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Abstract

This research sought to produce activated carbons that could be used for hydrogen storage. The effect of
hydrothermal pretreatment of the char, the effect of varying the activation ratio of KOH as the activation
agent and the effect of activation temperature in producing these activated carbons were evaluated.
Hydrothermal pretreatment of the char enhanced the properties of the resulting activated carbons. The best
performing activated carbon was produced from the hydrochar pretreated at 200°C. It was observed that
activation improved with increased activation agent concentration and activation temperature, to a point,
and the best activated carbon was produced at 1:3 activation ratio and 800°C activation temperature. This
activated carbon had the highest total pore and micropore volumes of 1.45cm®g and 1.16 cm®/g,
respectively. The highest surface area of 2529.8m?/g was obtained, which is relatively higher than
previously reported surface areas obtained from activated carbons created from coal or biomass. The
porosity and the high surface area show well developed activated carbons that have desirable gas adsorption
performance. The activated carbons had oxygen containing functional groups that aid in hydrogen sorption,
the highest hydrogen sorption at 77K and 1 bar was 352 cm®g, which supports the use of the produced
activated carbons in the hydrogen economy. These activated carbons enable the circular economy. Well
developed micropores were observed in the activated carbons produced through this work and their
gravimetric capacity meets the DOE targets for hydrogen storage.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND AND MOTIVATION
1.1.1 Background

The objective of this research was to produce activated carbons derived from avocado waste in order to
evaluate their efficacy as adsorbents for hydrogen storage.

Numerous sectors continue to rely on fossil fuels as their primary source of energy. Fossil fuels have been
found to contribute significantly to environmental degradation and pose ecological risks. Furthermore, their
reserves are being depleted. Fossil fuels encompass a range of hydrocarbon molecules, such as coal,
petroleum, natural gas, oil shale, and heavy oils (Shahzad, 2012). Significant volumes of noxious gases are
emitted during the combustion of fossil fuels. Carbon dioxide is well recognized as one of the most
prevalent hazardous gases (Abdalla et al., 2018). Carbon dioxide and various other greenhouse gases are
responsible for the phenomenon of global warming, leading to elevated temperatures on a global scale.
According to Shahzad (2012), the elevated temperatures have the effect of rendering the living conditions
exceedingly inhospitable for various animal and plant species worldwide. Moreover, the elevated
temperatures have led to the melting of ice in the Arctic and Antarctic areas, resulting in potential
consequences such as floods and significant impacts on marine life, fisheries, and agricultural operations
(Andersen, 2007).

According to Conserve Energy Future (2015), further drawbacks associated with the utilization of fossil
fuels encompass the requirement for substantial reserves, the creation of pollution and its consequential
health implications such as chronic asthma and cardiovascular diseases, occurrences of oil spills, and the
worsening of the well-being of coal mine workers. Sulphur dioxide is a byproduct released during the
combustion of fossil fuels. The combination of rain and certain pollutants results in the formation of acid
rain, which has detrimental effects on the environment. This includes the degradation of soil, rendering it
unfit for agricultural purposes, as well as the infiltration of water tables and catchment systems, leading to
the contamination of water sources, thereby making it unsuitable for drinking and other general uses. Coal

mining-related activities have been associated with a significant number of fatalities.

Shahzadd (2012) asserts that there has been an increasing energy demand in tandem with expanding
populations. It is inevitable that non-renewable energy sources are being depleted, thus necessitating a
critical transition towards alternative renewable energy sources. According to Shahzad (2012), it is
imperative to consider the environmental consequences of renewable energy sources as we navigate the

shift towards sustainable energy production, alongside various other considerations.
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The implementation of astute energy policies can bolster the economy by promoting sustainable energy
development, leading to increased productivity and enhanced social welfare as living standards rise.
Simultaneously, the enhancement of the population's safety and security is accompanied by the preservation
of the environment through the reduction of pollution (Oyedepo, 2012). The oil industry significantly
contributes to Nigeria's Gross Domestic Product (GDP). Nevertheless, despite the abundance of reserves,
the nation is currently grappling with an energy crisis (Oyedepo, 2012). In addition to this, it is noteworthy
that the energy sector incurs substantial system losses (ranging from 33% to 41%) and various other
variables contribute to the high cost of energy. In 2004, the energy consumption per capita in Nigeria was
approximately 776.9 kgoe, while in South Africa, with a population of around 44 million people, it was
approximately 2596.9 kgoe. This disparity can be attributed to the scarcity of petroleum products and
frequent blackouts experienced in Nigeria during that period (Oyedepo, 2012). South Africa lacks the huge
energy reserves that Nigeria possesses. Nonetheless, it is important to note that there are comparable
obstacles associated with both traditional and alternative energy sources. These problems encompass issues
such as the availability of these energy sources and the adverse impacts they have on the environment,
society, public health, ecosystems, and various other aspects. The importance of sustainable energy
development is equally significant for South Africa as it is for the global community.

The role of energy is crucial in the advancement and long-term viability of any economy. According to
Mineral Energy and Resources (2019), the country's economic activities such as manufacturing, businesses,
transportation of commodities, and the delivery of services are heavily reliant on this factor. The energy
sector has a crucial role in promoting economic and social development in South Africa (MER, 2019). Coal
is the prevailing primary energy source in South Africa. In addition to biomass (wood, dung, etc.), natural
gas, hydropower, nuclear power, solar electricity, and wind also provide significant contributions to the
overall energy mix. According to the South African National Development Plan 2030, there is a stated
objective to ensure a sufficient energy supply, aiming for about 95% of the population to have access to
either the grid or off-grid energy source by the year 2030 (MER, 2019). According to the data from the
International Energy Agency (IEA) publication titled "World Energy Balances: Overview 2019," renewable
energy sources and waste accounted for around 11% of South Africa’s total energy consumption in the year
2016. Based on the findings presented in the South African Energy Sector Report of 2019, it can be argued
that South Africa possesses favourable conditions for the expansion of renewable energy generation. The
aforementioned option is increasingly demonstrating its viability in the current context. The Renewable
Energy Independent Power Producers Procurement Programme (REIPPP) has garnered both domestic and
international funding. In addition to this, there has been a notable rise in small and medium-sized enterprises

(SMEs) directing their attention towards the development and utilization of renewable energy sources
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(MER, 2019). The green economy has been recognized as having the potential to provide approximately 5
million more employment opportunities (MER, 2019).

South Africa experiences a significant energy requirement, with the majority (about 52%) allocated to the
industrial sector. The transport sector accounts for 19% of the energy demand, while commerce and
agriculture contribute 14%. Residential areas consume 8% of the energy, with agricultural utilizing an
additional 6%. The remaining 1% is allocated to an unspecified category (MER, 2019). It is evident that a
shift towards sustainable, efficient, environmentally friendly, and renewable sources of energy is
imperative. One notable and pressing characteristic of renewable energy is its abundant availability.
Moreover, it should be noted that these renewable energy sources possess the desirable attributes of being
environmentally friendly and free from potential hazards. The primary sources of renewable energy
encompass sun, wind, geothermal, hydropower, and biomass (Shahzad, 2012). According to Shahzad
(2012), the utilization of these sources has the potential to stabilize energy costs, despite the significant
expenses associated with the initial investment. As the aforementioned industries experience expansion, a
concomitant increase in employment prospects is anticipated on a global scale, as well as within the local
context of South Africa.

1.1.2 Motivation
Energy security, environmental preservation, and waste beneficiation

There is a pressing need to advance the development of technologically advanced solutions that effectively
tackle energy security and climate change in a sustainable manner. It is imperative to ensure that the existing
population can reap the benefits of such technologies, while also fostering opportunities for future
generations. The primary objective of this technology should be to prioritize the utilization of waste
materials in order to minimize the need for waste storage and disposal, while simultaneously maximizing
the potential advantages derived from the energy generated. Therefore, the primary objective of this study
was to investigate the utilization of avocado waste as a viable feedstock for the synthesis of highly porous
activated carbon. The resulting activated carbon material would serve as a potential medium for hydrogen
storage, so offering a sustainable alternative to existing energy sources, such as crude oil, which are non-

renewable, environmentally hazardous, unsafe, costly, and unreliable.

Hydrogen promotes itself as a more environmentally friendly and secure substitute, with a substantial
capacity for energy production. There exists a variety of hydrogen sources, encompassing both renewable
and non-renewable options. The selection of a particular source depends on factors such as accessibility,

availability, hydrogen potential, and process efficiency (Marban and Valdés-Solis, 2007).
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Hydrogen market and hydrogen economy

BP Global (2021) asserts that hydrogen fuel possesses a substantial and enduring presence in both local and
global markets. It is imperative for South Africa to engage in the fuel transition, since it holds the potential
for substantial benefits. According to BP Australia, their projected outcomes in terms of business strategy
and implementation have the potential to position Australia as a prominent player in the regional energy
transition. South Africa possesses the necessary renewable resources, production and distribution
facilities, as well as a well-established network, which positions it favourably to actively participate in the
ongoing energy transition (CSIS, 2022; Anglo-American, 2022; PEI, 2023). The African free trade
agreement, which was ratified in January 2021, provides South Africa and other African nations with the
technological capacity to lead and achieve equitable and advantageous profit margins in the context of the
energy transition. This is particularly significant considering that Africa has historically not received equal
benefits from energy advancements. The establishment of a market and improved market access through
this agreement can facilitate the aforementioned outcomes (African Union, 2018).

1.2 RESEARCH PROBLEM STATEMENT

It is imperative to advance the development of energy technologies that are characterized by enhanced
safety, improved cleanliness, and greater environmental friendliness. These technologies should be
designed to foster equitable economic and social growth, while ensuring that individuals with low incomes
and those residing in developing countries are not marginalized. Hydrogen has emerged as a promising
energy source for the future. Nonetheless, the comprehensive incorporation of this technology into the
future energy framework necessitates the establishment of essential infrastructure for production, delivery,
and storage. In order to attain cost-effective hydrogen storage, it is advisable to utilize abundant waste
products as both raw materials and precursors for the development of hydrogen storage materials that
exhibit high efficiency. This approach not only addresses difficulties related to waste disposal and storage,
but also presents prospects for further exploration and utilization.

In this context, the current study synthesised nanoporous carbon composites from avocado waste with the

goal of storing hydrogen.

1.3 HYPOTHESIS

Porous carbon materials derived from avocado waste will have a good pore structure for hydrogen storage.
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1.4 RESEARCH QUESTIONS

Can avocado waste be considered a suitable feedstock for producing porous carbon
materials?
Can activated carbon obtained from avocado waste serve as a viable solution for hydrogen

storage applications?

1.5 RESEARCH AIM AND OBJECTIVES

The aim of this research project is to synthesise activated carbons that are highly porous, from avocado

waste, for hydrogen storage.

The specific objectives include:

Obtain, prepare and characterize avocado waste in terms of moisture, ash, volatile matter, fixed
carbon, carbon, and sulphur

Hydrothermal pretreatment of the avocado waste at different reaction temperatures

Synthesis and characterize activated carbons from the obtained hydrochars using chemical (KOH)
activation method

Measure the adsorbed amount of hydrogen onto the activated carbons

Evaluate the heterogeneous surface characteristics of the synthesised porous carbons in terms of

energy distribution using a universal isotherm model
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1.6 DISSERTATION OUTLINE
To meet the aim and objectives of this study, it has been divided into five chapters.

Chapter 1 offers an overview of the research topic, along with the rationale for conducting the study and its
significance. It also provides a clear definition of the research problem or questions that the dissertation
addresses. The chapter outlines the aim and specific objectives of the study, as well as an outline of the

dissertation's structure.

Chapter 2 provides a review of existing literature by critically analysing the relevant literature on the
hydrogen economy, challenges to hydrogen storage and expected targets, different types of hydrogen
storage methods, hydrogen storage in activated carbons, the circular economy, avocado waste and the
modelling of hydrogen adsorption onto activated carbon.

