethanol concentration observed was 19.03 g/L (Fig. 9b). The sugar
utilisation, ethanol yield and ethanol ivity in the NiO NPs ad-
ministered process was 98 %, 0663/3 and 1.97 g/L/h respectively.
This corresponds to 1.03, 1.53 and 1.66-fold improvement, respectively
over the control experiment. NiO NPs have the potential to reduce the
oxidati duction p ] of the process [45], enhanced buffering
capacity [17], reduce inhibitor concentration to a favourable extent and
consequently improving the bioactivity of ethanol-producing yeast
[17). Furthermore, NiO NPs are bioactive agent such as cofactor, en-
zymes stabilizer and activators that enhances anaerobic ethanol pro-
duction [44a,b]. In addition, they form the metal content at the active
site of enzymes such as alcohol dehydrogenase, pyruvate decarboxylase
that catalyze the conversion of pyruvic acid to ethanol [44a,b].

The modified Gompertz model fit the experimental data with a
coefficient of determination (R?) > 0.98 (Table 7). A potential max-
imum bioethanol concentration (Py,) of 29.14 g/L was obtained in the
nano-system and 18.02 g/L in the control experiment. Considering the

to 2.04 g/L in control experiment and 0.24 g/L in the dmini

ioned factors that contributed to enhanced process perfor-

tered system corresponding to 93 % and 88 % fraction of the total al-
dehydes, respectively. Aldehydes such as furfural and its derivatives are
formed upon hexose degndatlon [75] Furfural is another by-product
that has been rep m be i y to biop For S.
cerevisiae under , oxygen-limited and bic conditions could
metabolized furfural to produce additional inhibitory product (furfuryl
alcohol). Furfuryl alcohol hampers ethanol production by impeding

anaerobic growth of S. cerevisiae [78]. Additionally, furfural causes

mance in the nano-system, the higher P, obtained for NiO NPs ad-
ministered process was d. Maximum ethanol production rate
(rp.m) of 7.96 g/L/h was obtained under NiO NPs supplemented process,
this is 2.43-fold increment over the control experiment (3.27 g/L/h).
This was also higher than those reported in other studies [6,29,30,61].
For instance, maximum ethanol production rate of 0.24 and 2.44 g/L/h
were reported by Srimachai et al. [61] from oil palm frond juice and
Moodley and Gi Kana [29) from sugarcane leaf waste, respec-

reactive oxygen species to accumulate within the yeast, which causes
damage to cell organelles such as le, mitochondrial b
chromatin and actin [77,75]. Consequently, furan and its by-products
hinder bioethanol prod by; redirecting energy used for ethanol
production to fix damage caused by furans; enzymatic inhibition or use
of necessary cofactors and growth factors [78].

Furthermore, volatile metabolic compounds (VMCs) have chelating
capacities due to their functional groups, these include carboxylates,
hydroxyls, phenols, sulfhydryls, and amines. These chelating factions
can act as ligands and complex metals available during fermentation.
Kuo and Parkin [79], reported that 0.3 g/L of volatile compounds in an
anaerobic system can chelate up to 0.75 mM of Ni. Thus, natural che-
lating agents such as VMCs in bioprocessing play a significant role in
metal ions b lability and q y the overall process per-
formance [7].

3.9. Potential of NiO NPs as biocatalyst in simultaneous saccharification
and fermentation of potato peel waste

The optimized process conditions for bioethanol formation in the
presence of nanobiocatalyst using glucose medium were further applied
on simultaneous saccharification and fermentation of potato peel waste.
NiO NPS administered hydrolysis, liquefaction and saccharification
gave glucose concentration of 49.09 g/L compared to 46.71 g/L for the
control experiment (Fig. 9a). Furthermore, glucose conc: in the

tively. The high r;, ,, obtained in the current study with the nanoparticle
inclusion is desirable since higher production rates are preferred at
large scale. However, a higher lag time (6.43 h) was obtained in the
nano-system compared to the control experiment (3.27h), thereby
implying the yeast cells needed a longer period to adapt to the presence
of NiO NPs.

4. Conclusion

This study optimized bi c ation and ethanol yield using
NiO NPs as a biocatalyst. Three kinetic models (i.e Monod, logistic and
the modified Gompertz) were employed to describe S. cerevisiae growth
and ethanol production under the nanobiocatalyst process condition.
All models fit the experimental data with high accuracy (R? > 0.94).
Additionally, under bi lyst fer condition, S. cerevi-
siae showed d gl cellular pi and car-
bohydrate accumulanon Furthermore, substantial reduction in the VFA
formation in the presence of NiO NPs was observed. The study provides
major insights into the use of NiO NPs to reduce the formation of fer-
mentation process inhibitors and enhance product formation. An im-
proved bioethanol production was also observed with potato peel waste
in the presence of NiO NPs, thus underscoring the potential of using
nanoparticle to enhance biofuel production on starch-based agricultural

idues such as potato peel waste.
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shown Fig. 7B, reveal an undulating pattern with lower TCA (g/L) in the first 18 h and thereafter increased sharply till 24 h mark in both systems. The TCA (g/1) was
higher in the nano system, up to 1.03-fold increment over the control experiment after 24 h. (B) Comparison of S. cerevisiae BY4743 total cellular protein composition

under nanobiocatalytic condition and the control Protein

time with higher protein concentration observed in the nano system.

metabolic and enzymatic activities. Ni ions play two major roles: (1)
acting as enzyme activators and (2) a structural role in cell membrane
formation [69]). Furthermore, they form the functional components of
proteins, growth factors and protein stabilisers [70,71). The total pro-
tein content of S. cerevisiae in the current study differs from the study by
Usatii et al. [38], where a 1015 % decrease in cellular protein was
observed when 1.0-5.0 mg/L ZnO NP was administered. This variance
may be due to the variations in the operating conditions, fermenting
yeast, type of nanoparticles and concentration employed.

3.8. Volatile metabolites distribution

Aliphatic acids, alkanols, b ids and aldehydes were the main
factions of metabolites obtained, as well as lower fractions of ketones,
amines and amides (Fig. 8). Formation of organic metabolites usually
results from the concentrations of enzymes and co-factors present,
hence, from enzyme control mechanisms, and the need to maintain a
relatively constant intracellular pH [72]. As shown in Fig. 8, the largest
volatile fraction observed was the aliphatic acids (up to 60 %), of which
acetic acid makes up a large portion (up to 78 %) in the control ex-
periment. C ble fraction of aliphatic acid was observed under the
nanobiocatalyst condition but the acetic acid fraction to a lesser extent
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Fig. 8. Comparison between the nano system and the control

for volatile

profile in both systems showed an increasing pattern in relation to the process

(75 %). The formation of less aliphatic acids in the nano system espe-
cially acetic acid improved ethanol production. Acetic acid is usually
the main volatile fatty acid in ethanol fermentation and is formed early
in fermentation, this d for its p! and high i
observed in the present study. The rate of pyruvate decarboxylase ac-
tivity in relation to that of alcohol and acetaldehyde dehydrogenases
controls acetic acid accumulation [73]). This acetic acid undergoes
dissociation within the relatively neutral cell environment leading to a
drop in pH which ultimately inhibits cellular activity (74).
Acid-forming pathway evidently dominated the bolic flow in
both systems (Fig. 8). Acetic acid (45 %), propanoic acid (3 %), 2-
methyl propanoic acid (4 %), ic acid (0.7 %) and butanoic acid (3
%) were the major acidic metabolites in the nano system, while acetic
acid (47 %), propanoic acids (3 %), 2-methyl propanoic acid (3 %),
octanoic acid (0.8 %) and butanoic acid (3 %) were the dominant acids
in the control experiment. The presence of these acidic metabolites
could inhibit bioethano! formation by the reduction of biomass for-
mation [75]). This results lrom the accumulation of anions owing to acid
dissociation; a detri llular condition [76]). Moreover, the
production of benzoic acid, propanoic acid, octanoic acid, acetic acid
and butanoic acid decreased obviously by 2,71, 2.29, 1,40, 1.37 and
1.16-fold, respectively in the presence of NiO NPs. The presence of NiO
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(A) Volatile compounds profile in the control

experiment. This was dominated by acetic acid up to 78 % over half the fermentation period. (B) Volatile compounds profile in the nano system. The acetic acid

fraction was to a lesser extent (75 %) compared to the control experiment.
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Table 7

