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ABSTRACT

The lack of proper management of pineapple peel waste has been an environmental and health
challenge in developing countries such as Togo. Pineapple peel wastes could be a promising
feedstock in the generation of bioenergy such as biohydrogen and biogas which has the
potential to be used for cooking, transport, and electricity generation. This study assessed the
feasibility of theoretically producing biohydrogen from pineapple peel waste through dark
fermentation. A biogas test was also conducted from which a 53.0% methane production from
the biogas was assumed to theoretically calculate the biohydrogen production potential. This
process offers the best solution for properly managing pineapple peel waste, reducing the
environmental and health impacts of releasing greenhouse gases (GHG) into the atmosphere

and accelerating the energy transition.

The ultimate analysis of the pineapple peel sample was conducted using an Optic digital
microscope (LIBS Analyser) VHX-7000 and the results show carbon 44.4%, hydrogen 9.40%,
and oxygen 40.9%. These results were then used to theoretically calculate the biohydrogen
production potential. The proximate analysis was conducted to determine the moisture content,
total solids, and volatile solids in the pineapple peel sample. The fiber analysis test was also
done for cellulose, hemicellulose, and lignin contents using Fibretherm. The biogas test was
conducted in bottles using the pineapple peel sample. The loading was such that 5 g of the
sample, 200 g of inoculum, and 100 g of water were added into the bottles and then placed in

a water bath at a mesophilic temperature of 38°C for 21 days.

The results obtained from the theoretical biohydrogen production was 3.5 moles and the biogas
test was 493.14 mLg!vs. The estimated theoretical hydrogen production potential from the

53.0% methane yield in the biogas assuming 90% conversion efficiency was 1045.84 mLg!vs.

KEYWORDS: Biohydrogen; Dark fermentation; Pineapple peels; Energy transition;

Greenhouse Effect

Vi
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RESUME

L'absence de gestion appropriée des déchets de peau d'ananas a constitue un défi
environnemental et sanitaire dans les pays en développement tels que le Togo. Les déchets de
peau d'ananas pourraient étre une matiére premicre prometteuse pour la production de
bioénergie telle que le biohydrogene et le biogaz qui peuvent étre utilisés pour la cuisson, le
transport et la production d'électricité. Cette étude vise a évaluer la faisabilité de la production
théorique de biohydrogene a partir de déchets de peau d'ananas par fermentation obscure. Un
test de biogaz a également été réalisé, a partir duquel une supposition de 53,0 % de méthane a
permis de calculer théoriquement le potentiel de biohydrogene. Ce processus offre la meilleure
solution pour gérer correctement les déchets de peau d'ananas. Ceei pourrait réduire les impacts
environnementaux et sanitaires associés a la libération de gaz a effet de serre (GES) dans

l'atmospheére et accélérer la transition énergétique.

L'analyse finale de I'échantillon de peau d'ananas a été réalisée a l'aide d'un microscope
numérique Optic (analyseur LIBS) VHX-7000 et les résultats indiquent 44,4% de carbone,
9,4% d'hydrogene et 40,9% d'oxygene. Ces résultats ont ensuite été utilisés pour calculer
théoriquement le potentiel de production de biohydrogeéne. L'analyse proximale a été réalisée
pour déterminer la teneur en humidité, les solides totaux, et les solides volatils de 1'échantillon
d'écorce d'ananas. Le test d'analyse des fibres a également été effectué pour déterminer la teneur
en cellulose, en hémicellulose et en lignine a 1'aide de Fibretherm. Le test de biogaz a été réalisé
dans des bouteilles en utilisant 1'échantillon de peau d'ananas. Le chargement était tel que 5 g
de I'échantillon, 200 g d'inoculum et 100 g d'eau ont été ajoutés dans les bouteilles, puis placés

dans un bain-marie a une température mésophile de 380 °C pendant 21 jours.

Les résultats obtenus pour la production théorique de biohydrogéne étaient de 3,5 moles et le
test de biogaz était de 493,14 mLg'vs. Le potentiel théorique de production d'hydrogéne estimé
a partir du rendement de 53,0 % de méthane dans le biogaz, en supposant une efficacité de

conversion de 90 %, était de 1045.84 mLg'vs.

MOTS-CLES: Biohydrogéne; Fermentation obscure; Epluchures d'ananas; Transition

énergétique; Gaz effet de serre
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ACRONYMS AND ABBREVIATIONS

ADF : Acid Detergent Fibre

ADL  : Acid Detergent Fibre

ATP : Adenosine Triphosphate

AOAC : Association of Official Agricultural Chemists
C/N : Carbon to nitrogen ratio

DFE : Dark Fermentation Effluent

FAO : Food and Agricultural organization

FW : Food Waste

GHGs : Greenhouse Gases

MEC : Microbial Electrolysis Cell

MFC : Microbial Fuel Cell

NDF : Neutral Detergent Fibre

PNSB : Purple non-sulfur Bacteria

SMR : Steam Methane Reforming

WASCAL : West African Science Service Center on Climate Change and Adapted Land Use

WGS : Water Gas Shift Reaction
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INTRODUCTION

Background of Study

There is a high demand for energy due to the increase in economic and population growth rates
(Amekan et al., 2018). According to International Energy Outlook 2013 and 2018 reports, this
demand is expected to increase further. It was estimated that between 2010 and 2040, world
energy consumption will increase from 524 to 820 quadrillion Btu which is about 56%
(Jemilatu et al., 2020). However, the rapid depletion of fossil fuels coupled with the recent
increase in oil and natural gas prices and the environmental pollution caused by the release of
greenhouse gases (GHG) has led to the search for alternative energy sources (Ventura et al.,
2021). There is a growing interest in renewable energy sources in recent times due to their
ability to minimize fossil fuel dependence and the associated environmental impacts. Hydrogen
appears to be the most promising clean energy carrier in the future for generating electricity in
fuel cells and as gaseous biofuel used in the transport sector (Saidi et al., 2018). The energy
content of hydrogen is 2.75 times higher than hydrocarbon fuel and the combustion product of
hydrogen with oxygen is only water and therefore considered environmentally friendly.
Hydrogen production methods can be biological, chemical, or physical processes (Reungsang
& Sreela-or, 2013). The majority of molecular hydrogen is mainly produced from fossil fuels.
According to a report, it is stated that about 71.27% of hydrogen is produced from natural gas
(NQG), 27.27% from coal, 0.7% from petroleum, and the remaining 0.7% from the electrolysis
of water (Osman et al., 2020). The thermochemical processes used to produce hydrogen are
steam gasification, thermal decomposition, catalytic oxidation, auto-thermal reforming, and
pyrolysis. However, the production of hydrogen from fossil fuel is not renewable as it involves
the release of greenhouse gases (GHGs) into the atmosphere and is therefore not considered
carbon neutral. Hydrogen production from biomass using biological pathways not only help
reduce the dependence on fossil fuels but is also sustainable and eco-friendly (Chandrasekhar
et al., 2015). Other advantages of biohydrogen production include operation under mild
conditions (at ambient temperature and pressure), cost-effectiveness, and the potential
utilization of renewable resources (biomass) and also various types of wastewater with a high

content of carbohydrates and organic acid (Tiang et al., 2020).

The pineapple (Ananas cosmos L.) is considered one of the most important fruits around the
globe and it is taking the lead in the Bromeliaceae family of edible members. It is extensively

grown in tropical and subtropical regions. It has the potential of growing up to a height of about
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75 to 150cm with a spread of 90 to 120cm (Zainuddin et al., 2014). Pineapple is viewed as a
rich source of vitamins, antioxidants, fibers, and minerals. It is reported that the global
production of pineapple in 2018 was approximately 27.92 million metric tons (Pereira et al.,
2021), which mostly comes from countries like Costa Rica, Brazil, Philippines, Thailand,
Indonesia, India, Nigeria, China, Mexico and Columbia (Dahunsi, 2019). The top three
producers of pineapple around the globe are Costa Rica, the Philippines, and Brazil (Pereira
et al., 2021). According to (FAO) crop database report, Costa Rica is the leading producer of

pineapple with an estimated amount of 3 million tons (Eixenberger et al., 2022).

In Africa, Nigeria is the leading producer of pineapple and the yearly production is estimated
at a share of about 1.41 million tons. Togo produced about 44,391 tons of pineapples during
the 2021-2022 season and 33,737 tons from this volume were grown organically

(https://www.togofirst.com/en/agriculture/2111-10979-togo-produced-over-40-000-t-of-

pineapples-in-2021 last accessed on 20/07/2023). From these huge quantities of production,

there is every possibility for the generation of a large amount of pineapple peel waste during
the processing of the fruit, which is most of the time deposited in the area of production, market,

and even in open landfills.

It is estimated that the total weight of pineapple accounts for about 50% of waste and the key
components are pineapple peel (29-40%) and core (9—10%) among others (Eixenberger et al.,
2022). The pineapple peel is reported to have a content of 16% lignin, 35% cellulose, 19.7%
hemicellulose, 75 — 80% moisture, 4.7% total ash, 0.46% total fat, 23.71% total crude fibre,
and 0.33% total proteins. It is made up of 27.08% total carbohydrate, 26.096 mg/kg potassium,
1.9 mg/kg magnesium, and 298.184 mg/kg zinc (Cahyari et al., 2018). Pineapple peel waste
can be used either as fertilizer or burnt in open landfills releasing greenhouse gases that have
the potential of causing global warming, and environmental and health challenges.
Fermentation is a process by which biohydrogen is produced from organic materials using
fermentative bacteria. In this light, the fermentation process is divided into dark and photo
fermentation. Dark fermentation is carried out by dark fermentative bacteria while photo
fermentation is by photosynthetic bacteria (Junghare et al., 2012). The merits of the dark
fermentation process are simple operating procedures, low energy requirements, a higher stable
rate of biohydrogen production by the utilization of a wide range of waste substrates as
feedstock, and a better economic process. This process is however limited by the insufficient
utilization of substrate giving rise to low hydrogen yield (Saratale et al., 2019). The use of

pineapple peel waste to produce biohydrogen and biogas will provide energy in sectors like


https://www.togofirst.com/en/agriculture/2111-10979-togo-produced-over-40-000-t-of-pineapples-in-2021
https://www.togofirst.com/en/agriculture/2111-10979-togo-produced-over-40-000-t-of-pineapples-in-2021
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clean cooking, transport, and electricity generation but also will help in the reduction of

greenhouse gas emissions (GHGs).