Chapter 3 describes the materials and methods used in the study. Within this chapter, the procedures for
collecting raw materials, their preparation, and subsequent characterization are highlighted, including the
hydrothermal pretreatment and the synthesis of activated carbon. The design of experiment,

characterization techniques and equipment used also feature in this chapter.

Chapter 4 presents the research findings in a clear and organized manner, using tables, charts, and graphs
as needed. The chapter discusses results from the synthesis and characterization of activated carbons from
avocado waste, hydrogen adsorption properties of the activated carbons and the modelling of hydrogen

adsorption onto activated carbons using the Universal Isotherm model.

Chapter 5 summarizes the key findings of the study and their significance. This chapter highlights the
research's contribution to the field, offers recommendations based on the research findings, and suggests

potential areas for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Global Energy Trends

Energy demand has seen a massive increase with population and income growth. The global
population was estimated at 1.6 billion people in 1900, 6.149 billion in 2000 (about 284% increase
in 100 years), and 8 billion (about 30.8% increase in 23 years) in 2023 (Worldometer, 2023). This
is more than 400% increase in over a hundred and twenty-three years and is expected to grow even
further, refer to figure 2.1 and figure 2.2. World gross domestic product (GDP), adjusted for
inflation and differences in cost of living between countries, has increased exponentially from an
estimated $3.42 trillion in 1900 to $105 trillion in 2023 (IMF, 2023). Global real income has
increased over the same period, resulting in higher production and energy consumption for various
purposes, including transportation, heating, fuel, etc. About 451 million terajoules of energy was
estimated to be used in 2023 as of October 10, this is expected to reach 740 million terajoules by
2040 (The World Counts, 2023). As shown in Figures 2.1 and 2.2, population and income growth

are the most significant factors driving energy demand (BP, 2011).

Fossil fuels make up about 83 percent of the energy we consume today, with oil being the largest
contributor, followed by coal and natural gas (The world counts, 2023). Fossil fuels have two
associated challenges: their usage often results in detrimental environmental impacts, and they are
available in a limited supply, taking a long period to replenish or never. This cannot keep up with

the accelerating energy demand and the need to conserve the environment.

The International Energy Agency's report published in the second quarter of 2023 details the global
energy outlook for 2030. In the report, there is a view that current energy transitions will result in
a massively different global energy system by 2030 (IEA, 2023a). It is further argued that the rise
of clean energy technologies has shifted how we power most of the systems we use daily (IEA,
2023a). The World Energy Outlook, which is the principal global energy analysis and projections
authority, projects a world in which there will be about ten times the number of electric cars,
efficient power generation through solar PVs which surpasses today's US power system output, an
increase from 30% to close to 50% contribution by renewable energy in the energy mix, fossil fuel
heating systems being replaced by electric heating systems and more investments dispatched
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towards wind energy by 2030. These projections were made in line with the policy positions of
governments across the globe. An improvement in executing national commitments towards clean
energy and environmental conservation is expected to see these projections being surpassed. While
each sovereign state determines how to achieve its commitments, international cooperation is

proving resourceful.
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Figure 2.1 Global population, primary energy source, and GDP growth over 60 years forecasted
to 2030. (BP, 2011)

World commercial energy use Contribution to total energy growth
Billion toe % p.a.
18 H Renewables* 5
= Nuclear
15 B Hydro
H Gas
12 = Oil
9 H Coal
6
3
0
1870 1910 1950 1990 2030 1850-1910- 1970-1990-2010-
* Includes biofuels 1910 1970 1990 2010 2030

Figure 2.2 Global energy consumption and fuel mix (BP, 2011)
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Fossil fuels, categorised into natural gas, oil, and coal, are expected to peak if governments
maintain their policy positions with decreased demand after getting over the effects of the 2022
global energy crisis, which was in part due to the Russia-Ukraine war (World Energy Outlook,
2023). Figure 2.3 shows that these three fossil fuel types are expected to peak by 2030, with coal
being expected to peak the soonest around 2023/4, followed by oil and natural gas around 2028/9.
It is important to note that this does not represent a unified view worldwide since reduced demand
in the wealthier countries is offset by increased demand and use of fossil fuels in the poorer and
developing economies. The demand curve for fossil fuels is also not expected to flatten out even
past the 2050 projected mark. The smooth projections are still expected to alter as things change,
such as a spike during hectically colder seasons or natural disasters that cannot be predicted and

modelled accurately.
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Figure 2.3 Fossil fuel consumption (World Energy Outlook, 2023)

In June 2023, the IEA published the Government Energy Spending Tracker report, which tracked
1600 government financial measures of 67 countries, tracking two areas of spending policies: (i)
clean energy investment support and (ii) short-term energy affordability measures. Economic
recovery packages from COVID-19 and the 2022 energy crisis have seen governments redirect a
lot of money and fiscal attention towards supporting clean energy initiatives, resulting in more
than twice the amount committed after the 2007/8 financial crisis. Figure 2.4 shows the massive
shift in spending in just the past three years and a tightening of policies and provisions to make
clean energy more affordable. Energy affordability has been a priority for most governments after
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the global energy crisis. Most of the added financial support/investment came from the USA, the
European Union member states, the United Kingdom, and Norway (IEA, 2022).

Government spending for clean energy investment support and short-term consumer energy
affordability measures

1400
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uso billion

1000

800

as of July 2021 as of October 2021 as of March 2022 as of November 2022

Global government clean energy investment support
Global consumer energy affordability spending

~———Global Green spending in 2007-2008 Financial Crisis Stimulus plans

Figure 2.4 Clean energy investments by 67 global governments (IEA, 2023)

2.2 The Hydrogen Economy

The hydrogen economy is a hydrogen-based system of delivering energy. The term was first used
by John Bockris in 1970 during his presentation at the General Motors (GM) Technical Center
(Abe et al., 2019). Hydrogen is the most abundant element on Earth but does not occur naturally
in its elemental form. It must be prepared from other molecules. It is an energy carrier and not a
primary fuel. The hydrogen economy is a promising solution to some of the negative effects of

using hydrocarbon fuels, where carbon is released into the atmosphere.

Hydrogen gas has the highest energy per unit of weight, 286 kJ/mol, amongst all chemical fuels.
It is highly abundant as it is bonded to many molecules and compounds we use. It is
environmentally friendly, releasing water and energy as it combusts.

Reaction of hydrogen:

H, + 1/2 0, — H,0 + energy (2.1)
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Calculations show that hydrogen has the highest energy storage capacity, with 1 kg of hydrogen-
containing about 120 MJ or 33.33 kWh of energy, which is more than that of normal fuels (Abe et
al., 2019). Table 2.1 compares a number of fuels to drive this point. The main aim of the hydrogen

economy is to produce hydrogen fuel from readily available energy sources.

Table 2.1: A comparison of the energy content of select fuels (Abe et al., 2019)

Fuel Energy contents [MJ/kg]

Lower heating Higher heating

value value

Gaseous hydrogen 119.96 141.88
Liquid hydrogen 120.04 141.77
Natural gas 47.13 52.21
Liquified Natural Gas (LNG) 48.62 55.19
Still gas (in refineries) 46.89 50.94
Crude oil 42.68 45.53
Liquefied Petroleum Gas

(LPG) 46.60 50.14
Conventional gasoline 43.44 46.52
Reformulated or  Low-

Sulphur Gasoline (RFG) 42:35 542
Conventional diesel 42.78 45.76
Low-Sulphur diesel 42.60 45.56
Coal (wet basis) 22.73 23.96
Bituminous coal (wet basis) 26.12 27.26
Coking coal (wet basis) 28.60 29.86
Methanol 20.09 22.88
Ethanol 26.95 29.84
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2.2.1 Hydrogen: The most promising renewable energy source

In the scope of renewable energy sources, hydrogen is proving quite a viable source. The move
towards hydrogen usage will help to reduce the current carbon dioxide concentration in the
atmosphere, which is more than 30% above the pre-industrial era (Marban and Valdés-Solis, 2007;
Zhao, 2012). This transition will allow the 196 Paris Agreement member parties and similar
international agreement member nations to satisfy their political commitments and social

responsibilities of reducing atmospheric carbon dioxide concentrations/outputs.

The Paris Agreement is a formal pact amongst the member states, which was adopted at COP 21
in Paris on the 121" of December 2015 and took effect on the 4™ of November 2016. It sets out to
limit global warming to less than 2 °C of the pre-industrial levels. Countries were expected to
submit their nationally determined contributions (NDCs) by 2020, outlining their plans to achieve
the agreement's goals. The agreement also outlines member parties' financial, technical, and
capacity support plans. Progress will be tracked through an enhanced transparency framework
(ETF) beginning in 2024, through which countries are expected to report on their actions and
progress transparently. There have been notable improvements since the agreement's adoption,
including low-carbon solutions and their markets. Power generation and transport sectors are
developing more competitive low-carbon technologies (UNFCCC, 2020). The Paris Agreement
has also heightened the interest and funding deployed towards the hydrogen economy by member
states and those inspired by its resolutions.

The shift to hydrogen is expected to further decentralize energy production, as is now evidenced
through oil production by only a few countries whose political and economic instabilities have led
to uncertainties in both access to the fuel and its price. Recent developments in Russia, the war,
and its impact on the fuel price, which moved from the 60 dollars per barrel region to economically
crippling highs of 120 dollars per barrel during the global energy crisis, is an example of this.
Hydrogen is a readily available and abundant energy source that can be relied upon for long-term
stability, security, and affordability, all of which are critical for the growth of low- and middle-
income countries. Most non-renewable energy sources we rely on can be replaced with hydrogen,

which has higher energy potential and refills faster than most.
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BP stated in 2021 that large-scale hydrogen generation via renewable energy sources is feasible
(BP Global, 2021). Significant infrastructure investment in ports, water and energy networks, and
distribution will be required to keep up with this level of expansion and growth (BP Global, 2021).
In addition to being better, more accessible, and more scalable, hydrogen is a better alternative.

The hydrogen economy comprises five key areas: production, delivery, storage, conversion, and

application. Figure 2.5 shows a schematic of these areas.

Storage

Production

@

Applications

Conversion

S

Delivery

Figure 2.5 Key components of the hydrogen economy

Mining businesses in South Africa have made efforts to decrease their carbon emissions and
transition towards decarbonization within the industry. The incorporation of the hydrogen
economy into their corporate strategic imperatives and frameworks has facilitated the realization
of a sustainable energy transition. The utilization of platinum group metals, which are prominent
minerals extracted in South Africa, has been noted in the application of polymer electrolyte
membrane (PEM) electrolysers. PEM electrolysers are used to produce hydrogen fuel and in fuel
cells to produce electricity from hydrogen, as shown in the fuel cell reactions below (Anglo-
American, 2022; Energy.gov, 2021).

Anode Reaction: 2H,0 - 0, + 4H* + 4e~ (2.2)

Cathode Reaction:  4H* + 4e~ - 2H, (2.3)

27



In October 2021, Anglo America, a prominent producer of Platinum Group Metals (PGMs) with
operations in South Africa, conducted a hydrogen feasibility study in partnership with the
Department of Science and Innovation (DSI), the South African National Development Institute
(SANEDI), ENGIE, and Bambili Energy (Anglo-American, 2022). The objective of this initiative
was to establish a hydrogen valley within the country, wherein various industrial stakeholders and

researchers would undertake many experimental projects.