Fermentation and kinetics performance of NiO NPs in SSF of potato peel waste.
Process performance NiO NPs  Control  Process NiO NPs  Control

kinetic
Sugar utilisation (%) 98 95 Pr (8/1) 29.14 18.02
Ethanol yield (2/g) 0.66 0.43 Tpw (§/1/0) 796 3.27
Ethanol productivity (8/  1.97 119 1. (h) 6,43 3.27
L/h)

Fermentation time (h) 24 24 R 0.98 0.99

Pp = P 1 Tom = bioe-

thanol p rate, t;, = bioethanol prod lag time, R” = coefficient of

determination.
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CHAPTER 6
Preliminary scale-up studies of nano-catalysed simultaneous saccharification and

bioethanol production from waste potato peels

This chapter has been submitted for publication in a peer review journal-Process Biochemistry
with the title: Preliminary scale up studies of nano-catalysed simultaneous saccharification
and bioethanol production from waste potato peels. The manuscript is presented in the

following pages.
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Abstract

Preliminary scale-up of bioethanol production was carried out using waste potato peels
supplemented with NiO nanoparticles from 2 to 10 L bioreactors. The considered criteria were
constant power consumption (P/V) and impeller tip speed (Vip). Scale-up using constant P/V
showed an increase in ethanol concentration and productivity up to 1.02 and 1.38 folds
respectively. Process kinetic data fit the modified Gompertz and logistic models with R? > 0.98.
Potential maximum bioethanol concentrations (Pm) of 25.29 gL  and 23.97 gL* were observed
in the 10 L and 2 L bioreactors respectively. A 0.79 fold decrease in shear stress was achieved
with constant P/V which resulted in low cell damage, and a substantial reduction in the
production of process inhibitors was observed. These findings highlight the potential of
industrial valorisation of waste potato peels supplemented with NiO nanoparticles for

bioethanol production.
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6.0 Introduction
Amidst the growing demand for alternative and renewable biofuels as well as for the

development of sustainable bio-economy and environment, yeast fermentations by means of
renewable feedstocks such as starch based potato peel waste have become increasingly
important [1]. The bioconversion of starch based lignocellulosic wastes to biofuel such as
bioethanol, biohydrogen, biomethane have continue to receive global attention in the last few
decades [2, 3, 4, 5]. Great efforts have been attempted for enhanced bioethanol process
performance, improved bioethanol yields and achieving production scale, through various
bioprocess approaches. These include; nutrient formulation, process optimization, scaling up
and microbial engineering strategies [6, 7, 8, 9].

In principle, bioprocess capacity depends primarily on gene functions, enzyme Kinetics
(cellular machinery) and fluid-dynamics in the bio-reactor [1]. For these reasons, it is crucial
to gain additional knowledge on cellular machinery and bio-reactor fluid-dynamics in order to
fast-track the transition from the bench-top scale to its industrial scale [10]. The fundamental
problem of bioprocess scale-up is its negative impact on the cell kinetic mechanism resulting
from heterogeneous condition in the large scale bioreactor [1]. Large scale bioreactors
constantly face different challenges such as mixing problem, heterogeneous environment,
contamination and variability [1, 7]. One of the problematic incidents in scaling up is
insufficient mixing. Mass and heat transfer can be adversely affected leading to local substrate-
nutrient concentration and unfavourable temperature-gradients in the bio-reactor [6, 7]. The
cell’s immediate microenvironment and the cell physiology might be influenced, resulting to
critical metabolic alterations. Microbial cells have the tendency to transform their genetic
footprint due to the changing environmental conditions which could cause lose in vital
metabolic features required for the process optimal performance. Impeller system in stirred
tank bioreactors are used to enhance homogeneous mixing of reacting species. The ultimate

aim of obtaining effective mixing regime from suitable combination of parameters is to achieve
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substrate-nutrient concentration and temperature-gradient homogeneity at each instant of the
reaction volume in the shortest practicable time to the fermenting cells [6, 7]. These parameters;
mixing-time, pumping-capacity and circulation-time are three essential mixing properties used
to describe mixing behaviour [7]. This requires appropriate energy being transferred to
fermentation system through the stirrer power-input. Impeller tip speed has some advantages
in bioprocessing with shear stress sensitive microorganisms, as it regulates the optimum shear
stress in the bio-reactor, the probable cell destruction and the size of gas-bubbles. For instance,
impeller tip speed >3.0 ms™ could lead to cell damage [6]. Conversely, it involves a decrease
in the power-input and in the agitation speed, which leads to a notable decline in the rate of gas
transfer, this can impact negatively on the process performance [11].

Usually the most preferable criteria for scaling up is to sustain the volumetric power-input or
the volumetric mass transfer coefficient constant. Hence, knowledge on the relationship
between the fluid movement, the impeller velocity, and the power consumption will be required
to achieved the optimum energy input. Consequently, experimental investigation on scaling up
processes is necessary to provide more insights on these issues.

Scaling up from laboratory scale to a production-scale could be challenging because of various
important but different aspects involved [7]. The main aspects which require precise
compromise between intrinsically contradictory desirable characteristics are the engineering,
metabolic processes and economic implications needed for an industrial scale production at the
best-economic proficiency [7].

Four techniques are widely recognized in scaling up [12]. These include, fundamental-
methods; semi-fundamental methods; dimensional-analysis; and rules of thumb. The rule of
thumb method is the most commonly used technique. The scale-up criterion largely employed
in the fermentation processes are: constant power consumption input, constant volumetric mass

transfer, constant impeller tip speed and constant mixing time [12]. These factors are
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diametrically related to mass transfer, mixing activity, power consumption, bulk rheology, cell
viability, substrate and products concentration, micro-conditions, nutrients constituent and
availability in the bioreactor [6, 7]. Thus, application of the rule of thumb technique, though a
very delicate technique, can result in an overall alteration in the limiting regime beyond a
certain degree, is very simple but effective [12].

The design of industrial-scale microbial fermentation process depends on the growth
conditions, nutrient formulation, target product, microbial strain, bioreactor geometry and fluid
dynamics. Consequently, for a certain product, an adequate and comprehensive process
parameters which directly linked to improved product yield and scaling-up potentials has to be
established. To the best of our knowledge there is a dearth of reports on the scaling up of
bioethanol production from potato peels under nano-biocatalytic condition. The existing
literature has focused mostly on the potential utilization of potato waste for value-added
bioproduct such as bioethanol [13, 2, 3, 8, 5, 9], however, there is a paucity of data on scale
up studies of this bioprocess in the presence of NiO nanoparticles. Previously, we reported that
nanobiocatalytic conditions improved ethanol bioprocessing from waste potato peel through
promoting sugar recovery, utilization, metabolic activities and inhibitory compound reduction
[8, 9]. This approach of nano inclusion in nutrient formulation has shown potential high process
performance which makes it a feasible strategy for large-scale bioethanol production from
potato waste using simultaneous saccharification and fermentation bioprocessing (SSF).
Simultaneous saccharification and fermentation process involve lignocellulosic feedstock
saccharification by hydrolysis to release reducing sugar, which is simultaneously fermented to
produce bioethanol [14]. This process is considered an effective strategy to reduce the overall
operational costs, increase bioethanol concentration and bioethanol conversion within shorter
period due to the exclusion of separate, long saccharification steps. Moreover, SSF processes

are operated in a single bioreactor with the same operational condition and the fermentable
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sugar that is released is concurrently metabolized to ethanol by fermenting microbe.
Additionally, the inhibitory impacts of process inhibitors and high glucose yields during the
enzymatic-hydrolysis stage are considerably lowered [15].