Problem statement

It is reported that food waste (FW) accounts for 15-63% of total municipal solid waste around
the globe and is regarded as one of the most challenging and abundant organic solid wastes
(Yun et al., 2018). The issue of lack of proper pineapple waste management is still a challenge
in Togo. The large quantities of pineapple production have a high tendency of generating
pineapple peel waste during processing which most of the time ends up in open landfills,
production sites, or being incinerated. This has the potential to generate greenhouse gases
(GHG) such as carbon dioxide and methane which are eventually released into the atmosphere
causing global warming, climate change, and environmental and health challenges. The
Valorisation of this waste would not only contribute to proper waste management disposals but
also helps to produce a value-added product such as biohydrogen and biogas (Abdullah & Mat,
2008).

Research questions

I. What is the effective way of utilizing pineapple peel waste to improve its waste management?
II. Does pineapple peel waste have the potential for biohydrogen and biogas production?

Research hypotheses

By performing dark fermentation using pineapple peels waste, it is believed that the problem
of waste management and the associated environmental impact will be minimized and this
process will also lead to the production of biohydrogen and biogas as alternative sources of

energy to fossil fuels in mitigating climate change and accelerate the energy transition.

Research Objective

The main goal of this work is to use a dark fermentation approach to produce biohydrogen and

test for biogas potential using pineapple peel waste. The specific objectives are:

I. To examine the characterization of solid pineapple peels waste

II. To theoretically determine biohydrogen production potential from pineapple peel waste
III. To perform a test for biogas production potential using pineapple peels waste

IV. To estimate the biohydrogen production potential from methane in the biogas
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CHAPTER 1: LITERATURE REVIEW

1.1. Hydrogen

The production of hydrogen started in 1761 by Robert Boyle when he reacted iron filings and
dilute acids. Hydrogen was later identified by Henry Cavendish in 1776 as a unique substance.
Antoine Lavoisier was also able to produce hydrogen from iron in 1783 and named it the
material hydrogen. In 1839, a British scientist named Sir William Robert Grove developed the
first hydrogen-powered fuel cell. Through the construction of a cathode, anode, ceramic
membrane, and mixed acid conductive medium, he was able to produce the flow of electric
current. This discovery gives rise to the invention of the hydrogen-powered fuel cells of today

(Rivkin et al.,2015).

Hydrogen is found to be the lightest, simplest, and most abundant element in the universe
accounting for approximately 75% of all matter consisting of one proton and one electron. It is
considered the tenth most abundant element in the earth’s crust which is usually found in
combination with other elements. The atomic weight of hydrogen is 1.00795 atomic mass units,
usually approximated as 1.008 atomic mass units. The three isotopes of hydrogen are protium,
deuterium, and tritium. It is mainly found in combined states such as water and organic
compounds (Pareek et al., 2020; Dawood et al., 2019; Baykara, 2018). Notwithstanding the
abundance of hydrogen, obtaining hydrogen in elemental form is very cumbersome. The
pathways that can be used to obtain it are through renewable-assisted water splitting,
thermochemical conversion of fossil fuels, and biological processes (Abdin et al., 2019).
Hydrogen is also termed an energy carrier as it will play a key role in the energy transition.
Biohydrogen production will supply global sustainable clean energy. It is a promising
alternative to fossil fuels due to its potential of eliminating if not all, but most of the negative

effects of the use of fossil fuels (Show et al.,2011).

1.2. Properties of Hydrogen

Hydrogen is a colorless, odorless, and flammable gas with zero-emission or emission-free
which offers a great opportunity to be used instead of fossil fuel and also its high energy content
of 122MJ/kg and less impact on the environment. Hydrogen has a density lower than that of
air density and a gravimetric energy density of about seven times higher than that of fossil fuel
density. At a higher heating value, the energy content of hydrogen is 141.8MJ/kg at 298k, and

at a lower heating valve is 120MJ/kg which is found to be higher than most fuels (an example
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is gasoline with a heating value of 44MJ/kg at 289k). However, the energy density by volume
of liquid hydrogen is approximately less than hydrocarbon fuel by a factor of four (i.e., the
density of 8 MJ/l whereas gasoline has a density of 32 MJ/l). Hydrogen gas has good energy
by weight but rather a poor energy density by volume compared to hydrocarbons and hence a
large storage tank is required (Tarhan and Cil, 2021; Vincent and Bessarabov, 2017; Liu et al.,
2017).

1.3. Storage of Hydrogen

The storage and transport of hydrogen are still a challenge. Because hydrogen is the lightest
molecule, it has a very low density, and 1kg of hydrogen gas occupies over 11m?> at room
temperature and atmospheric pressure. Hence the storage density must be increased for an
economically viable hydrogen storage system. However, there are a lot of methods used to
store hydrogen at increased density, and all these methods required some energy input in forms
like work, heat, or even in some cases, hydrogen-binding materials (Andersson and Gronkvist,
2019). Large-scale storage plays a significant role in the hydrogen economy. The reason for
storing hydrogen energy is simple to be safe and efficient which offers the opportunity to be
used anywhere and at any time (Zhang et al., 2016). For any hydrogen-powered system, it is
fundamental to develop hydrogen storage technologies. Conventional storage technologies
store hydrogen as compressed gas and cryogenic liquid, while underground storage is mostly

preferred for large-scale applications (Yue et al., 2021).

1.4. Transportation of Hydrogen

The transportation of hydrogen energy is a significant domain for any successful hydrogen
economy. The important factors that can affect the choice of mode of hydrogen transportation
are the application, the density of demand, and the distance from the production site to the
points of delivery (Dagdougui et al., 2018). Transportation of hydrogen can either be by truck,
pipeline, rail, and ship making use of the storage techniques mentioned above. Compression is
the general transport method used for trucks while liquefaction has also gained increasing
recognition for utilization at distances of 1000 km. Pipelines also play a very key role in the
transportation of huge quantities of compressed hydrogen gas over a long distance for domestic
use (i.e., transmission) as well as distribution to various locations of use in a network (i.e.,

distribution) (Bruce et al., 2018).
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1.5. Applications of Hydrogen

Hydrogen has various applications as industrial feedstock, electricity generation, transport, and
heating systems. Industrial application mostly involves the use of hydrogen as a refining
material, a reactant in the production of ammonia as a fertilizer, and the treatment of metals as
well as food. In the transport sector, hydrogen is mainly used as a fuel in automobiles, and
marine vessels and as a propellant in aerospace. It can also be used in the petroleum industry
as a reactant in processing petroleum and petrochemical production and fuel cells to generate
electricity by an electrochemical reaction process. Hydrogen can play a great role in heating

homes and metallurgical processes (Abdalla et al., 2018).

1.6. Colors of Hydrogen

The colors of hydrogen and their source of production are given in the table below

Table 1: Classification of hydrogen based on colors and sources of production (Adapted from
Talapko et al. 2023).

Colors of Hydrogen Sources of production
White Natural source (thermochemical process)
Green Renewable energy

Blue Methane with carbon Capture
Pink Nuclear energy
Gray Steam methane reforming
Turquoise Methane pyrolysis
Brown Gasification of lignite Coal
Black Gasification of bituminous coal
Yellow Powered electricity mixed- grid
Orange Natural source (from oxidized ion)
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Natural gas processing CCUs Coal processing
Turquoise Blue Brown Black
Hydrogen Hydrogen Hydrogen Hydrogen

Electrolysis Thermochemical
Pink Yellow White
Hydrogen Hydrogen Hydrogen
Renewable Nuclear Mixed-grid
energy

Figure 1: Hydrogen colored-based classification (Panic et al., 2022)

1.7. Hydrogen in the Energy Transition

The global energy demand is currently based on fossil fuel reserves of which its depletion is in
evidence. The by-product of the utilization of fossil fuels is causing serious pollution problems
in the world. The increasing amount of greenhouse gases (GHGs) in the atmosphere as a result
of the use of fossil fuels has the potential of causing global warming and subsequent climate
change (Anish Ghimire, 2016). Energy systems must transition towards technologies that can
reduce the amount of greenhouse emissions and tackle the big problem of climate change. A
potential player in this energy transition is hydrogen which can be applied in different sectors
from industry to transport (Noussan et al., 2020). It is environmentally friendly due to its zero-
emission and water as the only by-product (Akhlaghi and Najafpour-Darzi, 2020). Presently
the production of hydrogen commercially accounts for 95% form methane steam reforming,
the gasification of coal, and the electrolysis of water (Yang and Wang, 2017; Balachandar et
al., 2019). Hydrogen will play seven main roles in the decarbonizing major sector of the
economy. These roles included; (i) Enabling large-scale, efficient renewable energy integration
(i1) Distributing energy across sectors and regions (iii) Acting as a buffer to increase system
resilience (iv) Decarbonize transport (v) Decarbonize industry energy use (vi) Serve as
feedstock using captured carbon (vii) Help decarbonize building heating (Hydrogen council,

2017).

1.8. Pathways to Biohydrogen Production

Biohydrogen is simply defined as the hydrogen obtained by microbial metabolism through

various biological pathways. Microbes that can produce hydrogen from both cultivation and
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any other form of organic waste materials include algae, bacteria, and archaca. When compared
to the traditional way of producing hydrogen, its production mostly happens in mild conditions
with less consumption of energy and impacts on the environment (Yin and Wang, 2022). The
pathways to biohydrogen production mainly consist of bio-photolysis, fermentation, and
biological electrolysis. They also can be classified as light-dependent and light-independent
processes (Yin and Wang, 2022). Figure 2 gives the different biohydrogen production pathways

Biohydrogen
‘ production
. ) Biological
Biophotolysis Fermentation electrolysis
Direct Indirect Photo Dark Microbial
biophotolysis hiophotolysis ) fermentation electrolysis cell
fermentation

Figure 2: Various pathways for biohydrogen production with energy source (Adapted from
Yin and Wang, 2022)

1.8.1. Bio-photolysis

This is water-splitting photosynthesis which involves the production of hydrogen from water
and sunlight using oxygenic photosynthetic microorganisms like cyanobacteria and green
microalgae (Osman et al., 2020). Bio-photolysis hydrogen production can be divided into direct

bio-photolysis and indirect bio-photolysis.