The research conducted successfully identified three central hubs, namely Johannesburg, Durban,
and Limpopo. The projected demand for hydrogen in these hubs is estimated to reach 185 kilotons
by the year 2030, as reported by CSIS in 2022. The Johannesburg hub encompasses the regions of
Rustenburg and Pretoria, whereas the Durban hub extends its coverage to include Richards Bay.
Additionally, the Limpopo hub is situated within the Mogalakwena PGM mine, as depicted in
figure 2.6. According to Anglo-American (2022), the hydrogen valley under consideration
possesses the capacity to generate an annual estimate ranging from 14,000 to 30,000 jobs, both
directly and indirectly. Additionally, it is projected to provide a noteworthy contribution of $4 to
$9 billion to the South African GDP. The evaluation proceeded to identify nine pilot projects that

were to be promptly initiated following prioritization by the appropriate parties.
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Figure 2.6 Green hydrogen hubs identified through the Anglo-American and partners study
(Anglo-American, 2022)
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Anglo American South Africa successfully implemented a hydrogen conversion project for a
mining haul truck with a weight of 510 tonnes. This conversion involved the utilization of on-site
hydrogen production, hence enabling the truck to operate on hydrogen fuel (Anglo-American,
2022). The implementation of this initiative is intended to be extended to their expansive
worldwide collection of over 400 trucks. South African firms have initiated or are about to initiate
various projects, such as Anglo-American's integrated green hydrogen production, fueling, and

haulage system for mines, aimed at achieving zero emissions in the haulage sector.

The Centre for Strategic and International Studies (CSIS, 2022) reports that South Africa has set
a goal to establish itself as a prominent producer and exporter of green hydrogen, with the objective
of capturing a 4 percent share of the global market by the year 2050. The country aims to enhance
the demand for green hydrogen and its associated products. Four primary initiatives have been
identified with the aim of expanding the utilization of hydrogen on a national scale and fostering
prospects for exportation. The aforementioned projects include the PVI project, COALCO2-X
project, Sustainable Aviation Fuels (SAF) project, and Boegoebaai hub. The primary objective of
the PVI project is to establish a hydrogen corridor that connects the mining activities in Limpopo
with the industrial sectors in Johannesburg, ultimately facilitating transportation to the port of
Durban. As part of its initiatives, one of the strategies would involve the conversion of diesel trucks
into trucks powered by fuel cells, hence resulting in an augmented need for hydrogen inside the
valley. The primary objective of the COALCO?2 -X initiative is to employ hydrogen as a means to
extract pollutants from coal-fired boilers, so enabling the production of more valuable
commaodities such as fertilizers, green ammonia, and synthetic acids (CSIS, 2022). The primary
objective of the Sustainable Aviation Fuels (SAF) initiative is to mitigate carbon emissions within
the aviation sector through the utilization of hydrogen-based fuels, hence promoting environmental
sustainability. Finally, the Boegoebaai hub encompasses an industrial area that will serve as the
location for several facilities including an electrolyser park, a green ammonia production plant, a
desalination plant, a storage facility, a solar, wind, and battery park, a gigafactory dedicated to the
manufacturing of electrolysers, and a supplier park. The South African government has allocated
funds to aid with these efforts, in addition to various local and international collaborations and

funding alternatives accessible to the country, such as public-private partnerships.
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As an integral component of the Boegoebaai hub, South Africa aims to achieve an annual hydrogen
production capacity of 500 kilotons by the year 2030. This ambitious target will be realized through
the utilization of electrolysis equipment with a total capacity of 10 gigawatts, strategically located
in the Northern Cape region. The country intends to inaugurate its inaugural Boegoebaai port,
which is a constituent of this interconnected system, in the year 2026. Boegoebaai is set to emerge
as the focal point for hydrogen export infrastructure, owing to its robust infrastructure and
comprehensive support operations headquartered inside the region. The implementation of this
project is anticipated to yield positive impacts on local economies, with the creation of over 6000
direct possible jobs. These employment prospects will mostly be concentrated in the areas of port

operations and infrastructure rail development..

South Africa possesses several attributes that render it a viable contender for the production of
green hydrogen. Several reasons contribute to the country's suitability for wind and solar energy
production, one of which being the geography characterized by expansive open landscapes. The
country possesses a significant quantity of mines, particularly those which specialize in the
extraction of platinum group metals (PGMs) which are used in electrolysers. The country is
moreover encompassed by oceans, thereby providing a plentiful source of water for the production
of hydrogen. South Africa has also a historical track record of producing grey hydrogen, which is
akin to blue hydrogen but lacks the implementation of carbon capture and storage. This process

involves the utilization of natural gas or methane by steam methane reformation.

Another notable initiative leveraging on the green hydrogen economy in South Africa is the
collaboration of Sasol, a prominent global company specializing in chemicals and energy, and
ArcelorMittal, the primary steel manufacturer in sub-Saharan Africa. A collaborative effort has
been initiated by the parties concerned to advance the development of carbon capture technologies
that yield sustainable fuels, chemicals, and facilitate green steel production via the utilization of
hydrogen. One of their significant undertakings is the Saldanha green hydrogen and derivatives
study, which entailed an examination of the feasibility of turning the region as a centre for green
steel manufacturing and green hydrogen exportation. One such study conducted was the Vaal
carbon capture and utilization (CCU) investigation, which aimed to transform carbon captured

from the steel manufacturing facility in VVanderbijlpark operated by ArcelorMittal South Africa
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into sustainable fuels and chemicals through the utilization of renewable electricity and green
hydrogen (PEI, 2023).

The Coega hydrogen development project is an additional initiative that is of significant interest.
According to a report by PEI (2023), the project aims to generate green ammonia to cater to the
clean fuel and maritime industries in Asia and Europe. Additionally, the emergence of a variety of
wind and solar assets is projected. The proposed project will consist of the implementation of a
desalination plant and a wastewater recycling system with the objective of expanding the available

feedstock for hydrogen production.

Despite the numerous opportunities available, there are also significant challenges that impede the
complete realization of the hydrogen economy. These factors encompass a range of elements such
as skill sets, physical infrastructure, industry-specific expertise and assistance, regulatory

frameworks, domestic and international marketplaces, and other associated aspects..

2.3 Challenges to Hydrogen Storage and Expected Targets

Hydrogen is the most abundant element but does not occur in its elemental form. It has to be
harnessed from other molecules, making it an energy carrier and not a primary fuel (Zhao, 2012).
The cost of producing, delivering, and storing hydrogen at levels similar to those of the current
conventional fuels is high and non-competitive, making it necessary to find competitive, cost-

reducing technologies (Energy.gov, 2009; Zhao, 2012).

To enable its daily usage, hydrogen storage is “a crucially missing step towards the hydrogen
economy’’ (Zhao, 2012). Another key issue with the competitive use of hydrogen is that in as much
as it has a significantly high energy content per unit mass, it has a low energy content per unit
volume due to its extremely low density compared to conventional fuels. This means you need
massive capacity to store the same amount of hydrogen as conventional fuels (Blackman, 2005;
Zhao, 2012). Hydrogen is a supercritical gas under standard conditions (Tc = 33.19 K, Pc = 1.296
MPa), meaning that it has quite a very low density of 90 g/m? at 1 bar and 273 K (Zhao et al.,
2017). The volumetric energy density of liquid hydrogen is more than three times lower than that
of petrol (Georgiev et al., 2006). Hence, it is imperative to form dense condensed phases as the
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bulk solid at temperatures way above 14 K, the triple point of bulk hydrogen (Georgiev et al.,
2006).

Four kilograms of hydrogen gas required for normal driving would occupy 49m® at room
temperature, which is too much and makes storing and commercializing hydrogen difficult.
Hydrogen storage will need to meet the normal tank volume and weight requirements to be used
for transportation applications. Stationary applications are much easier to deal with regarding
storage requirements. However, mobile applications require range, charging and recharging, and

fast fuel injection rates (Georgiev et al., 2006).

According to Energy.gov (2009), the US Department of Energy (DOE) requires that hydrogen
storage systems meet three fundamental criteria for automotive applications: they must be
reversible, have a gravimetric density around 6 wt.%, and heat of adsorption (AHags) within the
20-30 kJ/mol range (Bhatia and Myers, 2006; Zhao, Kim, Dillon, Heben and Zhang, 2005). Table
2.2 presents the new and old targets for hydrogen storage systems for light-duty vehicles.
Considering the revised requirements, the storage challenges must be addressed before hydrogen
can effectively be used. The hydrogen economy depends on the development of good, suitable

storage mechanisms.

32



Table 2.2: US Department of Energy (DOE) new and old targets for hydrogen storage (US DOE

and FCFP, 2009)

2010 2010 2015 2015 Ultimate  Full
Target
(new) (old) (new) (old) Fleet
System Gravimetric | 4.5 6 5.5 9 .
Densit 15 2.0 18 3 '
Y ( ( ( ( (2.5 kWh/kg)
(% wt) kWh/kg) kWh/kg) kWh/kg) kWh/kg)
System Volumetric | 28 45 40 81 -
Densit 0.9 1.5 1.3 2.7
/ ( ( ( ( (2.3 kWh/L)
(g/L) kWHh/L) kWHh/L) kWHh/L) kWHh/L)
System Fill Time for 5- . . . .
4.2 min | 3 min | 3.3 min | 25  min
kg fill, 2.5 min
] ) (1.2 (1.67 15 (2.0 ]
min  (Fueling Rate, . . . ) (2.0 kg/min)
. kg/min) kg/min) kg/min) kg/min)
kg/min)
Storage System Cost
($/kg H2): To be
determined in 133 67
- ) TBD TBD TBD
conjunction with other ($4/kWh) ($2/kWh)
Partnership cost target
chances

According to Ren, Musyoka, Langmi, Swartbooi, North, and Mathe (2015), Zhao et al. (2016) and
Sethia and Sayari (2016), hydrogen can be stored through the common compression and
liquefaction method or even through the use of various materials by physically bonding its gas
molecules to the surface of a solid or liquid (physisorption) material or chemically bonding the
adsorbate (hydrogen) molecules to the specific surface locations/active sites on the material
(chemisorption). However, none of these storage methods can satisfy the US government's
legislated storage requirements at 77K (Zhao et al. 2017). We need a more practical and cost-
effective means to store hydrogen. For this reason, this research seeks to find the most practical

hydrogen storage methods, one of which is using bio-waste-activated carbons.
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Three important technology hinderances to the hydrogen economy:
1. Reducing the cost of hydrogen, i.e., production, delivery, and storage costs, to make
hydrogen competitive with conventional fuels
2. Reducing fuel cell cost and enhancing its durability to make it competitive with
conventional technologies

3. Improving hydrogen storage to meet DOE targets

2.4 Hydrogen Storage Methods
2.4.1 Compression Method of Hydrogen Storage

Compression of hydrogen at high pressure is the most common method of hydrogen storage
(Zhang et al., 2016). This well-developed method presents opportunities for high hydrogen filling
and release (Durbin and Malardier-Jugroot, 2013; Abe et al., 2019). Hydrogen compression to
higher pressures consumes a fraction, about 13-18%, of hydrogen's lower heating value, which
adds costs. On the other side, a notable positive aspect of this process is that no energy is used for
hydrogen release. Increasing the storage pressure only increases the power required for hydrogen
compression by a small relative amount. Compressed hydrogen is stored in cylindrical storage
devices because circular or spherical storage devices are challenging to fit onboard.

To achieve hydrogen storage by compression, the storage device’s construction material should be
light, affordable, able to withstand high pressures and prevent hydrogen diffusion and loss of its
ductility (hydrogen embrittlement). Four types of hydrogen gas storage by compression
technologies or materials have been developed to accommodate these requirements. Type-I
materials are the most affordable. These storage devices are made up of metallic materials that can
withstand up to 30 bar pressure; aluminum and steel alloys are common construction materials
(Usman, 2022). Thicker walls must be used for higher hydrogen pressures or densities, making the
device heavier and reducing the total hydrogen gravimetric energy density (Moradi and Groth,
2019). This means less hydrogen is stored in type-1 devices (Abdalla et al., 2018; Usman, 2022).