Furthermore, scaling up could considerably impact the process kinetics and consequently, the
process productivity. Kinetic models have been employed in this regard to understand, predict,
and optimize the properties and behaviour of cells in bioprocessing [16].

This study examines the scale-up of simultaneous saccharification and bioethanol production
from waste potato peels by Saccharomyces cerevisiae BY4743 in the presence of NiO
nanoparticles biocatalyst. The suitability of constant power consumption and impeller tip speed
as scale-up criteria for this bioprocess are assessed; the process kinetics and inhibitors profile

are examined.

6.1 Materials and Methods
6.1.0 Inoculum development

S. cerevisiae BY4743 strain was provided courtesy of Dr Che Pillay (Discipline of Genetic),
Pietermaritzburg Campus, University of KwaZulu-Natal, South Africa. Seed culture of S.
cerevisiae BY4743 were maintained on double strength Yeast-Peptone-Dextrose (YPD) agar
slant containing yeast extract (10 gL!), peptone (20 g/L™?), glucose (20 g/L™), agar (20 g/L™})
and kept in the fridge at 4 °C.

For inoculum cultivation, colonies of S. cerevisiae were introduced into 500 mL flask
containing 250 mL broth YPD medium. This was incubated under shaking conditions (at 120
rpm) overnight, at 30 °C to achieve exponential growth phase.

6.1.1 Substrate preparation

The waste potato peels used as bioethanol production feedstock in this study were initially
dried at 50-55 °C to remove bound-water and was grinded to 1-2 mm particle size using a

centrifugal miller (Retsch ZM-1, Durban, South Africa). The compositional content of the dried
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potato peels gave starch (20%), carbohydrate (14%), hemicellulose (10%), cellulose (4%),
acidified detergent lignin (6%) and others (36%).

The detailed synthesis and description of nickel oxide nanoparticles (NPs) with particle size of
29 nm used for the current study has been described in our previous work [8]. NiO NPs of 0.05
wt% was added to the fermentation process at the point of milled potato peel substrate
pretreatment. This was informed by the significant impact of nanometric nickel oxide
supplement on bioethanol production in our previous studies [8, 9].

Milled waste potato peels were pretreated under previously optimised conditions with slight
modification [17]. Briefly, HCI solution (0.92% (v/v)) at a solid-to-liquid ratio of 5.08% milled
potato peels and NiO NPs (0.05 wt%) were placed in a 500 mL Schott bottle. The mixture was
transferred to a static water bath for 2.34 h at 69.6 °C, This was followed by 5 min autoclave
heat treatment (at 121 °C). Afterwards, 125 Unit/g amylase (Sigma-Aldrich, South Africa) was
added for the liquefaction of starch at 90 °C, neutral pH of 7, for 1 h and, sugar saccharification
was achieved using amyloglucosidase (Sigma-Aldrich, South Africa) (15 Unit/g).

6.1.2 Fermentation parameters

Fermentation processes were carried out in 2 L (Bio/CelliGen 115, New Brunswick, USA) and
10 L (Labfors-INFORS HT, Switzerland) bioreactors under anaerobic environments with
working volumes of 1 L and 5 L, respectively. Hydrolysate from the pretreated milled potato
peels (500 mL containing 100 g of pretreated substrate) and nutrient broth (400 mL containing
nutrient for a litre working volume) were fed to the sterilized bioreactor and then inoculated
with the seed culture (10% v/v). The nutrient broth contains; yeast extract (5 gL™), KH2PO4
(2 gL, MgSO4 (1 gLt and (NH4)2S04 (1 gL™). This was followed by fermentation process
carried out at pH 5, 37 °C and 120 rpm for 36 h. Samples were withdrawn routinely for

analytical purpose. The fermentation broth was centrifuge (10000 rpm, 5 min, 4°C) and the
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supernatant was then used for bioethanol and glucose determinations. The schematic design of

the process is shown below (Fig. 6.0).

Fig. 6.0: Process scale-up schematic based on constant impeller tip speed and power
consumption

6.1.3 Scale up parameter determination

Two scale up approaches namely, constant power consumption per unit volume (P/V) and
impeller tip speed (Viip) were used to determine the most suitable operational parameters at a
semi-pilot scale production of bioethanol from waste potato peels by S. cerevisiae. The changes
of constant impeller tip speed and constant power consumption in the fermentation broth were
carried out by varying the agitation rate which was set to 120 rpm in 2 L control bioreactor.
6.1.4 Scale up parameters

6.1.4.0 Constant impeller tip speed (Vtip)

When the Viip is employed as scale-up criterion, it provides more insights on the relationship
between shear stress and microbial cell [11]. The tip speed impacts on the shear stress in the

bioreactor with potential damage to the cell [18]. It is directly proportionate to the stirrer
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velocity and the stirrer (impeller) diameter. In this study, it was determined using Eq. 1, while,
the stirrer speed in the 5 L scale bioreactor, was computed according to Eq. 2 [19].
Vyip = mdin @
ns, = Ny (diy/disy) 2
6.1.4.1 Constant power consumption
The constant power consumption per unit of volume was performed according to Eg. 3-6, while

Eq. 7 was employed to compute the stirring speed in the 5 L scale bioreactor [19].

Power consumption = P /V 3)
P = N,pn®di>f.N (4)
nD2H
v=" (5)
_ (DH)l/Z
fe= a (©)

where, P is the non-gassed power, N, the power number, N the number of impellers, D the
bioreactor vessel diameter and H is the static height of fermentation broth and f; is the
geometric factor (Eq. 6).

N5y, = nlL(dilL/diSL)5/3 (DSL/DlL)2/3 [(HSL/HlL)(NlL/NSL)(fclL/chL)]1/3 (7
6.1.4.2 Reynold’s number

For an efficient mixing to be achieved in the bioreactor a turbulent condition must be attained.
The intensity of turbulence is denoted by the impeller’s Reynolds number, which is a function
of the system geometry (stirrer speed and impeller diameter) and the fluid properties (viscosity
and density) [19]. The correlation of these parameters to Reynolds number was expressed using

EqQ. 8. where p is the broth density and 1) is the viscosity of the broth.

__ pndi?
n

Re (8)

156



6.1.4.3 Pumping capacity
The impeller pumping capacity (Vp), was obtained using Eq. 9 [7]. This is the liquid volume
that is given-off from the stirrer per unit time (m3s).
V, = Nendi? ©))
Where Nt is the flow number (Nf = 0.72 for Rushton turbine and low viscosity fluid), di is the
impeller diameter and n is the impeller speed.
6.1.4.4 Fluid circulation time
The fluid circulation time (tc), is a function of the volume of the liquid phase (VL) and pumping

capacity (Vp) [7]. This was determined by Eq. 10 below;

te="1/y, (10)
6.1.4.5 Scale of turbulence determination
Broth homogeneity and fluid material transfer are two variables whose influence are
proportionate to eddies bulk liquid break up and it is a function of input power. The breaking
up of eddies bulk liquid or scale of turbulence was computed by Kolmogorov scale of

turbulence, A using Eq. 11.

=0 W
where:

A = size of eddies

V = viscosity

&= turbulence energy per unit mass of liquid

&= Npn3di?
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6.1.4.6 Shear stress

The shear stress resulting from the mixing system was obtained by Eqg. 12, where n is the
mixing speed and k is the empirical constant for a standard Rushton impeller (k = 10 for
Rushton turbine) [6].

y =kn (12)

6.1.4.7 Non dimensional bioreactor configuration

This set of dimensionless numbers was computed using Eq. 13-16 [20]. Dimensionless number;
Froude number expresses the ratio of centrifugal to gravitational forces, while the Volume
number and the Geometric number depict the ratio of impeller diameter (agitation diameter) to
bioreactor diameter in relation to the filling volume and the Galilei number relates the height
of the liquid surface during agitation as a function of the ratio of gravitational force to the liquid

kinematic viscosity.