1.8.1.1. Direct Bio-photolysis

This process involves the use of light energy by photoautotrophic organisms to convert water
molecules into hydrogen with the catalytic activity of the hydrogenase enzymes under

anaerobic conditions (Akhlaghi and Najafpour-Darzi, 2020). The overall reactions are given

as follows:
ligh )
H,0 S 1/20,+ 2H* + 2e (1.1)
Hyd
2H* +2e- VOREE o (12)

The two groups of organisms that can carry out the production of hydrogen by this process are

cyanobacteria and green algae. Green algae can produce hydrogen using sunlight energy under
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anaerobic conditions or under dark conditions, hydrogen uptake can occur through the Carbon
dioxide-fixation process (Kim and Kim, 2011). Algae uses the process of photosynthesis to
split water molecules into hydrogen ions (H") and oxygen. The hydrogen (H") produced is then
converted by hydrogenase enzymes into hydrogen gas. Other green algae like Scenedesmus
obliquus, Chlorococcum littorale, Platymonas subcordiformis, and Chlorella fusca have been
observed to carry out hydrogenase activity (Pareek et al., 2020, Fakhimi & Tavakoli, 2019).

Figure 3 illustrates the process of direct bio-photolysis.

T

0. «— Photosystem [— | Hydrogenase |—» H,

I !

H.0 2H*

Figure 3:Direct bio-photolysis process (adapted from Abdallaa et al., 2018)

The key problem of this process is the sensitivity of the hydrogenase enzyme to oxygen and

the supporting pathway for reductant generation (Pareek et al., 2020).

1.8.1.2. Indirect Bio-photolysis

This process of producing hydrogen consists of a two-step photosynthetic conversion of light
energy to carbohydrates which is a form of chemical energy. The first stage involves the use of
light energy to produce oxygen (O2) and carbohydrates. In the second stage, under anaerobic
conditions, carbohydrate is converted into carbon dioxide (CO2) and hydrogen(H2) with light

energy (Osman et al., 2020). The equations are given below

6C0, + 12H,0 + light energy — C¢H,,04 + 60, (1.3)
CeH1,06 + 2H,0 — 4H,0 + 2CH3COO0H + 2CO0, (1.4)
2CH;COOH + 4H,0 + light energy — 8H, + 4CO0, (1.5)

In this process, the hydrogenase pathway is used by green algae to produce hydrogen through
the process of photosynthesis using sunlight energy under the deprivation of sulfur. When there
is sulfur deprivation, large quantities of internal protein and starch are consumed by microbial

cells. Subsequently, this catabolic conversion would indirectly maintain hydrogen production
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(Show et al., 2019). This process solves the problem of the sensitivity of hydrogenase to

oxygen.

e

\ \ H2
/4
H0 — e- |—% L | HYD
E R 02

Figure 4: Impeded photosynthesis under sulfur deprivation causing net oxygen consumption
by cell respiration in anaerobic indirect Photolysis (adapted from Show et al., 2019)

1.8.2. Biological Electrolysis

This involves the use of bio-electrochemical systems such as microbial fuel cells (MFC) and
microbial electrolysis cells (MEC) to produce hydrogen from a variety of organic substrates.
In an MFC, there is the oxidation of organics in an anode chamber by microbes which results
in the release of protons, electrons, and carbon dioxide (CO>). The released electrons are then
migrated from the anode to the cathode through an external circuit, and the transfer of protons
from the anode chamber to the cathode chamber takes place in the liquid phase. In the cathode
chamber, there is a consumption of electrons from the cathode producing water (H20) along
with hydrogen ion (H"). This process has attracted lots of intention due to its ability to produce
electric current from organics which offers a good potential simultaneously for the treatment
of waste and the generation of electricity. However, the electricity produced by this method
was found to be of low economic and environmental value which cannot compete with other

sources of energy and hence MEC was developed (Logan et al., 2006; Yin and Wanga, 2022).

MEC is also referred to as a bio-catalyzed electrolysis cell or electro-fermentation. It is made
up of two electrodes, a cathode, and an anode, which have the possibility of being placed in the
same single chamber (single-chamber MEC) or two separate chambers (two-chamber MEC).
There is a similarity in the reactions at the anode chamber with an MFC while the difference is
in the cathode chamber in which hydrogen production replaces oxygen consumption. This
technology required an external source of power to supplement the additional voltage needed
for the electrolysis of water. The lack of oxygen in the cathode simplifies its design and speeds

up the anaerobic growth of microbes in the anode chamber (Osman et al., 2020; Yin and Wang,

2022).

10
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For the production of hydrogen, MEC requires a small external potential of more than 0.110V.
The usage of batteries as an external power source is mostly considered, but also power
generated from renewable solar, wind, MFCs, and waste heat can be utilized. The equation
below shows the production of hydrogen from acetate (Cheng and Logan, 2007; Chandrasekhar
et al., 2015).

Anode: CH3;COOH + 2H,0 — 2C0,+8e~ + 8H™ (1.6)
Cathode: 8e~ + 8H* —» 4H, (1.7)
Overall: CH;COOH + 2H,0 — 2C0, + 4H, (1.8)
MFC Two-chamber MEC Single-chamber MEC
Load Power source Power source
- '_Q.
co, e . © co, Fe e W co, F:le H,
1 I 1 | v i
1] - e ﬂ_ - e H— - e
H,0 (H, ] (H,]
il
e
B ol o, o H* O H*
OrEan;cs HY, H* OrEan?cs H* H* Or‘gan‘ics
Anode Membrane Cathode Anode Membrane Cathode Anode Cathode

Figure 5: Schematic diagram of a typical microbial fuel cell (MFC) and a microbial
electrolysis cell (MEC) (Yin and Wanga, 2022).

1.8.3. Fermentation

This is a method of generating energy that involves an endogenous electron acceptor from the
oxidation of materials containing organic waste using a variety of microorganisms. The
products of a fermentation process mainly depend on the type of catalyst used (isolated enzyme
or microorganism producer), the organic substrate coupled with other process parameters. The
nature of the fermentation process may either be aerobic or anaerobic (Osman et al., 2020).
The two methods of biohydrogen production from fermentation are dark fermentation and

photo-fermentation.
1.8.3.1. Dark Fermentation

This process involves the production of hydrogen from waste biomass in the absence of
sunlight by utilizing microbial resources (Sarangi and Nanda, 2020). It is referred to as an
anaerobic process, in which there is the decomposition of organic material usually

carbohydrates like glucose by bacteria to carbon dioxide, hydrogen, and low-weight organic

11
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acids. The hydrolysis of higher carbohydrates such as hemicelluloses, cellulose, starch, or

molasses produces hexoses or pentoses (Sotowski, 2018).

Dark fermentation pathways include Hydrolysis, Acidogenesis, and acetogenesis. Hydrolysis
involves the breaking of organic substrate into smaller components which are subsequently
converted into volatile fatty acids (VFAs), ethanol, Carbon dioxide (CO), and hydrogen (H>)
by acidogenic bacteria. These fermentation products are later converted by Acetogenic bacteria

into acetic acid, carbon dioxide, and hydrogen (Ofomatah et al., 2021).

Organic Biomass Inert particulate and
(Agricultural, Municipal and Industrial Waste) solubles (Lignins, etc)

e
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=
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. _-—'—'__'_'___'__ ' '
Monosaccharides |-f" = . 4| Long Chain Fatty Acids ‘
| | Amino Acids = Y
Acidogenesis 2 i e et el i g i e |
! | + 'y ~
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Figure 6: Biodegradation steps and microbiological pathways involved in the fermentative
breakdown of waste biomass (Ghimire et al., 2015)

The production of molecular hydrogen (H2) occurs during the process of the disposition of the
excess electrons under the activity of hydrogenase enzymes. Protons (H") can behave as
electron acceptors under anaerobic conditions to neutralize the generated electrons through the

oxidation of organic substrates leading to the production of hydrogen (H2) (Ghimire, 2015).

The formation of Molecular hydrogen follows mainly two pathways in the presence of specific
coenzymes, i.e., either by formic acid decomposition route or by the re-oxidization of

nicotinamide adenine dinucleotide (NADH) route (D.-J. Lee et al., 2011).
NADH + H* + 2Fd?* - 2H* + NAD* + 2Fd* (1.9)

2Fd* + 2H"hydrogenese — 2Fd** + H, (1.10)
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Glucose is converted into pyruvate which is linked with the conversion of NADH from NAD"

by anaerobic glycolysis. This is shown in equation ...
Ce¢H1,06 + 2NAD* —» 2CH3;COCOOH + 2NADH + 2H* (1.11)

The re-oxidization of NADH by some specific microorganisms under acidogenic conditions in
the presence of ferredoxin oxidoreductase and hydrogenase leads to the generation of hydrogen

(D.-J. Lee et al., 2011).

Dark fermentation (DF) is viewed as one of the most promising and practical approaches for
the production of hydrogen due to its fast conversion efficiency (Ventura et al., 2021). When
compared to photo-fermentation, it is inexpensive, does not require sunlight or illumination,

has less maintenance, and has small bioreactor types (Sarangi and Nanda, 2020).