Type-I1 hydrogen storage by compression technologies is steel pressure vessels with a glass fiber
composite overwrap (Moradi and Groth, 2019; Usman, 2022). The structural load is roughly

equally distributed between the steel and composite materials. Type-1l vessels are 50% more
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expensive to manufacture than type-1 vessels but 30-40% less heavy (Moradi and Groth, 2019).
They also have the highest-pressure tolerance. Type Il pressure vessels are full composite wraps
with metal liners. They are made of carbon fiber composite materials lined with metal, the carbon
fiber composite taking most of the structural load and the liner used for sealing and contributing
more than 5% mechanical strength (Usman, 2022). These are half the weight of type-Il vessels,
but their manufacturing costs are twice that of type-I1l vessels. They are strong and lightweight but
have low thermal conductivity because the composite material takes most of the structural load.
This low thermal conductivity is a problem for low heat release rates during hydrogen
compression. They are mostly useful for pressure requirements of 450 bar but can also be used for

higher pressures up to 700 bar.

Type-1V technology vessels are fully composite. Carbon fiber or carbon glass composite carries
the most structural load with polymers like high-density polyethylene (HDPE) for lining (Moradi
and Groth, 2019). These vessels are the lightest but most expensive. They are used to store
hydrogen at 700 bar and can withstand as much as 1000 bar pressure. A pre-commercial, so-called
type-V vessel is also in development. This enhances type-IV vessels with reinforcing space to

occupy the skeleton for better volumetric and gravimetric hydrogen densities (Usman, 2022).

Hydrogen storage by compression is an old technology that increases the energy density of gaseous
hydrogen by storing it at high pressures (Zhao, 2012). According to Maller et al. (2017), storing
hydrogen at 700 bar in type 111 or IV vessels is perhaps the most pragmatic solution to refueling in
less than 3 minutes and having enough hydrogen for a 500 km drive. Hydrogen has an energy
density of 5.7 MJ/L at 700 bar with a type-IV vessel. There is a risk with onboard pressurised
vessels as they can explode.

A number of fuel cell vehicles operating on compressed hydrogen, such as the 2018 Hyundai Nexo
and the 2021 Toyota Mirai, are in use (Usman, 2022). These cars have three type-IV cylinders and
use compressed hydrogen at 700 bar. They can go for over 600 km without recharging (Usman,
2022). An example of a carbon fiber-reinforced 350-bar and 700-bar compressed hydrogen gas

tank is shown in Figure 2.7.
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Figure 2.7 Carbon fiber-reinforced 350 bar and 700 bar compressed hydrogen gas tank (Zhao,
2012)

2.4.2 Liquefaction Method of Hydrogen Storage

Storing hydrogen in the liquid state also increases its energy density. This makes the liquid
hydrogen denser than the gaseous hydrogen, thus having higher energy content per unit volume
than the same unit of gaseous volume. According to Zhao (2012), gaseous hydrogen has a
volumetric capacity of 0.030 kg/L at 700 bar. In contrast, liquid hydrogen’s volumetric capacity is

0.070 kg/L, more than twice the gaseous one.

According to Usman (2022), liquid hydrogen’s density is around 71 g/L at -253 °C, and its energy
density is 8 MJ/L hydrogen. This means that four cylinders of liquid hydrogen are equivalent to
one gasoline tank. The critical temperature of hydrogen is -240 °C, and its normal boiling point
temperature is -253 °C. Hydrogen cannot be liquefied above -240 °C. It is cooled below its critical
temperature to its normal boiling point temperature to be stored as a liquid. Liquefaction of
hydrogen, similar to compression, is also a common technology. Liquefied hydrogen gives high
hydrogen release rates and low adiabatic expansion energy under cryogenic conditions (Usman,
2022). The low adiabatic expansion energy helps to prevent damage in the case of hydrogen
leaking through an opening.

The density of liquefied hydrogen is 1.5 to 2 times higher than that of hydrogen compressed at
high pressure, making the size of the storage tank required much smaller and acceptable (Usman,
2022). Hydrogen storage can also be achieved at low pressures, meaning thinner and cheaper

storage vessels/tanks can be used. Hydrogen is non-corrosive in the liquid state, so stainless steel
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and aluminum alloy vessels that are well insulated are used to store hydrogen in cryogenic

conditions.

Liquefaction is expensive, and the energy used to liquefy hydrogen is also expensive. About 30-
40% of the net heating value of hydrogen is used in the liquefaction process (Usman, 2022). The
boil-off phenomenon, the loss of hydrogen due to energy addition from the surroundings, is
another challenge of this liquefaction process, with an estimated 1.5-3% daily evaporation of
hydrogen. More open spaces for public parking and garages are necessary because of the boil-off
phenomenon. To reduce boil-off, a double-walled vacuum vessel with massive, pricey insulation
can be used (Usman, 2022). Another technique to minimize evaporation is having a large vessel
with a smaller surface-to-volume ratio. The added insulation and unique design can lead to a
heavier vessel and thus reduce its gravimetric energy density. The infrastructure needed for liquid

hydrogen is still an issue.

Due to low temperatures and boil-off, there is little opportunity for liquid hydrogen to be used for
onboard applications in small and medium-sized vehicles. BMW developed a test vehicle, the
BMW Hydrogen 7, in 2005-2007, which burns hydrogen in its internal combustion engine.
GM/Opel also developed a test vehicle, the GM Hydrogen 3, in 2006, which uses hydrogen in a
series of fuel cells. There is doubt over this technology's future use and expansion in vehicles.
Liquefied hydrogen is, however, used in space crafts where costs are not an issue and recently in
a 112 m long yacht developed by Sinot (Usman, 2022). The yacht, Aqua, runs on liquid hydrogen.

Linde Engineering (2021) anticipates a surge in the demand for liquid hydrogen in the forthcoming
years. The company asserts that only three liquefaction plants in Europe can cool hydrogen to -
253 °C.

2.4.3 Hydrogen Storage on (carbon-based) Adsorbents

Hydrogen is also stored using carbon-based adsorbents. This is usually achieved by absorption
into the solid materials or by adsorption on the surface of the solid. Carbon is the sixth element of
the periodic table, atomic number 6. It is non-metallic and tetravalent, with four electrons available
to form covalent chemical bonds. Carbon has the unique ability to bond with itself through sp?
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(diamond-like) or sp® (graphite-like) hybridisation (Edwards et al., 2013). A number of resulting
structures or allotropes are possible. However, only a few, those consisting mainly of graphitic
subunits, are usually studied in carbon science. The structural organisation is classified into two
extremes, the graphitisable and non-graphitisable carbons. The graphitisable ones, cokes, are
produced from carbonaceous precursors, which pass through a liquid phase on pyrolysis. In
contrast, the non-graphitisable chars are produced from those carbonaceous precursors that do not
fuse (Edwards et al., 2013).

Three common carbon allotropes are studied: diamond, graphitic, and non-graphitic carbons.
Figure 2.8 shows some of these allotropes. Diamond is hard, has an enormously high refractive
index and high dispersion of light, and has a regular three-dimensional network of g-bonds, which
lead to rigid and isotropic structures (Zhao, 2012; Edwards et al., 2013). These are the aliphatic
types. Graphite is composed of the a-bond and -bond bonding regimes, which lead to aromatic
types where most of the structures are layered and highly anisotropic (Edwards et al., 2013). Van
der Waals forces hold graphitic layers together, and graphite exists naturally or can be made
artificially by heating petroleum coke or coal at high temperatures (Zhao, 2012). Non-graphitic or
amorphous carbon materials are further subcategorized into carbon blacks, coke, char, and
activated carbons (Zhao, 2012).

38



Bonding

Hybridization  Allotropes Derived and Defective Forms
2 .':‘" .‘.'g-‘.}:p .
— \L A .'v:‘.!‘fo
i A, o |
Sp? Cubic diamond Diamord-like Carbon

) B i, Poly-
crystalline |
(:nphnc

) Cokes and
Carbon Black \cln ated |
Sp? ~ Pyrocarbons
~ Q,f\,o- :
4 -
: Bucky Onions Toroidal ﬂlmuu:cs Acetylene Blacks
Spa+e
rchvbndlmnon Pallsrens Nanotubes
> w»
-
SP!

Carbyne

Figure 2.8 Carbon allotropes (Zhao, 2012)

An ideal hydrogen storage solid should have slit-shaped nanopores and a width more than the

kinetic diameter of hydrogen, 2.89 A (Chambers et al., 1998).

2.4.3.1 Single and Multiwalled Carbon Nanotubes

Carbon nanotubes are sp? nanocarbon materials of pipe-like structures made of rolled-up graphene
sheets (Thomas et al., 2021). They have unique nanostructures and possess incredible properties
derived from their graphite nature and one-dimensional aspect (Thomas et al., 2021). They can
either be metals or semiconductors, depending on their chirality. Metallic carbon nanotubes can
carry an electric current density of over 1000 times that of most metals like copper. Their one-
dimensional conductivity gives them their ballistic transport behaviour along the tube, which
promotes massive mobility, much higher than observed for most conductors. They reportedly have
higher mechanical tensile strength than steel and better thermal conductivity than diamond
(Thomas et al., 2021). They also have a high aspect ratio, even higher than 1000, and a surface

area larger than 1300 m?/g. Carbon nanotubes are light, with an average density of about a sixth
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of the density of steel. They are also highly chemically stable and do not undergo any chemical

alteration unless in high temperature and oxygen (Thomas et al., 2021).

A multiwalled carbon nanotube (MWCNT), as shown in Figure 2.9(a), is made up of concentric
cylinders with an interlayer spacing of 3.4 A and diameters commonly around the 10-20 nm range
(Dai, 2002). A single-wall carbon nanotube (SWCNT), shown in Figure 2.9(b), is a graphene sheet
rolled over into a cylinder with a diameter commonly around 1.4 nm region (Dai, 2002).

Hydrogen storage in carbon nanotubes is one of the safest ways to store hydrogen as hydrogen
interacts with the nanotubes through physisorption or chemisorption. Every carbon atom can be
used as a site for the chemisorption of hydrogen atoms, with dissociative chemisorption being the
favourable method for carbon nanotubes (Thomas et al., 2021). The hydrogen molecule breaks
into two atoms at high pressure, making it possible for the C-H bonds to form, thus leading to the
dissociative adsorption of hydrogen. This hydrogen is stored in a number of sites: inside the tubes,
outside the tubes, between the tubes, and between shells for MWCNTSs. The carbon nanotubes'
structure, pretreatment process, geometry, structural defects, operating pressure, and temperature
dictate their hydrogen storage capacity (Thomas et al., 2021). Experimental work has achieved a
10 wt% maximum hydrogen storage capacity for SWCNTs. A Monte Carlo simulation predicted
11.2 wt% and higher hydrogen storage capacities of up to 20 wt% and 14 wt%, respectively, are
achievable through lithium and potassium doping of MWCNTSs (Thomas et al., 2021).

Figure 2.9 Schematic of (a) MWCNT and (b) SWCNT (Thomas et al., 2021)

Other applications of carbon nanotubes are in photocatalytic and catalytic reactions, as adsorbents

or extraction agents and membranes, in fuel cells, in solar cells and sensors, in batteries and
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supercapacitors, in conductive films, coating, textiles, fabrics, and biomedical uses (Thomas et al.,
2021).