Froude number = nz'gd" (13)

V olume number = V,/d3 (14)

Geometric number = d,/d (15)
o as. ¢

Galilei number = e (16)

Where d (m) is the bioreactor diameter, d, (m) the agitation diameter, n (s) the shaking
frequency, VL (m®) the liquid volume, v (m?/s) the kinematic viscosity and g (m/s?) the

gravitational acceleration.
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Table 6.0: Bioreactor geometry employed in the scale-up fermentation processes

Bioreactor configurations 2 L scale 10 L scale
Bioreactor capacity (m®) 0.002 0.010
Working volume (mq) 0.001 0.005
Bioreactor height [h] (m) 0.237 0.427
Bioreactor diameter [D] (m) 0.125 0.200
Static height of broth [H] (m) 0.084 0.162
Number of impellers (N) 1 2
Impeller diameter [di] (m) 0.054 0.070
Impeller thickness (m) 0.001 0.002
Geometric factor (fc) 0.633 0.857
Geometric number 0.432 0.350
Geometric ratio (h/D) 1.9:1 2.1:1
Power number (Np) 5.20 10.40
Broth density [p] (kg/m®) 1013 1013
Broth viscosity [n] (Pa s) 9.173*10° 9.173 % 10°
Volume number 512000 625000
Galilei number 2.28%10° 9.33*10°

Impeller type Rushton turbine Rushton turbine

Table 6.1: Rheology and hydrodynamic parameters of scale-up fermentation criteria
2 L control bioreactor 10 L bioreactor

Parameters Constant vtip Constant P/V
n (rpm/rps) 120/2 93/1.55 95/1.58
Viip (M/s) 0.34 0.34 0.35

Re 3.86E + 06 5.03E + 06 5.14E + 06
P (W) 0.012 0.057 0.012
P/VL (W/m?®) 12 11 2.4

Vp (M3/s) 2.3%10% 3.8*10% 3.9*10%
tc (S) 4 13 12.8

A (m) 425%10%  3.80*10% 3.75%10*
v (1/s) 1200 930 950
Froude number 0.022 0.017 0.018




6.2 Analytical Methods
The glucose concentration of both the enzymatic hydrolysate and the fermentation medium

were obtained spectrophotometrically using standard Megazyme glucose kits (Megazyme Ltd,
Ireland, United Kingdom).

Biomass dry weight (biomass concentration) was determined using a calibration standard
curve; a correlation dependence on cell dry weight as a function of cell count [21].
Fermentation broth viscosity was determined as described by Pérez et al. [19]. While, the broth
density was obtained as depicted by Deniz et al. [6]. The obtained viscosity and density values
were used for the computation of non-gassed power (P), Reynold’s number (Re), Kolmogorov
scale (A) and Galilei’s number.

Bioethanol concentrations in broth samples were obtained using a Gas Chromatograph (Perkin
Elmer GC Clarus 500, Auto sampler) equipped with a flame ionization detector. Instrument
conditions: injector temperature; 200 °C, detector temperature; 250 °C, oven temperature; 150
°C (Isothermal), flowrate; 2.0 mL/min, split ratio; 1:50, injection volume; 0.5 pL and 3 min
run time.

Bioethanol productivity during the fermentation process was obtained as stated in Equation 18

below.

Maximum ethanol concentration (g/L)

Biothanol productivity (g/L/h) = r—

A7)

The specific growth rates (1) of S. cerevisiae were calculated using Equation 19, where Xz and

X1 are biomass dry weights (g/L) at t2 and t1, respectively.

lan—lnXl

Specfic growth rate (u) = p—
274

(18)

Additionally, the logistic model equation (Eg. 20) was used to define the correlation of cell dry

weight (X), at definite time (t) in the course of active cell growth (log phase) and static phases
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of cell growth to initial cell dry weight (Xo), maximum cell dry weight (Xmax) and maximum

specific growth rate (Umax) during the scale up process.

Xo-exp(Umax-t)
X = 0 19
1_( o )-(l_exp(ﬂmax-t)) ( )

Xmax

While, the empirical data on ethanol production were used to fit the modified Gompertz model.
This kinetic model relate the production lag time, the maximum bioethanol production rate,

and the potential maximum bioethanol concentration as shown in Eq. 20.

P =P, .exp {— exp [M] (-t + 1} (20)
where P represent the bioethanol concentration (g/L), Pm is the potential highest bioethanol
concentration (g/L), rp.m is the highest bioethanol production rate (g/L/h) and t. is the period
from the start of the fermentation process to the log phase of bioethanol production (h).

Inhibitory volatile compounds of the fermentation broth were analysed using Varian 3800 gas
chromatography (California, USA) coupled Varian 1200 mass spectrometry (GC-MS). Gas
chromatography operational conditions: column of 30 m x 0.25 mm internal diameter x 0.25
pm  film thickness, injector temperature; 40 °C, detector temperature; 240 °C, oven

temperature; 200 °C (Isothermal), flowrate; 1.0 mL/min, split ratio; 1:20, injection volume; 0.4

pL and 3 min run time [22].

6.3 Results and Discussion
6.3.1 The effects of scaling-up on process performance

The experimental profiles for glucose consumption, process pH, biomass concentration and
ethanol concentration in the 5 L scale fermentation with constant impeller tip speed (Vi) and
power consumption (P/V) as scale-up criteria are presented in Fig 6.1, 6.2, 6.3 and 6.4. As
shown in Fig 6.1, S. cerevisiae BY4743 effectively utilise glucose within 36 h of fermentation
for both constant Viip and P/V, reflecting the impact of a suitable reactor mixing on substrate
utilization. A good mixing regime favours mass transfer and nutrients consumption rate [7].

The rate of cellular glucose uptake and utilisation is a regulating step in the optimal functioning
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of the Embden-Meyerhof-Parnas pathway, thus impact on the efficiency of ethanol
fermentation and productivity. The pH silhouettes for both scales are depicted in Fig. 6.2.
Higher ethanol concentrations were achieved above pH 4.86, which occurred between the 24 h
and 36 h in the 5 L scale reactors. This also corresponded with the efficient glucose utilization
mentioned above. Moreover, yeast especially Saccharomyces cerevisiae is well-known to
produce bioethanol optimally at pH of 4.5-5.5. A pH beyond this range might affect the optimal
functioning of plasma membrane-bound proteins, this includes enzymes and transport proteins
[21]. Bioethanol fermentation process results from a sequence of organised enzymatic
reactions. This process is thermodynamically balance and required provided that cellular-
enzymes use up the net phosphorylated nucleotide produced from substrate level
phosphorylation [7]. Additionally, pH plays a vital role in ethanol production by regulating cell
metabolic activities. Volatile metabolite formation usually results in the reduction of the
buffering capacity of the system with a concurrent change in pH leading to process inhibition.
In the current study, the buffering capacity was enhanced due to the inclusion of NiO
nanoparticles, and the pH was maintained above 4.86. The presence of nanoparticles potential
influences the volatile metabolite pathways through the system buffering capacity. This
phenomenon has been observed in other studies [23, 24, 8]. Furthermore, the biomass dry
weight (gL1) increased precipitously in the early hours (3-12 h) of fermentation, this coincided
with ethanol production during this period and then proceeded a little until the 36 h (Fig. 6.3).
The maximum dry-cell mass of 4.57 and 4.77 gL were obtained for constant P/V and Vip
respectively, which were slightly lower than that obtained in the 1 L scale (5.07 gL™). The
difference in dry-cell mass was presumably caused by the variation in the fermentation
environment which might be detrimental to cell viability and growth [6, 25]. Meanwhile, the
ethanol concentration was higher in the 5 L scale for P/V (25.10 gL™) and Vi, (24.60 gL™),

compared to the 1 L scale (24.50 gL1). Bioethanol production increased from zero hour till the
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24th h, afterwards there was a decline in bioethanol concentration for all the systems (Fig. 6.4).
The decrease in bioethanol production could be ascribed to the depletion of fermentable sugar
(glucose), nutrient, formation of inhibitory compounds and reduction in the pH of the system.
The disparity in bioethanol response under various scales may be ascribed to differences in
rheological characteristics within the reactor at different scales (Tables 6.0 and 6.1). The
rheological characteristics of fermenting broth changes during fermentation process, as
biomass and products accumulate [19]. Thus, the velocity and turbulence of fluid send-off the
stirrer need to be adequate to transport material into the most remote sections of the reactor to
ensure and maintain effective mixing regime. Mixing effects on metabolic activities and
productivity could be pronounced, in a very considerable extend, determines the performance

of a reactor.
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Figure 6.1: Schematic description of glucose consumption from the scale-up variations
using constant P/V and V5,
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Figure 6.2: pH evolution profile during the bioethanol fermentation at 1 L. and 5 L scale