The process of dark fermentation needs fermentative microorganisms, organic substrates, and
an anaerobic environment. Dark fermentative bacteria may include strict anaerobes such as
Clostridium and Desulfovibrio, species or facultative anaerobes such as Enterobacter,
Escherichia coli, Bacillus, Citrobacter, and Klebsiella species. No external energy source is
required by the fermentative bacteria except for the work of the reactor. Dark fermentation has
the potential to use a different variety of substrates (agricultural, forestry, pulp/paper, and food
industries waste) and low consumption of energy hence it is economically feasible and has a
great role in the production of hydrogen and waste reduction. The production of hydrogen also
generates dark fermentative effluent (DFE) like volatile fatty acids (acetic acid, butyric acid,
lactic acid, etc.) that can be utilized as a feedstock for photo-fermentation (Morsy, 2017; Das
and Basak, 2020; Ding et al., 2009). These VFAs are toxic to the hydrogen producers with the
potential of inhibiting metabolic activity by deactivating enzymes for solvent production. This
will in turn hinder substrate utilization and microbial growth (Anuar et al., 2020). The main
route for producing hydrogen is the acetate—butyrate fermentation pathway of which
theoretically, 4 mol of hydrogen can be produced when acetate is the main fermentation product
and 2 mol when butyrate is generated, as shown in equations (1.9) and (1.10) (Anuar et al.,

2020).
CoHy,0s + 2H,0 — 4H, + 2CH;COOH + 2C0, (1.12)

CeHy,0, + 2H,0 — 2CH;CH,CH,COOH + 2CO, (1.13)

13
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In dark fermentation, hydrogen production is influenced by the following factors: type and
substrate concentration, type of microorganisms, pH, inoculum age, temperature, metabolic

pathway, pure culture, or mixed culture of bacteria (Das and Basak, 2020).

1.8.3.2. Dark Fermentative Microorganisms

Microorganisms such as bacteria are capable of breaking down organic matter to form
hydrogen in fermentation-based systems. These hydrogen-producing microorganisms can

occur in nature as single strains or mixtures of various species (Lukajtis et al.,2018).

Dark fermentative microorganisms are mainly divided into facultative anaerobic bacteria,

obligate anaerobic bacteria, and thermophiles.

1.8.3.2.1. Facultative Anaerobic Bacteria

The production of ATP by facultative anaerobes takes place in the presence of oxygen through
the process of anaerobic respiration and in the absence of oxygen, ATP is produced by
anaerobic fermentation. Examples of common facultative anaerobes are Enterobacter sp.
Which can produce hydrogen under anaerobic conditions. Members that are part of the group
Enterobacteriaceae have many properties that favor the production of hydrogen due to their
easy handling in a reactor during anaerobic hydrogen production (Balachandar et al.,2013).
Furthermore, the high partial pressure generated in the reactor does not have an effect on the
fermentation yield. The group members of Enterobacteriaceae include Arsenophonus,
Branneria, Buchnera, Budvicia, Buttiauxella, Cedecea, Citrobacter, Cronobacter, Dickeya,
Edwardsiella, Enterobacter, Erwinia, Escherichia, Ewingella, Hafnia, Klebsiella, Kluyvera,
Coserella, Leclercia, Leminorella, Moellerella, Morganella, Obesumbacterium, Pantoea,
Pectobacterium, Photorhabdus, Plesiomonas, Pragia, Proteus, Providencia, Rahnella,
Raoutella, Salmonella, Samsonia, Serratia, Shigella, Sodalis, Tatumella, Thorsellia,

Trabulsiella, Wiglesworhtia, Xenorhabdus, Yersinia, and Yokenella (Lukajtis et al.,2018).

According to Balachandar et al. (2013), two types of Enterobacteriaceae strains have been
studied extensively which are Enterobacter aerogenes E.82005 and Enterobacter cloacae IIT-
BT 08. It was observed that under anaerobic batch cultivation, E. acrogenes E.82005 produced 1.0

mol H2/mol glucose at a rate of 21 mmol/liter/h.
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1.8.3.2.2. Obligate Anaerobic Bacteria

In this type of microorganism, a strict anaerobic condition is needed. These anaerobes are
Clostridia, Metylotrophs, Methanogenic bacteria, Archaea, and Rumen bacteria (Lukajtis et al.,
2018). To date, plenty of research has been carried out using obligate bacteria for the production
of hydrogen due to their ability to make use of various types of carbohydrates, in addition to
different varieties of wastewater. They also have the potential to produce a higher rate of
hydrogen production. The most widely used obligate anaerobes are clostridia species and the
production of hydrogen mainly occurs during the exponential growth phase. (Balachandar et
al.,2013). There is a metabolic shift in the direction of liquid organic compound production
mainly as volatile fatty acids (VFAs) in the stationary phase. The following species: C.
butyricum, C. beijerinckii, C. welchii, C. thermolacticum, C. thermocellum, C. paraputrificum
C. pasteurianum, C. beijerincki, Clostridium scatologenes, C. acetobutyricum, and C.

Bifermentants (Lukajtis et al.,2018).

1.8.3.2.3. Thermophiles

These groups of microorganisms are mostly considered obligate anaerobes mainly found in
different geothermally heated parts of the earth like hot springs and deep-sea hydrothermal
vents. Examples of thermophiles are the strain of Caldicellulosiruptor,
Thermoanaerobacterium, Thermoanaerobacter, and Thermotoga. At the moment there is an
extensive study available on five different species that belong to the genus Caldicellulosiuptor.
They show unusual behavior in their ability to degrade cellulose at elevated temperatures (up
to 78°C). Products like ethanol, lactate, and acetate are the major end metabolites.
Notwithstanding the higher production of hydrogen, ethanol, and lactate formation are rather

low (Balachandar et al.,2013).
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Figure 7 shows the dark fermentative hydrogen pathways using strict anaerobes and facultative

anaerobes metabolic pathways.
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Figure 7: Metabolic pathway of strict and facultative anaerobes in dark fermentative

hydrogen production (Jayachandran et al., 2022).
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Figure 8: Metabolic pathways in dark fermentation for biohydrogen production (Yin, Y., &

Wang, J. 2022).
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1.8.3.3. Photo-fermentation

This is the process of conversion of organic substrates into hydrogen and carbon dioxide using
photoheterotrophic  bacteria under light and anoxygenic conditions. The suitable
microorganisms that are usually used in this process are purple non-sulfur bacteria (PNSB) due
to their ability to produce hydrogen with high yields from a different organic substrate. The
most utilized organic substrates used are fermentation acids like acetate, lactate, propionate,
and succinate; aromatic acids include cinnamate and benzoate; alcohols such as ethanol and
propanol and sugars such as glucose. Anaerobic bacteria strains such as Rhodobacter,
Rhodobium, Rhodopseudomonas, and Rhodospirillum are mostly used for photo-fermentation

(Rai and Singh, 2016; Ventura et al., 2016; Ventura et al., 2021).

The formation of hydrogen occurs when molecular nitrogen is reduced in the presence of
nitrogenase and also reduced protons to molecular hydrogen (Lukajtis et al., 2018). The
enzymes hydrogenase and nitrogenase in PNS bacteria play a key role in the photo-
fermentation production of hydrogen. The enzyme nitrogenase is mainly responsible for the
production of molecular hydrogen under anaerobic conditions. There is a fixation of nitrogen
into ammonia by nitrogenase and during nitrogen absence, nitrogenase makes use of the
reductants along with ATP to produce hydrogen (2H" 2¢” + 4 ATP— H2 + 4ADP + Pi). For the
effective photo-fermentative production of hydrogen, a sufficient ATP supply is highly required
(Mishra et al., 2019). The major factors that affect the production of hydrogen by photo-
fermentation are microbial species, inoculum age, light intensity, pH substrate, and operating

temperature (Yin and Wanga, 2022). An example of hydrogen production from acetate is given:

CH;COOH + 2H,0 + light energy —» 4H, + 2CO, (1.14)

Sunlight

!

Bacterial Fd, 2e" Enzymes H
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Figure 9: Schematic diagram of the photo-fermentation process for biohydrogen formation
(Adapted from Sarangi and Nanda, 2020)
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1.9. Factors Affecting the Biohydrogen Dark Fermentation Process

The factors affecting the production of hydrogen by fermentation are discussed below;

1.9.1. Temperature

Temperature is one of the key factors affecting the fermentation process since it can alter both
the microbial use of the substrate and its specific growth rate, the production of hydrogen, and
the formation of the metabolic product (Chandrasekhar et al., 2015). The different
temperatures at which dark fermentation reactions are carried out are psychrophile (0-25 °C),
mesophilic (2545 °C), thermophilic (45-65 °C), extreme thermophilic (65-80 °C), and hyper-
thermophilic (above 80 °C) (Levin et al., 2004; Lukajtis et al., 2018). It is stated by Akhlaghi
and Najafpour-Darzi (2020) that each microorganism strain and the nature of the substrate have
a specific optimum temperature for growth. The selection of optimum temperature largely
depends on the type of bacteria used for both pure and mixed cultures during fermentation. The
activity of specific enzymes during the fermentation process is dependent upon their optimal
temperature value. A higher or lower temperature other than the optimal temperature will
decrease the activity of the enzymes. Hence, the fermentation optimum temperature largely
depends on the type of bacteria and the kind of substrate utilized. However, it is believed that
the use of thermophilic and extreme thermophilic temperatures works better with the substrates
undergoing hydrolysis during fermentation. Higher temperatures cause an increase in the
enzyme’s activity responsible for hydrolysis (Lukajtis et al., 2018). A study conducted by
Sattar et al. (2016) shows the effect of temperature on biohydrogen production by batch
fermentation in anaerobic bioreactors with ranges of temperatures between 37°C and 55°C
using rice straw, rice husk, rice waste, and rice bran as substrates. It was observed that there
was an increase in hydrogen production in rice bran, rice straw, and rice husk apart from rice
waste as temperature increased. The maximum hydrogen yield observed with rice bran was

23.51% under thermophilic conditions (Sattar et al., 2016).