2.4.3.2 Nanofibres (Graphite Nanofibres)

Graphite nanofibers are usually between 10 and 100 um, have cross-sectional areas between 30
and 500 A% and were usually produced through catalytic decomposition of carbon-containing gases
and their mixtures on surfaces of metals and alloys at 450-750 °C (Chambers et al., 1998). These
are fibrous solids containing graphite platelets stacked parallel to the precipitating faces of the
metal particle, as shown in figure 2.10 (Chambers et al., 1998; Zhao, 2012). Other nanofibers
whose platelets have perpendicular or angular arrangements have also been produced by Chambers
et al. (1998). These layers are separated at distances influenced by the catalyst, gas phase, and
reaction conditions. The minimum distance observed is that of single-crystal graphite at 3.35 A,

greater than the hydrogen kinetic diameter (2.89 A), rendering these nanofibers useful for hydrogen
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Figure 2.10 (a) Schematic representation of the arrangement of platelets in a catalytically grown
graphite nanofiber; (b) an enlarged section showing the detail of the area marked in (a)
(Chambers et al., 1998)

Alkali-intercalated graphite was reported to adsorb about 0.137 L of hydrogen per gram of carbon
at STP between its layers, with no structural damage after multiple adsorption and desorption

41



cycles at liquid nitrogen temperature (Chambers et al., 1998). Hydrogen chemisorbed on graphite

exhibits a symmetrical V3 x+/3 superstructure at submonolayer coverage, with an
incommensurate triangular phase being prevalent at near monolayer coverage (Chambers et al.,
1998). Furthermore, Chambers et al. (1998) found that the graphite material they analysed could
sorb and retain more than 20 L of hydrogen per gram of carbon when the nanofibers were exposed
to hydrogen at 120 atm and 25 °C. This sorption and retention were further eased by the short
diffusion path and the weak van der Waals bonding of the platelets that allowed them to sorb
hydrogen in multilayer configurations. Releasing the stored hydrogen at room temperature was

also easy when the pressure was reduced.

Through electrospinning, Bai et al. (2011) synthesised polyacrylonitrile-based carbon nanofibers
containing titanium and manganese. Maximum hydrogen storage capacities observed at 303 K and
9 MPa for the Ti and Mn-containing nanofibers were 1.6 and 1.1 wt%, respectively (Bai et al.,
2011). Chen et al. (2004) reported a hydrogen storage capacity of 1.0 wt% for the partially aligned
carbon nanotubes they produced through catalytic decomposition of methane at the surface of

water containing oxidized and reduced products of LaNis alloy with Ni powder.

2.4.3.3 Graphite and Graphene

Graphene, a 2D crystalline carbon form, is the building block for carbon allotropes such as
fullerenes, carbon nanotubes, and graphite (Aliofkhazraei, 2013; Novoselov, 2011). Its carbon
atoms are arranged in a planar honeycomb network. A monolayer graphene unit cell is made up of
1.42 A apart from two carbon atoms with a lattice constant of 2.46 A (Aliofkhazraei, 2013). Each
atom has s, px, and py orbitals and is bonded to three other atoms in the lattice, thus creating the
sp? atomic network (Aliofkhazraei, 2013). Graphene has an increased binding energy of
physisorbed hydrogen, which makes it more advantageous than other carbon materials (Jain and
Kandasubramanian, 2020). Graphene is a zero-overlap semimetal whose charge carriers have a
linear dispersion relation near the Dirac point (Novoselov, 2011). Figure 2.11 shows the structures
of graphene and graphite, and Figure 2.12 shows the energy per atom for the graphene-hydrogen

system.
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Figure 2.11 Schematic of structures of graphene (left) and graphite (right) (Zhao, 2012)
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Figure 2.12 energy level diagram for the graphene-hydrogen system (Tozzini and Pellegrini,
2013)

Graphene sheets are light, robust, chemically, and thermally stable. They show incredibly high
strength (130 GPa tensile strength), great conductivity (15,000 cm? V! s1), large surface area
(2630 m?/g), biocompatibility, flexibility, and are transparent (Jain and Kandasubramanian, 2020).
Graphene can potentially replace silicon-based computer chips, enhance touchscreen performance,
create more sensitive biometric sensors, even faster charging, and improve storage in batteries and
capacitors (Delgass, 2023). Their excellent properties make them suitable for photonics, gas
separation, water treatment, and many other applications (Jain and Kandasubramanian, 2020).

The experimental data of the pure graphene sheet shows a low hydrogen adsorption capacity of
about 1 wt% at ambient temperature. However, it exhibits good interaction with other functional
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groups that can enhance its adsorption capacity, refer to Table 2.3. Graphene and graphite can

potentially be used in hydrogen storage applications (Zhao, 2012).

Table 2.3 Functionalized graphene material with experimental gravimetric capacities (Jain and

Kandasubramanian, 2020; Tozzini and Pellegrini, 2013).

Functionalized graphene material

H2 wt% T (K) /P (bar)

Graphene nanosheets

Hierarchical graphene

Graphene functionalized with chlorosulphuric
acid

Graphene functionalized with oleum

Graphene oxide

Graphene oxide -I- MWCNT

Graphene -1- MWCNT

Pt-fimctionalized graphene

Pd-functionalized graphene
Ni (0.83 wt%) and B (1.09 wo0/0) doped

graphene
N-doped palladium-decorated graphene

Reduced graphene oxide—Mg nanocomposite
Cu-BTC with 9 wt% graphene

1.2 wt% 77 IC/10 bar [Zhao et al., 2011a]
4.01 wt% 77 K/1.07 bar [Zhao et al., 2011a]

1.6 wt% 77 K/2 bar [Zhao et al., 2013]

1.4 wt% 77 K/2 bar [Zhao et al., 2013]

1.4 wt% 298 K/50 bar [Jain and Kandasubramanian, 2020; Tozzini and Pellegrini, 2013]
2.6 wt% 298 K/50 bar [Jain and Kandasubramanian, 2020; Tozzini and Pellegrini, 2013]
2.1 wt% 298 K/50 bar [Jain and Kandasubramanian, 2020; Tozzini and Pellegrini, 2013]
0.15 wt% 303 K/57 bar [Jain and Kandasubramanian, 2020; Tozzini and Pellegrini,
2013]

0.81 wt% 298 K/40 bar [lijima, 1991]

4.4 Wt% 77 1C/1.06 bar [Dillon, 1996]

2.10 wit% 298 K/20 bar [Jain and Kandasubramanian, 2020; Tozzini and Pellegrini,
2013]

6.5 wt% 473 K/15 bar [Dillon et al., 2002]

3.58 wt% 77 K/43 atm [Marco-Lozar et al., 2012]

2.4.3.4 Activated Carbons

Activated carbons are processed carbons with graphite, crystalline, and amorphous carbon (Mohan

etal., 2019). They usually have high surface areas, over 3000 m?/g, and very small pore diameters,

less than 1 nm. They are often produced by dry distillation from carbonaceous materials whose

pore volume can be increased by thermal or chemical activation (Mohan et al., 2019). Their

hydrogen adsorption capacity depends mainly on their specific surface area and pore volume.

Activated carbons are synthesised through the physical or chemical activation of natural materials

such as coal, wood, peat, etc. Similar to other carbon materials, ACs have low mass density, and

weak van der Waal’s forces facilitate the physisorption of hydrogen molecules into the pores of
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the ACs through adsorption and diffusion (Zhao, 2012; Mohan et al., 2019). Commercial activated

carbons are used for gas or liquid applications (Zhao, 2012).

2.4.4 Current Hydrogen Storage Methods
The preceding sections highlight each hydrogen storage method's inherent advantages and
drawbacks. Table 2.4 provides a comparative analysis of various carbon materials, detailing their

respective precursors or synthesis processes and their corresponding hydrogen storage capacities.

Despite the potential of the hydrogen economy with its positive indications of sustainable, clean,
and highly efficient energy, this study highlights the challenges associated with the expensive
production and storage of hydrogen. This is attributed to hydrogen's absence in its elemental form
and notably low gravimetric density. Consequently, any developed hydrogen storage method or

technology aiming for the commercial and competitive realization of the hydrogen economy must

prioritize cost minimization and ease of manufacturing.

Table 2.4: Comparison of different carbon materials (Mohan et al., 2019)

Materials

Precursor/synthesis process

Storage capacity

Activated carbon

Activated carbon

Graphite nanofiber

Activated carbon

Activated carbon

AC (Pt-doped)

Graphite (Fe-doped)

Graphite (Ni-doped)

Graphite (Cu-doped)
Graphite (Co-doped)

Reaction of cokes with (KOH)
Chemically treated and pyrolysis (973 K)

Thermal decomposition of acetylene using palladium (Pd)
sheets as catalyst

Sucrose as carbon precursor and ammonium-form zeolite-
Y as template, impregnation, and chemical vapor
deposition

Anthracite of Taisi mine and Pd-doped

Chemically impregnated with 5M nitric acid, chemical
reduction method

Ball-milled

Ball-milled

Ball-milled

Ball-milled

2 wt%

5.5 wt% at 77 K and low
pressures

17 wt% at 300 K and 8.1
MPa

2.4 wt% at 77 K and 10 bar.

53 wt% at 298 K, S MPa
2.3 wt%

3.9 wt%
0.92 wt%
0.97 wt%
1.8 wt%
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Ni-doped porous graphite

Al-doped bulk graphite
G (Li-doped)

MWCNT

GNP

SWNT

SWNT

Well-aligned MWCNT

Acid treatment of graphite flakes, metal nanoparticle
deposition

Density function theory

Monte Carlo simulations

Microwave plasma-enhanced chemical vapor deposition
Reactive ball-milling

Reactive ball-milling

Semi-continuous hydrogen arc discharge method

Catalytic pyrolysis of carbon source with quartz glass as

4.48 wt% at 298 K, 10 MPa

3.48 wt% at 300 K, 100 MPa
6.5 wt%, 298 K, 2 MPa
1.97 wt% at room temp.

0.5 wt%

1 wt%

4.2 wt%, 298 K, 12 MPa

3 wt% at 290 K, 10 MPa

substrate

2.5 Hydrogen Storage in Activated Carbons

2.5.1 Activated Carbons

An activated carbon is a processed carbon that is highly porous with a large surface area (Zhao,
2012). Activated carbons are often prepared from materials with high carbon content and low
composition of inorganic material. Examples of these include coal, turf/peat, polymeric materials,
wood, bamboo, and various agricultural by-products (Zhao, Fan, Gao and Wang 2016; Fierro,
Szczurek, Zlotea, Maréché, Izquierdo, Albiniak, Latroche, Furdin and Celzard 2010; Fierro, Zhao,
Izquierdo, Aylon and Celzard 2010). They are stable and can be used in large-scale production as
they also have fast kinetics (Zhao, Luo, Wang, and Fan 2017). These can also be used in stationary
applications, where their weight and volume do not pose issues to the application (Zhao et al.
2017).

Activation refers to the process that follows the pyrolysis of the carbonaceous material at high
temperatures, often between 500 °C and 1000 °C. Activation of carbon can be physical or chemical.
Physical activation usually occurs when the carbon is partially gasified by reacting it with steam,
COy, or air. The majority of amorphous parts usually burn-off (Zhao, 2012). Chemical activation,
on the other hand, is usually characterized by heat treatment of the carbonaceous material with
chemical reagents such as alkali material (KOH, NaOH), inorganic acids (H2SOa, H3PQ4), or salts
(ZnCl2) in an inert atmosphere between 600 °C and 800 °C (Zhao, 2012). Chemical activation
results in more homogeneous pore structures and is single-stage, whereas physical activation

results in varied pore structures and is multi-stage, often preceded by pyrolysis of the material.
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Activated carbon is structurally similar to graphite but with larger interlayer spacing and rotated
carbons (Thomas et al., 2021).

2.5.1.1 Precursors and Hydrothermal Treatment of Precursors

The raw material for activated carbon production can be any material that contains a high
concentration of carbon with low composition of inorganic material. Most industrial activated
carbon production processes have their feedstock or precursors as fresh or old biomass. This is
usually because these feed materials are cheap and highly carbonaceous. The feed determines the
properties of the resulting activated carbons. The activated carbon’s performance, surface area,

total pore volume, and pore size distribution are all unique for different feed materials.