6.3.2 Scaling-up based on constant power consumption (P/V)

In the present study, using the constant power consumption criterion, the size of eddies was
computed to be 3.75 x 10* m which was considerably bigger than an average S. cerevisiae size.
When the Kolmogorov eddy size equals the cell diameter or gets smaller, as a rule of thumb,
the flow lines pattern could shear fermenting cells [6]. On the other hand, smaller eddies,
facilitates rapid transfer of material, which is proportionate to the power input. The greater the
power input (g) to the fermenting broth, the smaller the eddies, the better the mixing regime
and consequently, the better the system productivity [7]. Similarly, the power number for the
current scale up was 5.20 at fully turbulent flow for Rushton-turbine impeller design and 10
for the typical experiential constant (k) for a conventional Rushton-turbine impeller [6]. Power
consumption per unit volume (P/7r) is the degree of mixing intensity and mass transfer rate.

The increase in impeller tip speed from the 1 L scale control reactor to 5 L scale bioreactor was

164



considered negligible, since the P/VL ratio in the constant P/V system was lesser than the
constant Viip system (Table 6.1). The observed outcome was in agreement with the studies of
Deniz et al. [6] and Perez et al. [19]. For instance, scale-up based on maintaining P/V
occasioned an increase of the shear rate of 2.2%, as compared to keeping impeller tip speed
constant. This increase in the shear stress may be associated with an increase in the probable
cell impairment and consequently, decrease in ethanol productivity of desired interest.
Although, excess shear stress could result in the loss of cell viability and disruption, a certain
degree of shear rate is necessary to achieve appropriate transfer of materials and energy within
the bioreactor. These aforementioned parameters offer specific information concerning the
mixing system, suggesting the optimum hydrodynamic regime and predicting the modification
of mixing efficiency induced by the scale-up strategy employed [26]. Additionally, the liquid
volume that was dismissed from the stirrer per unit time (V) (Table 6.1) and the circulation
time (tc), another important quantitative mixing characteristics were apparent sufficient and
efficient to obtain good mixing. This must have contributed to the process performance using
constant P/V.

Furthermore, based on constant P/V, maximum ethanol concentration of 25.10 gL was
obtained after 24 h. This was 1.02 fold higher in comparison to the 1 L scale stirred bioreactor.
Moreover, a significant difference in ethanol productivity was observed inthe 5 L and 1 L
scales when constant P/V was implemented. The productivity (1.10 gL*h) was 1.38 fold
higher and the fermentation period to achieve this was shorter compared to the 1 L scale control
experiment (Fig. 6.4). These can be elucidated from the mixing view point of the
homogenization level: macromixing, mesomixing, and micromixing [27]. Regardless of the
flow regime achieved in the 5 L scale set up, the flow will remains laminar at micromixing
scale, due to its larger surface area and double impeller system employed [28]. Moreover, meso

and micromixing are known to be important processes for bioprocesses biochemical reactions.
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Hence, it attained a mixing regime needed for optimal process parameters (pH, temperature,
absorption, nutrient distribution and uptake) to reach a beneficial productive level.
Furthermore, the current observed ethanol productivity could be attributed to the synergistic
effect of NiO nano-additives and the mixing regime (mixing intensity, pumping capacity and
the circulation time) on S. cerevisiae metabolic activities. This in turn impacts cell growth and
overall fermentation performance. A suitable mixing regime will promote a wide distribution
of nano-glucose composite within the bioreactor [25, 29, 30]. NiO nanoparticle has the
potential to positively bond with glucose [31, 9], and enhanced cell to glucose contact could
improve the process performance [32, 8]. Additionally, nanoparticles are known to promote
the cell affinity for glucose, efficient sugar utilization, cellular growth and metabolic activities
[32, 9].

Deniz et al. [6], using Escherichia coli KO11 and quince pomace as substrate for scaling up
from 2 L to 8 L bioreactor, reported maximum ethanol productivity of 0.49 gL*h"! based on
constant mixing time which was 2.24 fold lower in ethanol productivity in comparison to the
current study. Similarly, de la Roza et al. [33], obtained a lower volumetric ethanol productivity
(0.015 g/L/nh) by S. cerevisiae in a 13 L semi-pilot scale production. This is 73 fold lower
compared to the current study. Usually bioprocessing productivity is a significant factor to
assess the cost-effectiveness of a large scale production. The obtained bioethanol productivity
in this study is highly desirable, particularly for industrial bioethanol production from potato

peel waste.
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Table 6.2: Parameters for scale-up studies of ethanol production from potato peels

2 L control bioreactor 10 L bioreactor
Parameters Constant Viip | Constant P/V
Fermentation performance
Bioethanol concentration (gL™?) 24.50 24.60 25.10
Bioethanol productivity (gL*h™) 0.80 0.70 1.10
Kinetic performance
Logistic function Model
Xo (gLY) 0.48 0.54 0.54
Xmax (gL-1) 5.07 4.77 457
u(hh 0.14 0.16 0.14
Mmax (™) 0.31 0.24 0.24
R? 0.99 0.98 0.98
Modified Gompertz Model
Pm(gL™) 23.97 23.81 25.29
rom (gh™1L?) 2.12 2.01 2.00
t (h) 2.58 3.00 3.89
R? 0.99 0.97 0.98

6.3.3 Scaling-up based on constant impeller tip speed (vtip)

The ethanol concentration of 24.6 gL was obtained based on constant Vip experiment which
was 2% lower than the value obtained with constant P/V experiment (Table 6.2). The
volumetric ethanol productivity based on constant Vip was also considerably lower when
compared to the 1 L scale bioreactor and the constant P/V experiment, 14% and 57%,
respectively. This result may be ascribed to the lower mixing rate employed due to constant
Vip at 5 L scale. Though, the stirrer tip speed scale-up parameter has some benefits in the
instance of processes with shear susceptible microbes, nonetheless it is also disputed that it is
not a suitable parameter for scaling up. This is in agreement with the current study. The
intensity of agitation reduces with the increase of the production scale [19]. Unfortunately it is
physically impracticable to sustain similar process parameters for laboratory scale, pilot scale
and industrial scale reactors due to the fact that physical processes are dimensional related
while metabolic processes are circuitously scale dependent. This in some cases might leads to
improper mixing regime, resulting in lower concentrations of cell dry-weight and ethanol