1.9.2. Hydraulic Retention Time (HRT)

This is a significant reactor control parameter that has a key influence on the rate of hydrogen
production and the reactor’s operational behavior (Sivagurunathan, 2015). Hydraulic retention
time (HRT) is a measure of the average length of time the substrate remains in the bioreactor
and is utilized by microorganisms. The maximization of the yield of hydrogen production by
fermentation requires an optimal HRT to minimize the formation of unwanted metabolites such

as ethanol and organic acid (Akhlaghi and Najafpour-Darzi, 2020). The optimal HRT value is
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dependent on the kind and substrate concentration and more so on its biodegradability, support
material for the case of an immobilized system, and the kind of bioreactors used. The rate of
hydrogen production increases for a certain range of optimal HRT values and decreases when
this optimal range is exceeded with an increase in HRT. (Lukajtis et al., 2018; Akhlaghi and
Najafpour-Darzi, 2020). To obtain satisfactory H2 yields, the optimum HRTSs for a variety of
substrates were between 8h and 14 h (Chandrasekhar et al., 2015). Studies conducted show
that longer HRTs allow enough time for the microorganism to sufficiently metabolize the
substrate. The production of VFAs can be reduced with an increase in HRT due to the
acidogenic-solventogenic transition stage (Strazzera et al.,, 2018; Sekoai et al., 2021).
According to Sivagurunathan et al. (2015), hydrogen-producing bacteria prefer relatively short

hydraulic retention times.
1.9.3. Hydrogen Partial Pressure

This is also a key factor in the synthesis of biological hydrogen. The production of hydrogen
by dark fermentation using anaerobic bacteria is determined by the metabolic route and end
products (Junghare et al., 2012). The production of hydrogen by dark fermentation is greatly
influenced by the hydrogen partial pressure inside the biohydrogen reactor. Low partial
pressure in the headspace of the reactors gives rise to a mass transfer of hydrogen from the
liquid phase to the gas phase. In the fermentation process, the hydrogenase is involved in
reversible oxidation and reduction of ferredoxin. Therefore, an increase in the concentration of
hydrogen in the liquid phase causes a less favorable oxidation of the ferredoxin and the
reduction of ferredoxin occurs which reduces the production of hydrogen (Ghimire et al.,
2015).

Additionally, an increase in hydrogen concentration will shift the metabolic pathways toward
the formation of inhibitory reactions like lactate, ethanol, acetone, and butanol (Sekoai et al.,
2021). It is therefore very important to remove hydrogen as it is formed to maintain a constant
production rate of hydrogen. The use of sparging external gases such as carbon dioxide (CO2),
nitrogen (N2), and argon (Ar) or circulating gas mixtures is employed in controlling the partial
pressure of hydrogen. However, the use of sparging gases has the potential of diluting the
hydrogen produced and therefore a downstream purification process is required to obtain
hydrogen (Akhlaghi and Najafpour-Darzi, 2020). Balachandar et al. (2013) show some optimal
partial pressure of hydrogen depending on the temperature that is used such as 50 kPa at 60C,
20 kPa at 70C, and 2 kPa at 98C.
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1.9.4. pH

The hydrogen ion concentration is a key factor that plays a great role in dark fermentation
processes. The pH values affect the yield of hydrogen production, and the microorganism’s
metabolic pathways such as the hydrogenase activity coupled with their morphology, and cell
structure. Enzymes taking part in the metabolic processes of bacteria are only active at certain
pH ranges which are their optimal pH values. Therefore, controlling the pH and maintaining it
at a constant optimal value is very paramount during the fermentation process due to the
formation of organic acids which can lower the pH of the medium and gives rise to the
inhabitation of the hydrogen-producing bacteria. The optimal pH is dependent on the type of
substrate (Lukajtis et al., 2018; Ziara et al., 2018). According to Guo et al. (2010), the optimal
pH value for hydrogen production for food waste is pH 5.0-6.0 while that for crop residues and
animal manure is recommended at a neutral pH value. It is reported by Ghimire et al. (2015),
that in the dark fermentation of sucrose, the optimal pH range for the production of biohydrogen
varies from pH 4.5 to 9. It was observed that Low pH values (below 5) could cause the
inhibition of the hydrogenase activity leading to the termination of hydrogen production (Bao
et al., 2013). Pason et al. (2020) were able to conduct a study of the production of hydrogen
utilizing initial pH values ranging from 5.0 to 8.0 from cassava pulp. The optimum condition

for hydrogen production was observed at pH 7.0 with a hydrogen yield of 230.12ml.

1.9.5. Nutrient

For the growth and activity of bacteria, fermentative microorganisms need nutrients. The
needed nutrients for enzymatic activities and the growth of biomass in the fermentation
processes are nitrogen, phosphate, metal ions, and other micronutrients which pose a great
effect on the production of hydrogen (Ghimire et al., 2015). However, the presence of an excess
amount of nitrogen has the potential to not only affect the microorganism’s pH used for
hydrogen production but also inhibit the nitrogenase activity. Furthermore, an increase in the
concentration of nitrogen can lead to ammonification which is not desirable for hydrogen
production. Therefore, an optimal C/N ratio is needed for the growth of microbes and to
improve hydrogen yield. Phosphorus present in the form of Adenosine triphosphate plays an
important role in the generation of energy in the bacterial cell. When the concentration of
phosphorus is increased there is excessive production of VFAs which can severely reduce the
yield of hydrogen. The addition of suitable metal ions in the fermentation process plays a key
role in the activation of the enzymes and coenzymes involved in microbial metabolism and

cellular transport which are also important for the growth of cells. There is a specific role for
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each of the metal ions during cell metabolism and any distortion can affect that role

(Chandrasekhar et al., 2015; Wang et al., 2009; Lin and Shei, 2008).

The effect of the C/N ratio on the production of hydrogen was conducted by Saidi et al. (2018)
from fruits, fish wastes, and vegetable wastes using anaerobic co-digestion. At a C/N ratio of

12, higher production of hydrogen was obtained at around 132mmol/L.

1.9.6. Organic Loading Rate (OLR)

This shows the quantity of substrate that is fed into the reactor a day and per unit working
volume (Strazzera et al., 2018). It is a key operational parameter that affects the performance
of dark fermentation due to the fact that the availability of substrate for the microbial
community is determined by this parameter. It is generally stated that a higher organic loading
rate is achieved either by shortening the hydraulic retention time or increasing the concentration
of the substrate or shortening the HRT and increasing the substrate concentration (Garcia-
Depraect et al., 2020). The efficiency of biohydrogen production could be enhanced by the
higher substrate concentrations and is a high possibility for substrate or product inhabitation
occurring if the substrate/organic material exceeds the threshold loading rate. Furthermore,
there is variation in the optimal substrate concentration with the substrate and inoculum and
therefore no wuniversal optimal substrate concentration for the fermentation process
(Sivagurunathan et al., 2015; Lin et al., 2012). The determination of the optimal OLR must be
carried out for each specific type of feedstock (Garcia-Depraect et al., 2020). The optimal ORL
of a bioreactor is dependent upon the following factors such as substrate loading rate, substrate
type, and concentration, pH conditions, temperature, and the type of reactor. During the
metabolization of the substrate by biohydrogen-producing microorganisms, the pH decreases
as a result of the formation of VFAs which inhibit the substrate conversion efficiency. A very
high organic loading decreases the hydrogen yield and is therefore not favorable (Arimi et al.,

2015).

1.9.7. Volatile Fatty Acids (VFAs)

The fermentation process of producing biohydrogen is accompanied by the production of
different types of liquid-state metabolites such as alcohol and VFAs etc., their high presence
and concentration have an impact on the production and yield of hydrogen (Salem et al., 2018).
These metabolic end products harm the yield of hydrogen. The dominant metabolites produce
during fermentative hydrogen production are ethanol, ethanol, acetic acid, butyric acid, and

propionic acid. Increasing the concentrations of these metabolites leads to an increase in the
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ionic strength medium which will provoke cellular lysis. Furthermore, there is a possibility of

permeation of the cell membrane of hydrogen-producing bacteria by protons when metabolites

concentrations increase which will disrupt the physiological balance in the cell (Balachandar

et al., 2013). Restoring the physiological balance in the cell requires the use of maintenance

energy. Redirection of this maintenance energy will compromise the growth of bacteria and

subsequently the production of hydrogen significantly (Balachandar et al., 2013).

1.10. Technical Challenges in Biological Hydrogen Production Pathways

Table 2: Biological Pathways for Hydrogen Production and Technical Limitations (Adapted

from Chandrasekhar et al., 2015)

Type of bioprocess

Technical challenges

Dark fermentation

>

>
>
>

Low Hydrogen yield

Low substrate conversion efficiency
Thermodynamic limitation
Separation of hydrogen production
from hydrogen and carbon dioxide is

needed

Photo-fermentation

An external source of light is needed
Low hydrogen yield

Low light conversion efficiency

Direct bio-photolysis

ViV VvV Y

A 4

Oxygen generation caused by the
activity of PS 11
Low hydrogen yield

Low light conversion efficiency

Indirect bio-photolysis

Requirement of an external light
source

The hydrogen production rate is low

MEC

Requirement of an external light
source

A catalyst is required for the
electrode

The need for external voltage
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1.11. Biogas production from pineapple peels waste

Biogas from pineapple waste is mainly made of methane, carbon dioxide, and other gases like
hydrogen sulfide, oxygen, nitrogen, and water. There is a variation in the percentage of methane
present in the biogas between 55 % and 80 % depending on the process and the type of organic
matter. The conversion of pineapple peel waste to methane and carbon dioxide occurs in four
stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis, and therefore requires
different groups of microorganisms. In the hydrolysis stage, the organic substrate is converted
into smaller components which are subsequently converted into volatile fatty acids (VFAs),
ethanol, carbon dioxide, and hydrogen by acidogenic bacteria. These fermentation products are
later converted by Acetogenic bacteria into acetic acid, carbon dioxide and hydrogen. Finally,
methanogenic bacteria use hydrogen and acetate to produce methane and carbon dioxide

(Ofomatah et al., 2021).

Pineapple Peels Waste
Hydrolysis l
Smaller component of the peels  |——

'—— p p

Acidogenesis i
VFAs

Acetogenesis

+ v +

Acetate Hydrogen, carbon dioxide

Methanogenesis

Methane, Carbon dioxide

Y

Figure 10: Flow chart of biogas production from pineapple peels (adapted form Ghimire et
al, 2015)

Chulalaksananuku et al. (2012) conducted a biogas production from pineapple peels waste for
batch process with a maximum biogas production at 94 liters/ kg of COD removal at HRT of

20 days with a methane content of 48% at a C/N ratio of 20. While the fed-batch process with
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a maximum biogas production at 65.96 liters/ kg of COD removal at HRT of 20 days at an

organic loading rate of 1 kg/m3 /day, with a methane concentration of 32.96%.