Over the past decade, products derived from biomass waste have seen profitable daily applications.
Waste hazelnut shell was recently used as the precursor to produce highly porous carbonaceous
carbon dioxide sorbents (Pang et al., 2020; Serafin et al., 2019). Lotus stalk produced porous
carbons with excellent carbon dioxide adsorption, great recyclability, and fast adsorption kinetics.
The carbon product electrode demonstrated significant specific capacitance and stability of about
95% retention rate after 5000 cycles, making these biomass-derived products suitable for

applications as supercapacitors, too (Li et al., 2021; Serafin et al., 2019).

Activated carbons from biomass waste have been widely studied as hydrogen storage material.
They continue to present themselves as good candidates for supercapacitor applications (Sevilla
and Mokaya, 2014). In 2021, Ariharan et al. (2021) further demonstrated through simple
carbonisation that biomass-derived porous carbon is a superior material for both hydrogen storage
and supercapacitor usage (Ariharan et al., 2021). Carbon products from biomass pine nutshells
showed ultrahigh specific surface area, large pore volume, and “excellent electrochemical
performance as supercapacitors” (Lv et al., 2018). These materials' highly developed porous
structure makes them attractive for these applications.

Wet biomass has moisture content greater than 30 wt% and dry biomass less than 30 wt%. The
biomass conversion technology of choice is based on this classification (Masoumi et al., 2021).
Combustion, pyrolysis, and hydrothermal biomass processing lead to different char products, with
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pyrolysis and hydrothermal carbonisation producing mainly bio/hydrochars. These processes
enhance the organic compounds containing biomass to carbon-rich chars (Lucian et al., 2018).
Pyrolysis can occur in three main ways: slow, fast, and pyrolytic gasification and hydrothermal
processing of biomass can also occur in three different ways — hydrothermal carbonisation,
hydrothermal liquefaction, and hydrothermal gasification — but producing different char products.
Hydrothermal carbonisation eliminates the drying stage and has been recorded as the most
economical of these processes (Rowlandson, 2018). Thus, it is regarded as the best performing
technology for biomass processing and scaling (Hoekman et al., 2013; Cheng and Li, 2018). For

these reasons, the HTC process was chosen for pre-treating the avocado waste.

A Berghof stirred pressure reactor, whose contents were stirred at 250 rpm, was used to convert
the biomass to hydrochar. The biomass-to-water ratio was kept at 0.125, the reaction temperature
varied between 180 °C and 240 °C, and the retention time varied from 2 to 8 hours. These are the
optimised conditions, as reported in the literature (Masoumi et al., 2021). The products were

cooled; solid and aqueous solutions were dried and stored for analysis.

2.5.1.2 Physical Activation

Physical activation improves the porosity of carbonaceous feedstock through controlled
gasification. In physical activation, the carbon precursor is first pyrolyzed in an inert environment
at 400-900 °C to remove most of the more volatile matter, then partially gasified at 350-1000 °C
using an oxidizing gas (Sevilla and Mokaya, 2014). In the first step, the active oxygen in the
activating agent combusts the tarry pyrolysis off-products trapped in the pores, opening up these
pores. As the oxidizing agent burns more of the reactive carbon skeleton, micropores form, and
the reaction of the oxidizing agent with the carbon produces CO and CO>, with the degree of burn-
off being determined by the gas used as well as the activation temperature (Sevilla and Mokaya,
2014). Activating agents commonly used are COy, air, and steam.

The physical and chemical properties of the resulting physically activated carbon depend on the
precursor, the oxidizing agent used, the activation temperature, and the degree of activation
(Sevilla and Mokaya, 2014). These factors combined produce activated carbons with moderate to

high porosity and varying surface chemistry. Generally, larger porosity is observed for instances
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with high activation temperature or activation time and lower porosity for lower activation

temperature or shorter activation time. Wider pore size distributions also follow higher porosity.

The reaction of carbon with oxygen is exothermic, so many challenges are experienced when air
or oxygen is used as the activating agent. The reaction happens very fast and results in excessive
burn-off and lower yield of the activated carbon (Sevilla and Mokaya, 2014). The upside of this is
that the high reactivity of oxygen reduces the activation energy requirements, thus being cheaper

than when carbon dioxide steam is used.

Feng and Bathia (2003) noticed that the surface area and pore volume increase initially and slowly
as carbon converts into air gasification. The surface area and pore volume change for small
micropores are not very pronounced with carbon conversion after some point. In contrast, the
change for mesopores was proportional to the conversion, increasing with the conversion. In CO;
gasification, they noted a rapid increase in surface area and pore volume for micropores and other
pore sizes as gasification progressed. Air gasification achieved better surface areas and pore
volumes than CO- gasification (Feng and Bathia, 2003).

Osswald et al. (2009) noticed an increase in surface area and pore volume with an increase in
activation time and temperature in air gasification. This was about a 10% increase, followed by
massive weight loss. Oxygen’s reactivity also made the micropores into mesopores. In CO2
gasification, they observed up to 77% surface area increase and close to doubling the pore volume,

achieving a surface area of 3100 m?/g and pore volume of 1.3-1.4 cm®/g at 950 °C for 2 h.

As discussed above, it is not a coincidence that steam and carbon dioxide are the preferred
activating agents instead of air. Steam is generally seen as more reactive than COg, thus requiring

lower activation temperatures.

2.5.1.3 Chemical Activation
In chemical activation, the carbon precursor and activating agent mixture is treated in heat at

temperatures of 450-900 °C. Compared to physical activation, chemical activation has the
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following advantages: (i) it often involves only one step, (ii) it uses lower pyrolysis temperatures,
(iii) it yields more carbon than physical activation, (iv) it produces materials with much higher
surface areas and (v) the resulting microporosity can be well developed and modified to be
somewhat uniform (Sevilla and Mokaya, 2014). Higher surface areas and well developed

microporosity are crucial for gas storage applications of the synthesised carbon.

A number of chemical reagents are used in chemical activation. These include alkalis (NaOH,
KOH), salts (ZnCl,, AICI3, MgCl), inorganic acids (HsPOas, H2SO4), and many more. Zinc
chloride, ZnCl,, phosphoric acid, HsPOs, and potassium hydroxide are the most commonly used
chemical activation reagents (Sevilla and Mokaya, 2014). KOH acts as an oxidant, whereas
ZnCl> and H3POg4 act as dehydrating agents. When the carbon precursor is heated, the activating
agent in its particles creates a dehydration effect where cross-linking reactions such as cyclisation
and condensation dominate. This dehydration process makes the carbon precursor particles smaller
but not more than the size of the activating agent, which remains inside its particles, thus somewhat

limiting the microscopy of the carbon precursor to its size.

Additionally, the combination of H3PO4 with organic compounds in the carbon precursor leads to
the formation of phosphate and polyphosphate bridges, which connect fragments of biopolymers.
This process contributes to the reduction of contraction in the carbon precursor as the activation
temperature rises. Consequently, the resulting micropores are heterogeneous in nature due to the
presence of a mixture of phosphorous molecules, rather than solely phosphoric acid (Sevilla and
Mokaya, 2014). In contrast, zinc chloride or its hydrates are small and produce more small,

homogeneous micropores (Molina-Sabio and Rodriguez-Reinoso, 2004).

KOH and NaOH act as oxidants. A redox reaction occurs, which etches the carbon structure to
create pores due to carbon oxidation into carbon ions and the intercalation of potassium
compounds, which are removed through washing steps later on. KoCO3z decomposition at more
than 700 °C can also improve the microporosity of the carbon material through carbon gasification
(Teng and Hsu, 1999). It is well observed that the more reactive the carbon precursor is, the lower

the temperature required to start gasification and the higher the degree of gasification due to CO:
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released from K>COs, thus producing highly developed pores (Teng and Hsu, 1999; Guan et al.,
2009; Bleda-Martinez et al., 2005).

In general, increasing the quantity of activating agent used yields enhanced surface area and pore
volume, but with the trade-off of a broader range of pore size distribution (PSD). The initial
assessment of porosity growth is conducted using microscopy. However, as the concentration of
the activation agent increases, the distribution of pore sizes becomes more varied. The overall
porosity achieved is contingent upon the specific activating agent selected. In their study on the
influence of chemical activation on carbon porosity, Molina-Sabio and Rodriguez-Reinoso (2004)
observed that the activation of peach stone using KOH resulted in the formation of broader
microporosity characterized by a greater degree of heterogeneity in micropore inclination.
Conversely, ZnCl, activation led to the development of both wide micropores and narrow
mesopores, while H3POj4 activation resulted in the formation of larger mesopores and macropores
(Sevilla and Mokaya, 2014).

The development of porosity is subject to a temperature limit. The determination of the optimum
temperature is contingent upon the choice of carbon precursor and activating agent. It may be
stated that the growth of porosity is enhanced with increasing activation temperature, up until the
maximum temperature allowable for the carbon precursor and activating agent. The growth of
porosity is diminished when the temperature exceeds a certain threshold, as a result of the carbon
structure undergoing collapse (Teng and Hsu, 1999; Suérez-Garcia et al., 2002; Hsu and Teng,
2000). According to Sevilla and Mokaya (2014), when chemical activation is performed using
ZnCl; or H3PO4 at temperatures over 500 °C, it results in a reduction in weight and the deterioration
of the carbon structure, leading to a decrease in microporosity. This observation provides
additional evidence indicating that the cross-links generated at lower temperatures lack sufficient
thermal stability. The structural integrity of the material deteriorates as a result of the
rearrangement of carbon fragments, leading to the collapse of the carbon framework when the
pores undergo shrinkage. Sevilla and Mokaya (2014) have demonstrated that the optimal
temperature range for achieving maximum porosity in KOH is between 700 °C and 900 °C. This
implies that the cross-links generated by KOH activation exhibit greater thermal stability
compared to those induced by ZnCl> or H3PO4 activation. Yet again, it is seen that when

temperature increases, there is a wider variety of pore sizes associated with the formation of
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increased porosity. In addition, numerous works have proven that the carbonisation temperature
does not significantly impact the distribution of pore sizes in carbon precursors that are activated
using either ZnCl> or H3POs. On the other hand, the pore size distribution of the carbon precursor
activated with KOH is notably influenced by temperature, as demonstrated in studies conducted
by Hsu and Teng (2000) and Sevilla and Mokaya (2014).

Between 500 and 700 °C, micropores form primarily due to the liberation of volatile matter for
KOH activation, but CO> released from K.COs, formed during carbonisation, increases, and
carbon gasification increases which opens up closed pores and further widen existing micropores,
hence a broader PSD (Sevilla and Mokaya, 2014). The metallic potassium formed further
intercalates between the structure. It widens the spaces between the carbon atomic layer, thus

increasing the pore volume (Sevilla and Mokaya, 2014).

According to Sevilla and Mokaya (2014), porosity development is also affected by (i) the mixing
procedure, activation time, the gas flow rate, the type of gas used during heat treatment, and the

heating rate.

KOH redox reaction:
6KOH + 2C < 2K + 3H, + 2K,CO05 (2.4)

Another common KOH reaction mechanism is:
4KOH + C - K,CO5 + K,0 + 2H, (2.5)

The weight ratio of the activating agent to the carbon precursor affects the porosity of the carbon
material. Zhao (2012) states that the weight ratio is the most important parameter in KOH chemical
activation processes. A higher weight ratio resulted in better nitrogen adsorption in the carbon
material. Micropore volume and surface area increased with increasing weight ratio until the

optimum weight ratio was reached. The weight ratio also affects the pore size distribution.