concentration as obtained with constant Vip in this study. In a related study, Obonna et al. [34],
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also, reported similar or lesser mixing speed employed in a 2 L stirred-bioreactor was not
appropriate for 8 L stirred-bioreactor. Hence, the cells and the substrate were not
homogeneously dispersed leading to declined bioethanol productivity. Mixing rate could
influence the mass transfer and temperature gradient homogeneity negatively for viscous
fermentation broth of ethanol production [6]. This lower productivity based on constant Viip
can further be elucidated by the reduction of turbulent-flow which was confirmed by the
decrease in P/VL value (Table 6.1). Also, studies have shown, when a scale-up approach
occasioned a higher Reynolds number as observed in the present study, a low P/V, value is
achieved. This is not adequate for efficient admixing, hence, productivity rate is adversely
affected. In other words, a longer mixing-time might be achieved with constant Vi, experiment
that subsequently affected ethanol productivity unfavourably. This effect might be due to the
phenomena that longer mixing-time may possibly influenced the mass transfer unfavourably,
leading to apparent death regions within the bioreactor [6]. The probable occurrence of death
regions in the 5 L scale bioreactor could have resulted in lower cell biomass and product yield
upon scaling-up based on constant Vip (Table 6.2). The biomass dry weight based on constant
Viip experiment was 6% lower than the 1 L control reactor experiment (Fig. 6.3). This decreased
level of biomass growths in the 5 L scale bioreactor based on constant Viip experiment may
further be ascribed to poor gaseous—liquid diffusion observed at the lower stirrer speed with
the higher Kolmogorov eddy size (Table 6.1). It is worth mentioning that, as impeller speed
declined in scaling up process, eddy size increased for bioethanol production by S. cerevisiae.
Furthermore, the observed low productivity when constant Vip was employed, can also be
ascribed to the fluctuating pH during the fermentation process (Fig. 6.2), given that, microbial

ethanol production is a pH sensitive process [32].
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Figure 6.4: Representation of bioethanol production depicting the impact of constant
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6.3.4 Logistic function growth kinetics of S. cerevisiae

Experimental data from the cell dry weight over time for both scales were fitted into the logistic
function model with a high correlation coefficients (R?) >0.98. This shows the suitability of
logistic function to describe the growth of S. cerevisiae BY4743 employing these scale-up
criteria. A little lower maximum biomass dry weight (Xnex) and maximum specific growth rate
(max) Were achieved with V7, and P/V when compared to the control set-up (Table 6.2). Even
though insignificant lesser value of Xex and imax Were achieved in the 5 L scale bioreactor,
higher bioethanol concentration and productivity were observed in contrast with the 1 L scale
control experiment. Suggesting the scale up criteria largely provide suitable process condition

that favoured S. cerevisiae BY4743 ethanol production [1]. Scale up criteria that favour both
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S. cerevisiae BY4743 growth and ethanol formation could improve cell growth rate, cell dry
weight and further increase bioethanol production.

6.3.5 Modified Gompertz function kinetics of bioethanol production

Empirical data on ethanol formation over the fermentation period (Fig. 6.4) fit the modified
Gompertz function with R? values > 0.97 for Viip, P/V and the 1 L scale control experiment.
The shortest lag period of 2.58 h was observed in the 1 L scale bioreactor compared to 3.00 h
and 3.89 h for the Viip, and the P/V respectively. The differences in ethanol production lag time
could be ascribed to changing microenvironment surrounding the cell [25, 7]. An actively
growing cell with hundreds enzyme-catalysed reactions, structured into organized sequences-
metabolic pathways, are likely to be influenced due to the fluctuating environment and might
affect vital cell traits require for optimal process performance [1, 7, 25]. On the other hand, P/V
gave highest potential bioethanol concentration (Pm) of 25.29 gL™! as against 23.97 gL of the
1 L scale control system. The observed higher P value in the 5 L scale bioreactor may be
attributed to good mixing that resulted in a suitable mixing regime and subsequently desirable
process performance based on P/V. This has the capacity to cause metabolic-shifts within the

cell towards bioethanol formation.
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Table 6.3: Comparative amount (g/L) of the profile of volatile compounds obtained scaling up
using P/V and Vyp

Concentration (g/L) Concentration (%)

Compounds P/V Viip Control PNV Viip Contro
I

Amines
2-methyl-pyridine 0 0 0.043 0 0 0.390
3-methyl-pyridine 0.084 0 0.157 0.629 0 1.408
3-Hydroxy-6-methylpyridazine 0.039 0 0.094 0.295 0 0.844
Amides
Acetamide 0 0.021 0.058 0 0.107 0.520
Alcohols
3-Methyl-1-butanol 0.306  0.304 0.360 2.305 1.571 3.235
2-Furanmethanol 0.211  0.094 0.155 1.585 0.484 1.391
5-Methyl-2-furanmethanol 0.029 0 0 0.220 0 0
3-(methylthio)-1-Propanol 0.050 0.348 0.034 0,376 1.795 0.309
1-(2-Furyl)-1,2-ethanediol 0.841 0.880 0.272 6.332 4.540 2.447
Phenylethyl Alcohol 0.265 0.191 0.144 1.994 0.984 1.294
Maltol 0.208 0.314 0.188 1.562 1.622 1.688
Aldehydes
Fufural 0.032  0.053 0.030 0.240 0.275 0.268
5-Methyl-fufural 0.306  0.020 0.383 2.300 0.104 3.441
Aliphatic acids
Acetic acid 8.042 13463 7.167 60.517 69.483 64.429
Propanoic acid 0.056 0.137 0.046 0.425 0.708 0.411
4-Hydroxybutanoic acid 0.074 0.104 0.060 0.558 0.535 0.542
4-Oxo0-pentanoic acid 0.080 0.022 0.065 0.604 0.113 0.580
Butanoic acid 0 0.508 0 0 2.621 0
2-Methylpropanoic acid 0.014 0 0 0.107 0 0
Hexanoic acid 0.024  0.053 0.029 0.183 0.276 0.258
Sorbic acid 0.176  0.109 0.054 1.324 0.563 0.488
Octanoic acid 0 0.106 0 0 0.545 0
Pentanoic acid 0 0.071 0 0 0.364 0
Benzenoids
Benzeneacetaldehyde 0.260 0.271 0.221 1.960 1.399 1.986
Benzoic acid 0.122  0.073 0.094 0.918 0.378 0.849
Ketones
1-Hydroxy-2-propanone 0.032 0.036 0 0.237 0.187 0
Ethenone, 1-(2-furanyl) 0.047 0.014 0.048 0.357 0.075 0.429
2-Pyrrolidinone, 1-methyl 0.020 0.021 0.013 0.149 0.106 0.118
2,5-Dimethyl-4-hydroxy-3(2H)- 0.203  0.295 0.147 1.529 1.521 1.320
furanone

2,3-dihydro-3,5-dihydroxy-6-methyl- ~ 1.199  1.237 0.854 9.024 6.382 7.674
4H-Pyran-4-one

4,5-Dimethyl-1,3-dioxol-2-one 0.322 0.292 0.168 2.423 1.507 1.508
2-Hydroxy-5-methylacetophenone 0 0.045 0.023 0 0.234 0.202
Dihydro-4-hydroxy-2-(3H)-furanone  0.216  0.273 0.187 1.623 1.410 1.684
Lactones

2(5H)-Furanone 0.030  0.021 0.032 0.225 0.111 0.285
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6.3.6 Volatile compound distribution