Some literature focused on the use of pineapple wastes to produce biogas such as biomethane,
biohydrogen, and biomethane (a mixture of biomethane and biogas). The research was
conducted by (Aili Hamzah et al., 2021) using a two-stage anaerobic reactor system using
pineapple peels and the maximum methane yield was 174.6 mL CH4/g COD with 66.1%
methane content. Another study using the same two-stage reactors was also used to produce
biogas from the co-digestion of pineapple waste mixture and swine manure. The produced
biogas contained 65% methane and on the application of heat pre-treatment to the swine
manure before the process, there was an increment of methane content from 64.82% to 70.91%.
Azevedo et al. (2021) investigated the co-digestion of pineapple peel and pig slurry. It is
reported that the co-digestion of pineapple peel and pig slurry enhanced the synergetic effects
between methane production, C/N ratio, and process efficiency. This synergic effect is
responsible for anaerobic digestion improvement.

Table 3: Information on Other Research for the Production of Methane from Biogas Using
Pineapple Peels (Aili Hamzah et al., 2021)

Substrate Co-substrate Operating Pre-treatment  Methane yield
conditions

Pineapple peels - T=37°C; STD= Hydrogen 70
VDI 4630 peroxide  and

sulfuric acid

pre-treatment

Pineapple peels - T=37°C; No pre- 66.10
pH=7; Agitation treatment
=150 rpm
Pineapple peels Cow  manure T =37 °C; No pre- 56.61
and novel pH=7 treatment
microbial
consortia

Notes: T= Temperature; STD = Standard; VDI = Verein Deutscher Ingenieure standard.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Study Area

This research work was focused on the utilization of pineapple peel waste from Togo. The
cultivation of pineapple fruits occurs in two agro-ecological areas which are the Maritime area
which includes the whole region and the south of the plateau region and the Plateau area which
entails the north-west of the plateau region. Two major varieties of pineapple are cultivated in
Togo and these are the Smooth Cayenne and the Brazza (or Sugarloaf). The Smooth Cayenne
contains a firm yellow flesh and a tangy taste, and it is preferred in organic agriculture, export,
and processing. The Brazza variety is white in flesh, sweet, and juicy. Its usage is in local and

regional markets (European Commission, 2020).

2.2 Materials

The test material for this process was pineapple peel wastes from pineapple fruits in Togo.

Other laboratory materials that were used for this process are Crucible, Laboratory binder

oven, Desiccator, Electronic balance, Muffle furnace, and incinerator.

2.3 Sample collection

The pineapple fruits were bought from one of the Togo markets, the Hanoukopé fruit market.
The pineapple fruits were washed and then peeled off and the peels were later taken to the

physics laboratory at the University of Lomé¢ for drying.

Figure 11: Pineapple fruit collection site in Lomé, Togo
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2.4 Sample Preparation and Pre-treatment

The sample preparation was carried out at the physics department where the pineapple peels
were sun-dried for seven days. The dried pineapple peels were ground in a motor and pistol
into a small size and stored in a rubber bottle for one month before transportation to Germany
for further analysis. In Germany, no further pre-treatment was carried out. The ground
pineapple peel sample was analyzed at the technical lab for waste management and Bioenergy,
Department of Waste and Resource Management, Faculty of Agriculture and Environmental

Sciences at the University of Rostock.

DT ON AS6
DUAL CAMERA

Figure 12a: Drying of pineapple peels Figure 12b: ground pineapple peels sample
Figure 12a & b: Sample Preparation and Pretreatment

2.5 Characterization of solid pineapple peels waste

The dried pineapple peel sample was characterized for ultimate, proximate, and fiber analysis.

2.5.1 Ultimate analysis

The dried ground pineapple peel sample was analyzed for the various elemental composition
that is present in the sample such as carbon, hydrogen, nitrogen, oxygen, and sulfur by using
an Optic digital microscope (LIBS Analyser) VHX-7000. The laser-induced breakdown
spectroscope (LIBS Analyzer) is a type of analyzer that make use of the light emission analysis
approach. The analyzer produces a short pulse laser with a high density of energy projected at
the sample’s surface, thereby converting a small piece of the sample to plasma. The plasma
becomes atomized and excited; light is emitted when the part exposed to the laser returns to
the ground state. This emitted light is then transferred through fiber optics and enters the

spectrometer through the silt to analyze the elements contained in the sample.
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Figure 13: Elemental analysis of pineapple peels

2.5.2 Proximate analysis

This was done to determine certain properties of the pineapple peels such as moisture content,

ash content, volatile matter, and total solids.

2.5.2.1 Determination of Moisture Content

The determination of the moisture content involves the drying of the sample to obtain a constant
weight at 105°C (Zainuddin et al 2014). The moisture content is then calculated as the loss in
weight of the dried sample. The crucibles were weighed using a weighing balance and their
weight was recorded as (W1). Then the dried ground pineapple peel sample was introduced
into the crucibles and later weighed and recorded as (W2). The crucible containing the sample
was later placed inside an oven and dried at 105°C for 4hrs and then cooled in a desiccator for
30min and weighed and values were recorded as (W3). This procedure was conducted in
triplicate using the same sample and the moisture content was calculated on a dry basis using
the equations below: (Nielsen, 2010). The average mean and the standard error were

determined from the three samples.

Weight of empty crucible = W1(g)

Weight of empty crucible + sample = W2 (g)

Weight of empty crucible + sample after drying =W3 (g)
Mass of water in the sample = W2-W3(g)

Mass of dry sample = W3-W1(g)
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_ weight of water in the sample

%MC = x 1 2.1

HMC weight of dry sample 00 @1
_ (W2-w3)

%MC = (Ws_wnxmo 2.2)

Figure 14: Weighing of the sample

2.5.2.2 Determination of Ash Content

The ash content was determined by incineration of the total mass of the sample after drying in
a muffle furnace at 550°C for 2hrs and was then cooled in a desiccator for 30min. The weighing
was carried out immediately after the sample was removed from the desiccator to avoid
moisture content in the ash samples. The weighing process was done in triplicate and values

were recorded. The average mean was calculated from the three samples and the standard error.
The ash content was calculated on a dry basis as thus: (Nielsen, 2010)

Weigh to empty crucible = W1(g)

Weigh to empty crucible + dry Sample = W2 (g)

Weigh to empty crucible + Ash after incineration = W3 (g)

Mass of Ash = W3-W1(g)

Mass of dry sample = W2-W1 (g)
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Weight of ash

0 _
YAsh = weight of dry sample x 100 (2.2)
%Ash = EZ;:ZB x 100 2.3)

An ash analysis was also done to determine the elemental composition of the ash content. This
was done by putting a small portion of the sample into a thimble and pressing it using a pellet
press to form a small pellet which was later placed in an Optic digital microscope (LIBS

Analyzer) VHX-7000 for analysis.

il

Figure 15a: pellet press Figure 15b: analysis of ash sample

Figure 15a & b: Ash analysis experimental setup

2.5.2.3 Determination of Total Solids

It is the amount of solid that is present in the sample after the loss of water molecules. It also
refers to the quantity of the material residue left in the crucible after evaporation of the sample
and its subsequent drying in a laboratory oven at 105°C for a period of one hour. The equation
(2.4) can be used to calculate the percentage of total solids (Kelly Orhorhoro, 2017). Three
samples were used and the average mean was calculated from these three samples with the

standard deviation.

%Total Solids = L= x 100 2.4)

Where:
Weight of crucible = W1(g)
Weight of crucible + dried sample = W2(g)

Weight of crucible + wet sample = W3(g)
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2.5.2.4 Determination of volatile solids

The volatile solid is the solid remaining after the dried sample was weighed in a crucible and
incinerated in a muffle furnace at 550°C for 2hrs. The crucible was then allowed to cool by
placing it into a desiccator. After the cooling process, the sample was weighed and this was
repeated three times. The equation below was used to calculate the percentage of volatile solids
(Kelly Orhorhoro, 2017). Three samples were used, the average mean was calculated, and the

standard deviation was also determined.

%Volatile Solids = %z:g‘g X 100 2.5)

Where:
W4(g) = weight of crucible + weight of sample after incineration

2.6 Compositional analysis (Fibre Analysis)

Fibretherm was used in this process to determine cellulose, hemicellulose, and lignin content.
It involves a fully automated digestion and filtration of the pineapple peel sample. This was
done using two analytical methods: neutral-detergent fibre (NDF) and acid-detergent fibre
(ADF). NDF analyzed the total fiber in the samples, that is, the residue that remains after
treatment of the biomass with the neutral detergent solution while ADF after treatment with an
acid detergent solution was oxidized by Cetyl trimethylammonium bromide in H2SO4
solution. The mass difference between the pineapple peels samples digested with acid detergent
(72% H2S0O4) followed by oxidation of buffered solution of acetic acid together with

potassium permanganate was taken as the lignin content (ADL) (Kabenge et al., 2018)
Hemicellulose = Neutral Detergent Fiber (NDF) — Acid Detergent Fiber (ADF)
Cellulose = Acid Detergent Fiber (ADF) — Acid Detergent Lignin (ADL)

Lignin = Acid Detergent Lignin (ADL)

Procedures to Determine NDF, ADF, and ADL

The empty weight of the fibre bags was determined and 1g of the dried sample was accurately
weighed and introduced in a beaker, 300-400ml of acetone was added into the beaker for Smins
to remove the fat and was later transferred to another beaker for drying. The dried sample was
then placed into the fibre bags. A glass spacer is carefully inserted into the fibre bags and both

together are placed in the sample carousel. This was then introduced in the Fibretherm to wash
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it with NDF solution (Amylase). The spacer was removed from each fibre bag and was then
placed in the crucible rolled up and dried for approximately 24h at 105°C. This was allowed to

cool down by placing it in a desiccator and the mass of NDF was determined.

To determine the mass of ADF the weighed fibre bags were hung in a sample carousel. The
sample carousel with the fibre bags was placed in a beaker and covered at room temperature
with 72% sulfuric acid. The sample was later introduced in the Fibretherm to be washed with
ADF solution (40g of N-Acetyl-N, N, N- trimethylammonium bromide + 2L of sulfuric acid)
and was left for two days. The fibre bags were then removed and dried in a muftle oven at

550°C for 6hrs and then placed in a desiccator for cooling and the mass of ADF was calculated.