The flow rate of the inert gas used during activation. Higher flow rates of the inert gas used during
KOH chemical activation increased the adsorption capacities of the resulting activated carbons and
enhanced their micropore volumes (Lozano-Castello et al., 2001; Zhao, 2012). Beyond the
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optimum gas flow rate, the efficiency of the activation process was reduced, and carbon with a
lower surface area and less microporosity was produced (Lozano-Castello et al., 2001). Steam is
also reportedly a good environment for activation, either by itself or combined with nitrogen.
However, it is not better than pure hydrogen. The inert gas’s flow rate has less of an impact in
comparison to the temperature and weight ratio. The gas flow rate should not be too high that the
gas blows away the reagents or products.

The heating rate during the heat treatment process is another factor influencing the microporosity
of the carbon product. Lower heating rates produce higher micropore volumes of activated carbons
(Lozano-Castello et al., 2001). This is partly due to the melting point of KOH being 406 °C,
meaning that better contact is achieved between carbon and the molten KOH before reaching the
reaction temperature (Zhao, 2012). As detailed above, surface oxygen complexes liberated during
KOH activation further promote carbon gasification, enhancing microporosity.

Activation time also affects the resulting microporosity. An increase in the activation time
increases the surface area and pore volume of the resulting carbon product (Zhao, 2012). However,
this parameter does not significantly affect the resulting carbon, only a marginal improvement
(Fierro et al., 2007).

Particle size is also seen as an important factor influencing the microporosity of the activated
carbon produced. Samples with smaller particle sizes result in carbons with higher surface areas

and micropore volumes (Ahmadpour and Do, 1996; Zhao, 2012).

2.5.1.4 Surface Chemistry

The quantity and type of surface groups influence adsorption properties. According to Zhao
(2012), surface oxides are on the surface of activated carbons. There are also many heteroatoms
on activated carbons, which is one of the reasons activated carbons have heterogeneous surface
chemical heterogeneity. The type of heteroatoms present depends on the carbon precursor used for
producing activated carbons and the activation agent, activation procedure, and post-treatment
(Zhao, 2012). The main heteroatoms present in the activated carbon structure are oxygen,
hydrogen, nitrogen, phosphorus, sulphur, and halogens (Valix et al., 2006). Hydrogen bonds to the
edge atoms of carbon layers while the other atoms connect to the edges and in-ring inside carbon
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layers (EI-Sayed and Bandosz, 2004). Boron and nitrogen have similar atomic sizes to carbon,

making it easier to intercalate them into the carbonaceous network (Zhao, 2012).

The surface chemistry of the carbon is a major factor influencing its hydrogen adsorption.
Hydrogen can be decomposed into atomic hydrogen and then chemisorbed. This depends on
pressure, temperature, and local surface structure (Volpe and Cleri, 2003). Equilibrium depends
on the competing processes of H» dissociation, atomic H chemisorption forming the C-H group,
and H abstraction, which happens through either surface diffusion-collision or infringing H atoms

from the gas phase (Volpe and Cleri, 2003).

2.5.1.5 Porous Structure
The pore structure of the activated carbon is an important parameter that influences its adsorptive
properties. The pore structure is a collective term for the surface area, the pore volume, and pore

size distribution.

Specific surface area is the area of solid surface per unit mass of material. Gas adsorption
measurements and other methods are used to determine the surface area of a material, with nitrogen
adsorption at 77 K being the most popular method. Other types of gases can also be used, with
carbon dioxide, methane, krypton, and argon preferred for gas adsorption studies other than
nitrogen. The size of the probe molecule, 0.4 nm for nitrogen, determines the smallest pore size
that can be investigated. In contrast, the maximum pore size investigated depends on the
complexity of determining the quantity of gas adsorbed at high relative pressure. The maximum
pore size for nitrogen is 300 nm (Zhao, 2012).

The International Union of Pure and Applied Chemistry has categorised adsorption isotherms into

six classes, see Figure 2.13.
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Figure 2.13 Classification of physisorption isotherms (2015 IUPAC) (Zhao, 2012)

Type-I isotherms are for microporous solid materials with small external surfaces (Ng et al., 2017;
Rowlandson, 2018). Type-Il isotherms are for non-porous, macroporous adsorbents (Ng et al.,
2017; Rowlandson, 2018). These have unlimited monolayer-multilayer adsorption (Ng et al.,
2017; Rowlandson, 2018). Type Il isotherms are for non-porous or macroporous systems where
the adsorbate-adsorbate interactions are pronounced, though these are uncommon (Ng et al., 2017;
Rowlandson, 2018). Type-IV isotherms are for mesoporous material (Ng et al., 2017; Rowlandson,
2018). The hysteresis loop shows capillary condensation in the mesopores with a limited uptake
at higher relative pressures (Ng et al., 2017; Rowlandson, 2018). Type-V isotherms are also for
uncommon mesopores (Ng et al., 2017; Rowlandson, 2018). Similar to type IlI, the adsorbate-
adsorbate interactions are pronounced, and similar to type-1V, they exhibit hysteresis (Ng et al.,
2017; Rowlandson, 2018). Type-VI isotherms show stepwise multilayer adsorption on uniform,

non-porous surfaces (Ng et al., 2017; Rowlandson, 2018).
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The pore volume of the activated carbons is mostly determined by nitrogen adsorption at 77 K.
The total pore volume is determined at a relative pressure close to unity, 0.99, since the pores of

the solid material are completely occupied here.

Activated carbons have different types of pores. Figure 2.14 shows a schematic cross-section of
the various types of pores. Area a is composed of closed pores which are not accessible to external
fluid and are isolated from their neighbours. These closed pores affect macroscopic characteristics:
bulk density, elasticity, mechanical strength, and thermal conductivity. Areas b to f are open pores
that are either through pores or blind pores. Pores are characterized by an open channel that starts
on one end of the solid surface, passes through the particle, and emerges on the other like the c-e-
c or c-e-d channels. Blind or dead-end pores are only open at one end, b and f are good examples
of this type of pores. Smaller surface irregularities, such as those in area g, can also be classified
as open pores, though they are usually considered separately as surface roughness; they should

only be considered pores when they are deeper than their width (Zhao, 2012).

c

Cc

Figure 2.14 Cross-sectional schematic of a porous solid material (Zhao, 2012)
Pores are also grouped into about 5 types depending on their shapes: slit pores, conical pores,

interstice pores, spherical pores, and cylindrical pores (Zhao, 2012). Figure 2.15 shows some of

the common pore shapes in activated carbons.
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Figure 2.15 Common pore shapes in activated carbons

The IUPAC classification of isotherms means that there are fundamentally three types of pores,
depending on their width: micropores, mesopores, and macropores. Micropores are smaller than 2
nm, mesopores are between 2 and 50 nm wide, whereas macropores are much wider than 50 nm
and up to 2000 nm. Adsorption in micropores occurs through volume filling. These pores have

higher adsorption energy than the other pores.

2.5.2 Hydrogen Adsorption on Activated Carbon

2.5.2.1 Hydrogen Storage Mechanisms

Sorption refers to both adsorption and absorption. It is also used when differentiating between
adsorption and absorption is difficult or for those processes where both adsorption and absorption
are happening simultaneously. Adsorption is a surface process that results in the transfer of a
molecule from the bulk fluid to a solid surface (Zarrouk and McLean, 2019). Absorption is not the
same as absorption since it is when the fluid engulfs the whole material (Zarrouk and McLean,
2019). On the other hand, desorption is an emission process of chemical substances from a solid

surface, effectively the opposite of sorption (Wandelt, K., 2018).

Two types of forces are involved in adsorption: (i) physical forces that are polarisation, dispersive,
or short-range repulsive forces, and (ii) chemical forces that are valence forces emanating from the
redistribution of electrons between the solid surface and the adsorbed atoms (Zhao,2012).
Adsorption can be either physisorption or chemisorption, depending on the effective forces
(Zhao,2012).

In physisorption, weak van der Waals forces bound the adsorbate to the surface. In chemisorption,

there is an exchange of electrons between the adsorbate molecules and the adsorbent's surface,
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leading to a chemical reaction. This forms a chemical bond between the adsorbate and the

adsorbent, which is much stronger than the forces in physisorption.

Two critical differences exist between physisorption and chemisorption. The first and most
imperative is the amount of energy needed for the adsorption enthalpy of adsorption. The enthalpy
of adsorption for physisorption is similar to the heat of liquefaction and rarely exceeds 20 kJ/mol.
In contrast, the enthalpy change in chemisorption is between 40-400 kJ/mol (Zhao, 2012). The
second difference is the thickness of the adsorbed phase. Physisorption’s thickness can be uni- and

multimolecular, whereas it is only unimolecular in chemisorption.

Hydrogen storage can occur at the surface and in the bulk fluid of the chemisorption media.
Hydrogen is chemically bound to the medium’s surface in superficial chemisorption processes.
According to Carrington (2009), hydrogen dissociates at the surface and transfers into the bulk
fluid through atomic diffusion using interstitial sites for bulk chemisorption. This is where the

hydrogen is eventually added to the solid phase of the medium.

Physisorption storage happens mainly through porous and nano-structured media. High surface
area-to-volume ratios create conditions for massive uptake, such as when activated carbons are
used (Zhao, 2012). Physisorption is also easy to reverse since it does not result in the alteration of
the molecules involved. The heat of adsorption for physisorption is also lower since there is no
formation of chemical bonds. When temperatures exceed the critical temperature, gases are
adsorbed as low-density monolayers on the surface. The heat of adsorption for the second and
subsequent layers is smaller than that of the first. Consequently, multilayers are only observed
when temperatures decrease to close to or below the critical temperature of the adsorbate. Since
hydrogen's boiling point is -252.9 °C and its critical temperature is -240 °C, it is adsorbed as a
monolayer at 77 K (-196.15 °C) without any multilayer adsorption, which is observed at 20 K (-
253.15 °C) (Zhao, 2012).

Physisorption of hydrogen onto activated carbons leads to type-I isotherms, as shown in Figure
2.16. The amount adsorbed increases linearly with pressure at low pressures, the Henry’s law

region. As the pressure increases, the monolayer becomes saturated and deviates from linearity.
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Suppose the system temperature is near or below the critical temperature of the adsorbate. In that
case, multilayer adsorption begins to form following the saturation of the monolayer. The amount
of gas adsorbed at higher pressure increases slightly with pressure. Materials with very small pores
show very limited multilayer formation, if any, and a horizontal plateau of the isotherm is
produced. As the pressure nears the pressure of liquefaction, where the relative pressure is close

to 1, the gas in the pores and surroundings liquefies, and massive adsorption is seen.
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Figure 2.16 Type-I isotherm from the IUPAC classification (Streppel, 2011)

Hydrogen adsorption capacity can be explained in three different ways: excess, absolute, and total
adsorption (Zhao, 2012; Streppel, 2011). Figure 2.17 shows a schematic of these adsorption
capacities. Excess hydrogen adsorption or storage is characterized by increased adsorption with
pressure, which then decreases. Absolute hydrogen storage is characterized by increased
adsorption with increased pressure until a horizontal plateau is reached at higher pressure. This
curve is above the one for excess adsorption. The total hydrogen adsorption capacity curve is the

biggest, showing a continuous rise in hydrogen adsorption even at high pressures.
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Figure 2.17 Isotherms for excess, absolute, and total hydrogen uptake (Streppel, 2011).

2.5.2.2 Effects of Surface Area and Pore Volume on Adsorption

The specific surface area and the micropore volume are extremely important parameters for
hydrogen storage. Numerous research studies have shown that the hydrogen storage capacity of
most activated carbons is proportional to their surface area and pore volume (Wang et al., 2009;
Panella et al., 2005).

Panella et al. (2005) conclude their study of different carbonaceous materials that had optimised
structures by making the key observation that a linear relation between hydrogen uptake and
specific surface area (SSA) was obtained for all samples regardless of the nature of the carbon
material used. Other research work found that the hydrogen adsorption capacity of activated
carbons increased as the total surface area and micropore volumes increased (Texier-Mandoki et
al., 2004).