Organic acids, alcohols and ketones were the major groups of volatile metabolite compound
observed, as well as lower portions of aldehydes, benzenoids, lactones, amino group and amide
functional group (Table 6.3). Presence of volatile metabolic compounds generally results from
the classes and concentrations of enzymes and co-factors present, thus, from enzyme control
mechanisms, and the necessity to maintain a constant pH intracellularly [35, 9]. This enzymatic
activity could be affected by the scaling up process conditions [7]. As mentioned earlier, an
actively growing cell with hundreds enzyme-catalysed reactions, are likely to be influenced
due to changing process environment [7]. The largest metabolite portion observed was the
aliphatic acids, up to 63% and 75% in the P/V and Viip bioreactors respectively, and 67% in the
1 L scale control bioreactor. Acetic acid constitutes a substantial fraction of 61, 69, and 64%
in the P/V, Vip bioreactors and the control set up respectively. Comparable portion of acetic
acid was observed based on constant P/V but to a lesser extent (61%). This accounted for the
high ethanol productivity, which was probably achieved due to good mixing effect attained
using P/V as a scale up criterion. As aforementioned above, good mixing results in suitable
process condition, hence desirable process performance. Typically, the major organic acid in
yeast bioethanol fermentation process is the acetic acid and it is formed early in process. This
agrees with the result obtained in the current study, where high concentration of acetic acid
was observed. Its dissociation could leads to decline in the pH which could eventually impedes
cellular and metabolic activity and process productivity [36]. Moreover, acid-forming pathway
obviously dominated the fermenting yeast metabolic flow in all the bioreactors in the present
study (Table 6.3). Acetic acid (61%), Sorbic acid (1.3%) in the P/V bioreactor, and acetic acid
(69%), Propanoic acid (0.71%) in the Viip bioreactor were the main acidic compounds in these
systems, with acetic acid (64%), 4-Oxo-pentanoic acid (0.58%) being the dominant organic

acid in the 1 L scale control set up. The occurrence of these organic acids could result in the
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build-up of anions owing to their dissociation; a harmful intra-cellular state, that affects
biomass formation and consequently, inhibit bioethanol formation [37, 36].

The next highest portion of the volatile metabolite silhouette is the organic-alcohols (keeping
out ethanol), with 1-(2-Furyl)-1,2-ethanediol (in both P/V (0.841 g/L) and Vip (0.880 g/L)
bioreactor) being the foremost. Alcohols are the derivatives of various bioprocesses, this
includes carbohydrate metabolism, acetic acid degradation and breaking down of acetaldehyde
[38]. Increase in the formation of other organic-alcohols could also occasion the decline in
bioethanol formation via deviance of metabolic pathway from bioethanol formation. Therefore,
the choice of suitable scale up criterion that favours ethanol formation pathway is important.
In this case constant P/V, where the rheological and the hydrodynamic characteristic as well as
the inclusion of NiO nanoparticles attained this condition. This was evident in the higher
ethanol concentration and productivity (1.02 and 1.57 fold increase, respectively) observed in
comparison to constant Viiip criterion employed.

The other large group present was the ketones. The constant P/V system had highest percentage
of ketones (15%, 2.039 g/L) compared to Viiip System (11%, 2.213 g/L) and the 1 L scale control
experiment (13%, 1.440 g/L). This probably account for the highest lag time observed when
constant P/V was employed (Table 6.2). Ketones like other volatile metabolites, could cause
an elongated lag period in microbial growth. Therefore, hampering ethanol production and

consequently overall process performance.

6.4 Conclusion
This study has provided a coherent mathematical model for translating an optimized laboratory

scale bioethanol fermentation to a pilot scale successfully. It was demonstrated that the
application of constant P/V is a better approach in scaling up bioethanol production from potato
peels fermentation supplemented with NiO nano-biocatalyst. This was due to the importance

of suitable mixing regime and homogeneity. Evidently, by maintaining constant P/V, higher
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productivity (1.10 g/L/h) and significant reduction in the formation of process inhibitors were
achieved. These findings highlight the potential of industrial valorisation of waste potato peels

supplemented with NiO nanoparticles for bioethanol production.
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Chapter 7
7.0 Conclusions and recommendations for future studies
The application of nanobiotechnology in bioprocessing offers significant advantages over other

nutrient supplement approaches in terms of efficient process performance due to nanoparticles’
biotechnological properties. The ultimate goal of a fermentative bioethanol production system
is to achieve high yield and contribute to an economically viable renewable energy system.
Bioethanol production technology from renewable feedstock will contribute to the
development of the global economy by facilitating a sustainable energy supply alongside the
reduction in environmental pollution. In response to the rising demand for waste-based energy
sources as green alternatives to fossil fuel energy sources, meaningful efforts to realise high
yielding bioethanol production from waste using various techniques have been implemented.
However, there is a significant knowledge gap on the effect of nanoparticle nutrient
supplementation on the metabolic activities and Kkinetics of bioethanol production by
Saccharomyces cerevisiae.

Thus, this study was undertaken with the aim of synthesising various metallic oxide
nanoparticles and assessing their potential to improve bioethanol production on glucose and
waste potato peel substrates. The research explored the impact of nanoparticles on the Kinetic
and metabolic activities as well as the inhibitory metabolite profile of fermentative bioethanol
production using S. cerevisiae BY4743. Additionally, the viability of a preliminary scale-up of
the optimized process was evaluated. This research has extensively explore nano-biocatalyst
potential in fermentative bioethanol production from waste potato peels. The major findings of
this study and their significance are summarised below:

Nine metallic oxide nanoparticles were synthesised, characterised and evaluated for their
catalytic potential to promote bioethanol production by S. cerevisiae BY4743. Upon analysis,
five of these nano oxides employed positively impacted bioethanol fermentation. The obtained

data proved that the inclusion of nanoparticles in batch fermentative bioethanol production with
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glucose as substrate does indeed improve process performance and thus bioethanol
productivity. The inclusion of NiO NPs, FesO4 NPs, CuO NPs, CoO and ZnO NPs had a
significant impact on bioethanol productivity and yield. Much of the biocatalytic potential
demonstrated by these nanoparticles is attributed to higher chemical reactivity associated to
their high surface area, providing a greater number of reaction sites. The desirable outcome
obtained was also linked to the pH stability resulting from nano-enhanced buffering capacity
which maintained the culture under optimum physiological state of the fermenting yeast for
efficient metabolic and enzymatic activities. An additional reason might be ascribed to
nanoparticles’ positive interaction with glucose — glucose hydrophobic unit is adsorbed onto
the surface layers of NPs by Van der Waals forces, coupled with strong affinity of microbes
and nanoparticles influenced by electrostatic considerations of the process. A degree of
electrochemical heterogeneity and the amine groups on cell surface proteins enhanced substrate
uptake by the cells and ultimately improved process productivity as observed in this study. In
addition, the impact of nanoparticles on the process may be ascribed to reduced oxidation-
reduction potential (ORP) in the fermentation processes with nanoparticle inclusion, providing

a relatively good start-up environment for bioethanol formation.

From a techno-economical perspective, there is a need to consider low-cost substrate source
for the nano-fermentation process. Compared to lignocellulosic waste feedstock, a substrate
such as pure glucose is an expensive option for the industrial production of bioethanol. The use
of starchy lignocellulosic waste feedstock such as waste potato peels could lower the cost of
bioethanol production due to their abundance, sustainability and renewability. Hence, waste
potato peels were assessed as feedstock in the simultaneous saccharification and fermentation
with nanoparticle inclusion as a biocatalyst. Nanoparticles were included at different stages of
simultaneous saccharification and fermentation (SSF) of waste potato peels for bioethanol

production. The productivity and the yield were substantially enhanced with NiO NPs inclusion
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from the pre-treatment stage, as well as FesO4 nanoparticle inclusion at the liquefaction stage.

These might be attributed to the following:

1. improved activities of liquefying and saccharifying enzymes resulting in an enhanced

fermentable sugar recovery;

2. increased fermentative capacity and productivity due to higher growth rates due to
improved respirofermentative cellular activities in the presence of these

nanobiocatalysts;

3. nanoparticles transportation across the cell improving glycolytic rate that goes beyond
the pyruvate dehydrogenase reaction which generates an overflow towards pyruvate
decarboxylase, thus increasing S. cerevisiae affinity for glucose and invariably

increased bioethanol production.

The presence of metallic oxide nanoparticle in the hydrolysis of waste potato peels promotes
substrate hydrolysis and the overall efficiency of bioethanol production processes observed
from the results compared to fermentation process without nanoparticle inclusion. High
conversion efficiency on substrates coupled with desirable bioethanol yields made nanoparticle
inclusion in bioethanol fermentation process a suitable and promising approach for industrial
application. However, to further improve the process performance and the industrial production
viability, process optimization, metabolic and inhibitory metabolite profiling of the nano
supplemented fermentation is needed. This is necessary due to the sensitivity of metabolic
fluxes to process input parameters. Hence, it is vital to ensure that optimum process conditions

are determined for maximum bioethanol production rate and yield.