A similar procedure was used to determine the ADL immediately after the ADF determination.

(M4-M1)—(M5—(M6-M3)

NDF= ((M2-M1)xTSmd)x100x100 (2.6)
_ (M4-M1)—(M5-(M6—M3)

ADF= ((M2—M1)xTSmd)x100x100 2.7

ADL = = _M7-MD-(M5-(M6-M3) 2.8)

((M2-M1)XTSmd)x100x100
Where: NDF = Share of neutral detergent fibre %TS, ADF = Share of acid detergent fibre %TS
ADL = Share of acid detergent lignin %TS M1 = Mass of the empty dried fibre bag (g)
M2 = Mass of the dried fibre bag with sample (g)
M3 = Mass of the empty crucible of the blank reading (g)
M4 = Mass of the crucible + fibrebag + sample after drying (g)
M35 = Mass of the crucible + fibre bag + sample after calcination (g)
M6 = Mass of the crucible + fibre bag after calcination of the blank reading (g)
M7 = Mass of the ADL-crucible + fibre bag after drying (g)
TSmd = Total solids of the dried and milled sample

2.7 Theoretical determination of biohydrogen production potential from pineapple peel

waste

The masses obtained from the ultimate analysis of carbon, hydrogen, and oxygen were used to

theoretically calculate the biohydrogen production potential from pineapple peel waste.
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The equation of dark fermentation of biomass is given as:

o Biomass + BH20 — yAcetic acid + dPropionic acid + eButyric acid + {Valeric acid +

OHexanoic acid + kH2 + ACO2 + uMicrobial biomass + nOthers (e.g., ethanol)
where: a, B, v, 9, €, {, 0, k, A, + w are molar coefficients (Talapko et al. 2023).

However, the acetate pathway of biohydrogen production was considered in this work and the

equation is given as:
«CyH,0, + BH,0 - YCH3COO0H +2C0, + xH, 2.9)

Where x, y, and z are the moles of carbon, hydrogen, and oxygen. The number of moles of
Carbon, Hydrogen, and Oxygen were determined by dividing their weight percentages by their

molar masses. This was in turn divided by the smallest mole ratio. This is shown below

n= (2.10)

m
M
where: n=number of moles, m =mass, M = molar mass

The number of moles was substituted into the equation above for X, y, and z and the entire
equation was then balanced to determine the number of moles of biohydrogen that will be
produced. This number of moles was then converted to milliliters of biohydrogen using the

formula below:
1mole — 22.41 11 - 1000ml

2.8 To test for biogas production potential using the pineapple peels waste

The biogas test was conducted on the pineapple peel sample to determine the potential biogas
yield from the substrate under standard conditions. The inoculum used was anaerobic sludge
from a biogas plant in Germany. The masses of the bottles were initially weighed and recorded.
The inoculum was properly stirred to maintain homogeneity before introducing 200g into the
bottles. 5g of the weighed sample and 100g of water were also added into the same bottles and
this was done in triplicate. The bottles were covered with a magnetic stirrer to filter particles
and prevent foaming. The methanogenic bacteria were activated by swirling the bottles
thoroughly. A Gas measurement module with a lithium battery was introduced on top of the
bottle’s filter to measure the biogas production potential. The sample bottles were then placed

in a water bath at a mesophilic temperature of 38°C for 21 days.
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A blank and cellulose standard test was also prepared using the above procedure except that in
the blank no inoculum source and pineapple sample were used and for the cellulose standard

test, 5Sg of cellulose was added without adding the pineapple peel sample.

b. mixing of inoculum

e. Addition of water f. putting lid and stirrer e. samples in water bath h. starting of test

Figure 16: Biogas experimental procedures

2.9 Estimation of the biohydrogen produced from the biogas test

This was done by using the cumulative biogas yield from the pineapple peels sample and
estimating the biohydrogen yield. The volume of methane was calculated from the biogas yield
and the volume of hydrogen was later estimated from the volume of the methane using steam

methane reforming and water gas-shift reactions as shown below;

SMR: CHyy) + H;0(1) - CO gy + 3Hy(,) AH39g = +206.20k] /mol Q.11)

WGS: €O(g) + H,0(1) — Hy(y) + CO2(g) AHz9g = —41.20k]/mol (2.12)
Overall reaction: CHygy + 2H,0(1) - 4H(4) + CO2(g) AH39g = +165k] /mol (2.13)

A 53% methane production from the biogas and 90% theoretical conversion efficiency were

assumed.
The volume of methane = Percentage of methane in the biogas x Cumulative biogas yield

1mole = 22.41 11 = 1000ml
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CHAPTER 3: RESULTS AND DISCUSSIONS

3.1 RESULTS

Characterization of solid pineapple peels waste

The characterization was carried out by doing ultimate, proximate, ash, and fiber analysis of

the pineapple peel sample.

3.1.1 Ultimate analysis

Table 4: Ultimate Analysis of Pineapple Peels (in %wt.)

Elements C H (0] N S

Values (%wt.) 44.40 9.40 40.90 - -

50
45
40
35

5 30

g 25

< 20
15
10

Elements

Figure 17: Ultimate analysis of pineapple peels

3.1.2 Proximate analysis

Table 5: Proximate Analysis of Pineapple peels (on a dry basis)

Items determined % Composition
1. Moisture content 9.07 £ 0.02
2. Total solids 91.67 £ 0.02
3. Volatile solids 94.70 £ 0.02
4. Ash content 5.30 £ 0.02
5. Dry matter content 98.46
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* mean + standard deviation

3.1.3 Ash analysis

Table 6: Ash Analysis of the pineapple Peel Sample (in mol%)

Elements K @) Ca Si Mg Na C S

Values(%omol)  16.23 11.27  4.87 2.93 1.33 0.30 0.50 0.31

16.23

0 2 4 6 8 10 12 14 16 18
% mol

Figure 18: Ash analysis of pineapple peels sample
3.1.4 Fibre analysis

Table 7: Fibre Analysis of Pineapple Peels

Items determined % Composition
1. Cellulose 8.50
2. Hemicellulose 16.92
3. lignin 2.52
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Figure 19: Percentage composition of cellulose, hemicellulose, and lignin in sample

3.1.5 Theoretical determination of biohydrogen production potential from pineapple

peels wastes

Ultimate analysis values of carbon, hydrogen, and oxygen are 44.4%, 9.4%, and 40.9%

respectively.

Convert the values to grams and divide by their molar masses to determine the number of

moles

Determination of the number of moles of carbon, hydrogen, and oxygen

No. moles of Carbon No. of moles of Hydrogen
44.4g 9.4g
12g/mol 1g/mol
3.7 mol 9.4 mol

Divide by the smallest mole ratio

37 94
2.6 2.6
1.4 3.6

Multiply by a whole number to remove the decimals
(1.4 3.6

3 mol 7 mol

No. of moles of Oxygen

40.9g
16g/mol

2.6 mol

2.6
2.6

1)x2

2 mol

Hence, the theoretical pineapple substrate formula is given as C3H,0,
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Using the substrate formula and balancing it according to the dark fermentation reaction
C3H,0, + 2H,0 — CH3COO0OH + CO, + 3.5H, (3.1
From the equation above, the theoretical biohydrogen production is 3.5 moles

In terms of volume is calculated as:

1mole —» 22.4 1 11 - 1000ml
3.5mole - x 78.41 - x
x =224x35=7841 x = 78.4 x 1000 = 78400ml

Hence, the theoretical volume of biohydrogen production is 78.4 [ or 78400 mml.

3.1.6. Test for biogas production potential using the pineapple peels waste

Table 8: Biogas Production Potential Test (mLgvs)

Time (days) Blank sample Cellulose sample Pineapple peels
sample
7 62.67 687.77 390.95
14 102.15 731.95 455.81
21 128.58 742.27 493.14
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» 700.00 -
H>
o 600.00 -
|
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Figure 20: Cumulative biogas production from pineapple peels sample, blank and cellulose
standard
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3.1.7 Determination of Hydrogen production potential from the biogas yield

Table 9: Theoretical Biohydrogen Production from the Biogas Yield

Theoretical yield Conversion efficiency
0.214 mole 90%
1045.84 mLg™vs

3.2 DISCUSSION

3.2.1 Ultimate analysis

Table 4 shows the ultimate analysis of pineapple peel waste in weight percent on a dry basis.
The value of carbon is 44.40% which is very close to a similar report by (Mansor et al., 2018)

for pineapple leaves and stems with values of 43.49 % and 41.08 % respectively.

Oxygen shows a value of 40.90 % which is similar to the result reported by (Tsai et al., 2022)
for pineapple peels (48.25%). This value is slightly lower than pineapple leaf (59.26 %), stem
(57.31 %), and roots (75.72%) (Mansor et al., 2018).

The value of hydrogen is 9.40% which is slightly greater than the values published by
(Ozyuguran et al., 2018) for black sesame residue (6.79%), apple pulp (6.70%), and also by
Banerjee et al. (2019) for pineapple peels with a value of 5.70%.

However, the value of Nitrogen and Sulfur was not detected in this analysis rather potassium,
silicon, and zinc were detected with 3.60%, 0.90%, and 0.008% respectively. When the ash
content was analyzed, it was observed that there was little amount of sulfur (0.31 mol %) and
no nitrogen detected. The lack of nitrogen in the sample might be due to the low protein content

in pineapple peels.
3.2.2 Proximate analysis

Table 5 gives the proximate analysis of the pineapple peel sample on a dry basis. It shows high
total solids, volatile solids, and dry matter content while a low moisture and ash content was

also observed in the sample.

The moisture content of the sample is 9.07 £ 0.02% which is similar to results published by
(Zainuddin et al., 2014) for Josapine pineapple leaves (9.42 +
0.02 %), ( Mansor et al. 2018) for stems (9.103%) and (Azevedo et al., 2021) for pineapple
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peels (13.0%), while (Owoeye et al. 2022) reported a value for pineapple peels (5.10 +
0.70%) which is slightly lower than the value in this report. This might be due to the

difference in the variety of pineapple fruit and the region of cultivation.