The combined nanoparticle concentration, substrate concentration, pH and temperature on
bioethanol production was therefore, modelled and optimized using the Response Surface

Methodology (RSM), a modelling technique that combines both mathematical and statistical
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functions to establish the relationship between a controllable set of empirical factors and the
observed response. RSM provides information on the relationship between the experimental
variables and the process response. The model suggested optimal process set points of 0.05
wit%, 10 g/L, 4.86 and 32.25 °C respectively that promoted S. cerevisiae metabolic activities
and bioethanol productivity. Analysing the pairwise interactive effects of the process inputs
(nanoparticle concentration, pH, temperature and substrate concentration) and the obtained
optimum process set points, clearly, resulted in increased bioethanol yield — an indication that
the set points were suitable to achieve high bioethanol yield. Model validation gave 0.26 g/g
bioethanol yield resulting in a 19% increase. These findings could pave the way for large-scale
bioethanol production process by offering reliable nano-catalysed fermentation data. The
scaling-up of bioethanol production process will accelerate its commercialisation and
contribute to the global sustainable bioenergy supply. Hence, it is crucial to conduct findings
on scale-up viability to fully understand the process complexities of bioethanol-producing

fermentation processes from these optimized process conditions.

Moreover, process modelling tools such as kinetic models employed in this study provided
significant knowledge on the biochemical kinetics of bioethanol production in the presence of
nanobiocatalyst. The logistic function, Monod and modified Gompertz kinetic models gave
coefficient of determination (R?) values >0.88, which indicated that the sample variation of
88% was attributed to the independent factors and only 12% of the total variation was not
explained by these models. This observation shows that the models were suitable to adequately

describe the actual relationship among the different operational input conditions.

Furthermore, the kinetic data showed a significant improvement in S. cerevisiae affinity for
available substrate and growth rate with nano-sized metallic oxide inclusion in the fermentation
process. Higher values of maximum specific growth (pmax) and affinity constant (1/Ks)

observed for the nanoparticle-supplemented process further demonstrated the suitability of NPs
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as potential biocatalytic additives to improve glucose uptake and improve cell metabolic
activities. The obtained pmax (0.33 h™) values in the current study were desirable, particularly
for commercial scale-up, since growth rates above 0.025 h™ have been shown to linearly
increase the fermentative capacity of Saccharomyces spp. Moreover, the influencing impacts
of nanoparticles on S. cerevisiae metabolic activity are ascribed to their cellular uptake and

integration with the metabolic intermediates and key enzyme activities.

Additionally, the protein and the carbohydrate accumulation resulting from S. cerevisiae
metabolic activity showed an elevation in the protein content build-up. This could be related to
nanoparticle-nutrient supplement shock protein formation as well as increase in the presence
of specific enzymes to promote bioethanol production. Similarly, increase in cellular
carbohydrate- alkali-labile, alkali-soluble and alkali-insoluble accumulation and availability
might be related to the cells metabolic pathway and cells” metabolic flux from nanoparticle

metallic ion interaction with biological macromolecules of the fermenting cells.

Nanoparticle inclusion in fermentative bioethanol production resulted in significant repression
of volatile metabolite compound formation. This repression can be ascribed to metal complex
formation from chelating of metallic-nano by microbial metabolites released in the nano-
supplemented fermentation, preventing the accumulation of inhibitory metabolites. These
metabolite compounds profile includes inhibitors such as dimethyl trisulfide, acetic acid,
furfural, 1-Hydroxy-2-propanone, furfural, 5-Methyl-fufural, 5-Hydroxymethylfufural (HMF),
phenol, levulinic acid and formic acid. Likewise, this inhibitory metabolite repression can be
attributed to the impact of nanoparticles on the enzymatic degradation of carbohydrates and
bioethanol formation metabolic pathway of S. cerevisiae BY4743. Hence, a nano-based
bioethanol production approach could be a vital strategy for the implementation of industrial

bioethanol production from renewable waste feedstock.
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Techno-economically viable bioethanol production from lignocellulosic biomass remains the
main goal of renewable energy system development. Scaling up bioethanol production from
lignocellulosic biomass from laboratory-scale to a production-scale could be challenging
because of various important but different aspects involved. The main aspects of scaling up
needed for an industrial scale production are the engineering, metabolic processes and
economic implications. For these reasons, it is imperative to gain additional knowledge on
cellular machinery, bio-reactor fluid-dynamics and engineering in order to accelerate the
transition to industrial application. Consequently, experimental investigation on scaling-up

processes is essential to provide more insights on these issues.

Hence, this research work undertook preliminary scale-up assessment of nanoparticle inclusion
in simultaneous saccharification and fermentation of waste potato peels. Scaling up intricacies
could considerably impact the process kinetics, process performances and consequently the
process productivity. Scaling-up criteria of constant impeller tip speed (Vip) and constant
power consumption (P/V) were employed in this regard to obtain optimum process conditions
towards high productivity. In this study constant power consumption (P/V) provided the most
desirable process conditions and performance that favoured high bioethanol production. The
intrinsic constant power consumption (P/V) scale-up criterion with a process condition of 95
rpm, Reynold number (Re) 5.14E + 06, Power (P) 0.012 W, Power to Volume ratio (P/V\) 2.4
W/m?3, shear stress (y) 950 S and at 37 °C, pH 5 gave a maximum bioethanol productivity of
1.10 g/L/h. High productivity was obtained due to the efficiency of the chosen criteria and the
suitability of the implemented process conditions as well as optimum mixing efficiency
attained in this research. Insufficient mixing has been identified as a major challenge in
bioprocess scaling up. Desirable pumping capacity (Ve =3.9 * 104 m?/s) and circulation time
(t: =12.8 s) were attained in this study to achieve considerable process performance. Pumping

capacity and circulation time are essential mixing properties that have been used to describe
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efficient mixing behaviour in bioprocess. Thus, the scale-up results in this study provided
significant insights on bioethanol production from waste potato peels with nanoparticle

inclusion as biocatalyst towards achieving its commercialisation.

7.1 Recommendations for future studies
Screening a number of nanoparticles for biocatalytic potential in bioethanol fermentation

process is an intricate process that requires the evaluation of many parameters. In this study it
was demonstrated that the inclusion of nanoparticles as biocatalyst in bioethanol fermentation
process improved metabolic and kinetic process performances and consequently bioethanol
productivity. In order to improve on the catalytic efficiency of nanoparticles employed in this
research, different surface modification could be evaluated to enhance their surface functional
properties; biocompatibility, bioavailability and catalytic efficiency.

Additional research into the interaction of nanoparticles with biocomponents such as cellular
carbohydrate and protein in this study would provide knowledge on the impact of nanoparticles
on S. cerevisiae metabolic activities. For example to expand high-throughput knowledge on
nanoparticles’ interaction with cellular enzymes and other biocomponents such as
glycerolipids, lysophospholipids, phospholipids, sphingolipid, sterols and plasma membrane
fatty acids would be helpful in improving bioethanol formation and productivity.

Moreover, a broad screening of various lignocellulosic waste substrates for bioethanol
production in the presence of nano additives would aid in identifying suitable feedstocks for
industrial bioethanol production. Feedstock that requires less pre-treatment cost with high yield
on substrate is desirable for industrial implementation of bioethanol production.

Furthermore, bioethanol fermentation process in the presence of nanoparticles as biocatalyst

using continuous fermentation mode would promote the industrial desirability of this approach.
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Finally, technoeconomic studies will provide data for strategic research and development
investment and knowledge on the economic viability of bioethanol fermentation in the presence

of nanobiocatalyst.
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