The proximate analysis value of total solids is 91.67 + 0.02% which constitute the percentage
of volatile matter, ash, and dry matter content present in the pineapple peel sample. This
represents the solid remaining after the loss of water molecules in the sample. This value is
however higher than a similar study of pineapple peels with a total solid of 72.8% (Ofomatah
etal., 2021).

The volatile solids show a value of 94.70 £ 0.02% which is in consonant with studies
conducted for pineapple peels at 93.60% (Paepatung et al., 2009). This value is seen as higher
than a similar study of pineapple peels with a volatile solid of 73.23 = 0.71% (Tsai et al., 2022).

The ash content is 5.30 + 0.02% which is similar to results obtained for pineapple peels
(5.05+0.10) (Pereira et al., 2021) and (3.78+0.05 %) (Owoeye et al., 2022). However, another
study revealed a high ash content for pineapple peels (8.28 + 0.36 %) (Tsai et al., 2022).

The dry matter content of the pineapple peel sample is 98.46% constituting the mass percent
of the organic matter and the ash content of the sample. This value is close to a similar study

of pineapple peels (94.04 £ 0.06%) (Banerjee et al., 2019).

3.2.3 Ash analysis

Table 6 gives the result for the analysis of the ash content of pineapple peels. The ash content
shows minerals such as potassium, oxygen, calcium, silicon, magnesium, sodium, carbon, and
sulfur with zero moles of hydrogen and nitrogen. Potassium shows the highest number of moles
at 16.23 mol and sodium with the lowest value of 0.30 mol. However, a trace of sulfur (0.31)
was found in the ash which was not present in the ultimate analysis of the sample. This shows
that during the sample's combustion, sulfur could oxidize after the volatile matter was expelled

from the sample.

3.2.4 Fibre analysis

Table 7 shows the composition of the fiber analysis of pineapple peel waste. From the results,
the highest composition present in the sample is hemicellulose followed by cellulose with

16.92% and 8.50 % respectively. Lignin shows the lowest composition of 2.51%.
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The cellulose content of 8.50% was found to be very close to similar reports for pineapple peels
(7.86%) (Mibulo et al., 2023), (10.90% ) (Azevedo et al., 2021). However, this value is lower
than other studies done for pineapple peels (20.9 + 0.6%) (Banerjee et al., 2019), skin (14.0%),
crown (29.6%) and pulp (14.3%) (Casabar et al., 2019).

Hemicellulose content is 16.92% which is in consonant with a similar report for pineapple peels
(16.03%) (Mibulo et al., 2023), and slightly lower than pineapple skin (20.20%), crown
(23.2%), and pulp (22.2%) (Casabar et al., 2019). This value is however higher than a report
by Mathew et al. 2015 for pineapple leaves (13.6 £+ 0.82%) and stems (8.26 + 2.10%).

The Lignin content of 2.51% is in consonant with reports for orange peels (2.65+0.70%)
(Buxoo & Jeetah, 2020) and pineapple pulp (2.30%) (Casabar et al., 2019). In another report,
this value is seen slightly lower than pineapple stem (5.42 + 0.97%) (Mathew et al., 2015),
crown (4.50%) (Casabar et al., 2019), and peels (7.10%) (Azevedo et al., 2021). Mibulo et al.
(2023) reported a value for pineapple peels (1.99%) and (Paepatung et al., 2009) a value
(1.37%) for pineapple peel which is lower than the value in this report.

3.2.5 Theoretical determination of biohydrogen production potential from pineapple

peels wastes

The result of the theoretical biohydrogen produced from the pineapple peels waste was

obtained by using the fermentation equation below;
aCyH, 0, + BH,0 - yCH;COOH + ACO, + xH, (3.2)

From the values of the ultimate analysis, carbon, hydrogen, and oxygen produce 3 moles, 7
moles, and 2 moles respectively. Substituting these values into equation (3.2) gives equation

(3.3) when the acetate pathway is considered.
C3H,0, + 2H,0 — CH3;COO0H + CO, + 3.5H, (3.3)

From equation (3.3), it was observed that 1 mole of the substrate produced 3.5 moles of
biohydrogen. This is however close to the theoretical value reported in the literature when
glucose is used as the main substrate with a maximum hydrogen yield of 4 moles as shown in

equation (3.4) (Liu et al., 2020; Talapko et al., 2023)
CeH1,06 + 2H,0 — 2CH3;CO0OH + 2C0, + 4H, (3.4)
This pathway is selected since it has been proven to have the highest hydrogen production

potential compared to the butyric pathway and other metabolites (Liu et al., 2020).
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In terms of volume, the theoretical volume of biohydrogen produced is 78.4 [ or 78400 ml.

3.2.6 Test for biogas production potential using the pineapple peels waste

Table 8 shows the result of the biogas production potential test for blank, cellulose standard,
and pineapple peel samples in terms of volatile solids for a period of 21 days. It is seen that all
samples produce biogas. The production was relatively low in the first 7 days and increased for
the reaming 21 days. It was observed that the production of biogas from the blank sample is
the lowest with values ranging from 62.67 - 128.58 mLg'vs than the cellulose standard and
pineapple peels sample with values ranging from 689.77 - 742.27 mLg'vs and 390.95 - 493.14
mLg 'rvs respectively. It was also observed that the production of biogas from the cellulose
standard remains almost constant for the first 7 days while there was a steep increase in biogas
production from the pineapple peels sample throughout the 21 days with a cumulative
production rate of 493.14 mLg 'vs which is significantly higher than value for pineapple peel
(31.70 £ 1.60 mLg'vs) (Muenmee & Prasertboonyai, 2021). This high volume of biogas
produced from the pineapple peel sample could be a result of the high %TS and %VS in the
sample (Kelly Orhorhoro, 2017).

3.2.7 Determination of biohydrogen production potential from the biogas yield

Table 9 shows the theoretical biohydrogen yield from methane in the biogas. Naturally, biogas
from the anaerobic digestion process consists of a mixture of mainly (50—75%) methane (CH4),
(19-34%) carbon dioxide (CO2), and trace amounts of other gases (Hamzah et al., 2022). In
this light, a 53% methane from the biogas yield was assumed at 90% theoretical conversion
efficiency. The number of moles produced is 0.214 moles and in terms of volume is 1045.84

mLglys.
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CHAPTER 4: CONCLUSION AND PERSPECTIVES

4.1 Conclusions

From this work, it can be established that the production of biohydrogen from pineapple peel
waste by dark fermentation is feasible which can help combat the issue of proper management
of pineapple peel waste and the associated environmental and health challenges. The ultimate
and proximate analysis conducted shows similar results to other feedstock used for
biohydrogen production. The ultimate analysis of the pineapple peels shows little sulfur and no
nitrogen contents which is an indication of a good feedstock for biohydrogen production that
will not pollute the environment during consumption. The theoretical biohydrogen production
potential was estimated at 3.5 moles and in terms of volume is 78400 mL. The biogas test
conducted shows high biogas yield of 493.14 mlg!ys after 21days which can be attributed to
the fact that there are high total solids (91.67 + 0.02%) and volatile solids (94.70 + 0.02%)
and low lignin content (2.51%) in the pineapple peels. The estimated biohydrogen production
from the biogas test is 1045.84 mLg 'vs. Biogas and biohydrogen could be used as alternative
sources of energy to fossil fuels in mitigating climate change and helping accelerate the energy
transition. This research will provide valuable baseline information to relevant stakeholders on
biohydrogen production from pineapple peels by dark fermentation as a possible way of

managing its waste.

4.2 Perspectives

It has already been established that dark fermentation is one of the best options to properly
manage pineapple peel waste and at the same time serves as a source of biohydrogen and biogas
production. However, to make this energy easily accessible and affordable the following must

be taken into consideration;

» Economic and technical feasibility studies should be carried out on the production chain
starting from feedstock availability to the technologies involved in the production
process to know whether it would be competitive with fossil fuel.

» An experimental approach is needed to be conducted on a large scale to ascertain the
actual biohydrogen production potential from pineapple peels as this work only focused
on theoretical biohydrogen production and biogas test from which an estimation of

biohydrogen potential was made.
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» Since the production of biogas from pineapple peels is very high on a lab scale,
investigations should be conducted on the safety, utilization, storage, and optimization
of the biogas yield on a commercial scale for cooking.

» A combination of both physical and chemical pretreatment could significantly increase
the yield of biohydrogen and biogas. Since the hemicellulose percentage is the highest
followed by cellulose and lignin, a combination will further reduce the hemicellulose,
cellulose, and lignin contents.

» The implementation of waste education and pineapple waste management to foster a
circular economy.

> Policies should the drafted by the government on the adoption of biohydrogen and
biogas as a supplement to the energy mix of the country.
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APPENDICES

Appendix A

Table 10: Ultimate analysis Results of the sample

Element analyzed Wt. (%)
Carbon 44.4
oxygen 40.9
Hydrogen 94
potassium 3.6
Silicon 0.9

Zinc 0.008

Figure 21a: Focus image view Figure 21b: Navigation image

Figure 21a&b: Focus and navigation images of the pineapple peels during the analysis of
the sample

Appendix B

Table 10: Proximate analysis results of the sample (g)

Mass of empty Total mass of Total mass after Total mass after
crucible crucible + sample drying (105°C) incineration (550°C)
57.5887 72.7302 71.4757 58.3297

61.2273 75.7584 74.5498 61.9296

65.6857 79.9948 78.8016 66.3818
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Appendix C

Table 11: Ash analysis results of the sample (mol%)
No. Guess K (0] Ca Si Mg Na H C N S

Material
1 Potassium 28.0% 62.6% 4.9% 2.6% 1.4% 0.5% 0.0% 0 0 O

compound

2 Potassium  10.9% 38.6% 3.4% 3.2% 1.5% 0.2% 0.0% 0.027 0 0.395

compound
3 Potassium 9.8% 52.3% 63% 3.0% 1.1% 0.2% 0.0% 0.068 0 0.205
compound
Image view of ash during ash analysis
Appendix D

Table 12: Fibre analysis results of the sample
TM in %FM oTMin %FM  Ashin %FM NDF ADF ADL
91.7 86.8 4.9 27.93 11.01 2.51
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Figure 22: Cumulative biogas production from pineapple peels sample, blank and cellulose
standard
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