A linear relationship between maximum hydrogen uptake at 77 K and BET-specific surface area

was observed, and a plateau beyond this region due to saturation of the hydrogen storage capacity
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(Fierro et al., 2010). Figure 2.18 shows the correlation between Sget and H uptake at 77 K, as
reported by various authors. It is very clear that hydrogen storage depends on both highly specific

surface areas and well developed pores.

Ha at 77K (wt.%)
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Figure 2.18 Correlation between Sget and Ha uptake at 77 K reported by various authors, o (Xu
et al., 2007), m (Kabbour et al., 2006), A (Panella et al., 2005), A (Jorda-Beneyto et al. 2007),
QO (Fierro et al., 2010) and @(Fierro et al., 2010).

2.5.2.3 Effects of Pore Size Distribution on Adsorption

The pore size, in combination with the specific surface area and pore volume, determines the total
amount of hydrogen adsorbed. Several studies that evaluated the optimum pore diameters for
hydrogen adsorption suggest diameters in the 0.5-0.7 nm region (Rzepka et al., 1998; Celzard et
al., 2007). Cabria et al. (2007) suggested pore widths of 0.56 nm for applications at 77 K and any
pressure of 0.6 nm for applications at 300 K at 10 Mpa if the DOE targets for hydrogen storage
are to be met. According to Rzepka et al. (1998), the best pore geometry at room temperature is a
slit pore with two graphite platelets whose distance apart should equal about twice the diameter of
a hydrogen molecule. The presence of homogeneous microporosity was also shown to be
important for hydrogen adsorption and storage (Texier-Mandoki, 2004). Ideal carbon material for

hydrogen storage should have well developed microporosity with a small pore dimension.

61



2.6 The Circular Economy

2.6.1 The circular economy
The notion of the circular economy is a relatively contemporary concept. The concept has been
thoroughly defined within several industries that have distinct vested interests. However, the

establishment of a broadly agreed definition for this term remains elusive.

Geissdoerfer, Savaget, Bocken, and Hultink (2017) undertook a study to ascertain the current state
of the circular economy, and found that it still remains a relatively emerging idea. Europe has been
recognized as a leading region in this particular domain. However, it is crucial to acknowledge
that many other entities worldwide have also arisen, showcasing noteworthy legislative and
strategic objectives (Geissdoerfer et al., 2017).

Stahel and Reday (1976) introduced the notion of a circular economy to elucidate the economic
and industrial systems that would facilitate waste reduction, job creation, material minimization,
and resource optimization. The contemporary comprehension of the Circular Economy has been
broadened to encompass several issues or facets of this self-sustaining system. The aforementioned
factors encompass regenerative design, cradle-to-cradle principles, ecological conservation
legislation, closed-loop performance economy, industrial ecology, and the utilization of resources
in a manner that aligns with existing life forms and biodiversity (Lyle, 1996; Stahel, 2010; Smith-
Godfrey, 2016; Lee, Noh, & Khim, 2020).

According to the research conducted by Yuan, Bi, and Moriguichi (2006), the fundamental
principle of the circular economy is in the establishment of a closed circular flow of materials,
wherein raw materials and energy are utilized in many phases (Geissdoerfer et al., 2017). The
circular economy was defined by the Ellen MacArthur Foundation in 2013 as an industrial
economy that aims to restore or regenerate its input (Geissdoerfer et al., 2017; Ellen MacArthur
Foundation, 2020). According to the Ellen MacArthur Foundation (2020), circular economy is
predicated upon three fundamental design principles: the eradication of waste and pollution, the

circulation of products and materials, and the regeneration of nature.

The primary focal points in the field of the circular economy encompass closed-loop value and
supply chains, closed-loop product design, and closed-loop business strategies aimed at optimizing
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resource utilization efficiency (Guide Jr and Van Wassenhove, 2009; Stindt and Sahamie, 2014;
Govindan, Soleimani and Kannan, 2015; Bocken, De Pauw, Bakker and VVan Der Grinten, 2016).
Hence, the circular economy can be defined as a regenerative framework wherein the intentional
reduction of raw materials, waste creation, and energy consumption occurs inside a closed-loop
system that emulates the principles observed in natural ecosystems. Although the concept of
circular economy does not encompass sustainability in its entirety, it holds significant relevance

within the broader framework of sustainability.

2.6.2 Circular Economy and Waste Management

Businesses commonly provide reports on their corporate social responsibility (CSR) tasks, which
are designed to showcase their contributions to sustainable development. These initiatives are an
integral component of their environmental, social, and governance (ESG) practices. Waste
management programs typically constitute a significant component of these reports. Nevertheless,
there remains a lack of thorough inquiry by businesses about the potential cost-saving and revenue-
generating prospects associated with these waste management activities (Romero-Hernandez and
Romero, 2018). There are emerging possibilities in using waste and repurposing products at the
conclusion of their life cycles as inputs for manufacturing new products (Malinauskaite et al.,
2017; Romero-Hernandez and Romero, 2018). The study conducted by Malinauskaite et al. (2017)
examined the potential of using municipal waste from Eastern/Central Europe as a source of
energy, exploring other methods beyond conventional incineration. According to Malinauskaite et
al. (2017), waste management based on the principles of circular economy, has the potential to be

an appealing investment.

The agricultural sector is recognized as a significant contributor to waste generation. According to
a research by the Department of Environment, Forestry and Fisheries (DEFF) and Council for
Scientific and Industrial Research (CSIR) in 2019, the annual food waste in South Africa amounts
to approximately 10.3 million tonnes. Approximately 34% of the local food production and
roughly 45% of the readily available food supply in South Africa can be attributed to this factor,
since the country functions as a net food exporter (DEFF and CSIR, 2019; Bega, 2021). The
consequences that ensue have significant impacts on both the economy and the environment, with

far-reaching ramifications relating to climate change. The largest amount of food waste consists
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of agricultural waste. The aforementioned loss implies that the resources used for the production
of food, including water, electricity, and the entire supply chain, are likewise wasted (Bega, 2021).
The recycling and use of agricultural waste within the framework of the circular economy is thus a
viable option.

Avocado waste represents a significant portion of discarded food products, however it possesses
considerable untapped potential. The use of waste and by-products derived from the avocado
sector holds significant value as feedstock for both food and non-food applications (Colombo and
Papetti, 2019). The utilization of starch derived from avocado seeds has been investigated for
potential application in the textile industry. The research findings indicate that the extracted starch
exhibits a starch content over 90% and demonstrates comparable performance to commercially
available starch samples (Tesfaye et al., 2018). The utilization of Supercritical Fluid Extraction
(SFE) methods for the extraction of quercetin and catechin from avocado seed and peel waste
holds significant implications in the pharmaceutical industry (Restrepo-Serna et al., 2022). The
study conducted by Restrepo-Serna et al. (2022) shown that the integration of biorefinery
techniques in the valorisation of avocado waste resulted in reduced production costs and improved
profit margins compared to stand-alone valorisation procedures (Restrepo-Serna et al., 2022). The
utilization of avocado peels and seeds in the food and cosmetics industries has been also explored
for their bioactive components, particularly phenols (Colombo and Papetti, 2019). According to
Colombo and Papetti (2019), carbonaceous material derived from peels and seeds has been used
for the purpose of water purification, namely for the removal of pollutants. The utilization of
avocado waste has also been explored in several applications, including the manufacture of
biofuels and photocatalysis, as well as its usage as adsorbents, modified bio-based sorbents, and
precursors for the synthesis of activated carbon adsorbents (Colombo and Papetti, 2019; Kari¢ et
al.,2022). There is a noticeable gap in the use of avocado waste as an environmentally friendly

adsorbent for hydrogen storage purposes.

In recent years, there has been a notable increase in the application of biomass waste-derived
products, leading to their widespread adoption in various profitable daily applications. The use of
waste hazelnut shells has been recently explored as a precursor for the production of carbonaceous

carbon dioxide sorbents, as demonstrated in studies conducted by Pang et al. (2020) and Serafin
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et al. (2019). The production of porous carbons from lotus stalks has yielded materials with notable
attributes, including exceptional carbon dioxide adsorption capabilities, excellent recyclability,
and rapid adsorption kinetics. The carbon product electrode exhibited a notable specific
capacitance and revealed a high level of stability, with approximately 95% retention rate even after
undergoing 5000 cycles. These findings suggest that the biomass-derived products possess
favourable characteristics for utilization as supercapacitors (Li et al., 2021; Serafin et al., 2019).
Extensive research has been conducted on the utilization of biomass waste for the production of
activated carbons, which serve as a promising material for hydrogen storage. Ariharan et al. (2021)
conducted a study in 2021 to provide additional evidence on the efficacy of biomass-derived
porous carbon as a superior material for hydrogen storage and supercapacitor applications
(Ariharan et al., 2021). According to Lv et al. (2018), carbon products derived from biomass pine
nutshells exhibited remarkable characteristics such as an exceptionally high specific surface area,
a significant pore volume, and demonstrated good electrochemical performance when used as
supercapacitors. The uses of these materials are particularly appealing due to their well-developed

porous structure.

2.8 Universal Adsorption Isotherm Model

The thermodynamics of adsorbate-adsorbent interactions are influenced by various factors,
including pore size distributions, surface heterogeneity, site energy distribution, and adsorbate
properties. Adsorption isotherms typically represent the equilibrium relationship between the
quantity of adsorbate that is adsorbed onto the adsorbent and the concentration of the adsorbate in
the solution. These isotherms are commonly influenced by several factors, including the
adsorbent’s chemical composition and surface area.

Prior to 2017, the existing adsorption isotherm models mostly focused on specific vapor intake,
lacking a universally applicable model capable of describing the adsorption behaviour of diverse
vapors. Table 2.5 presents a concise overview of some widely recognized adsorption isotherm
models. In their study, Ng et al. (2017) demonstrated the feasibility of constructing a
comprehensive model that encompasses the characteristics of various sorption isotherm types. This
was achieved by integrating a modified Langmuir model with the concepts of Homotattic Patch
Approximation (HPA) and multiple site energy sets, along with their corresponding fractional
probability factors.
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The sorption phenomena occurring on porous adsorbents have significant applications and attract
considerable attention in both industrial and environmental contexts. Physical sorption is a process
in which gas molecules are captured by the site energies of porous adsorbents. The pores have the
potential to undergo natural or chemical functionalization processes, resulting in the creation of
heterogeneous surfaces that possess specific energy locations. The isotherms that arise from
heterogeneous surfaces including energy sites with different probability of capturing vapor are
essential data for the design of sorption-based process cycles.

Table 2.5 General classifications of some of the adsorption isotherms (Saleh, 2022)

Adsorption Isotherm Models

Model Examples
Adsorption empirical isotherms e Linear model (Henry's
law)

e Freundlich isotherm

e Redlich—Peterson (R—
P) isotherm

e Sips isotherm model

e Toth isotherm model

e Temkin isotherm

Models based on Polanyi's potential e Dubinin-Radushkevich
theory (D-R) model
e Dubinin Astakhov (D-A)
model
Chemical adsorption models e Langmuir model

e Volmer isotherm model

Physical adsorption models e BET model

e Aranovich model
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lon exchange isotherm model ¢ Monovalent ions
exchange
e Bivalent ions exchange
¢ Homovalent exchanges

e Heterovalent exchanges

Popular isotherm models, namely those by Henry, Toth, and Langmuir, have limitations in higher-
pressure regions where the Henry region of saturation conditions is invalid. Various scholars,
including Jaroniec and Marczewski (1983-1984), modified Toth’s approach using a power
function but could not accurately model the saturation region (Marczewski and Jaroniec, 1983;
Myers and Belfort, 1984; Jaroniec and Marczewski, 1984). Dubinin and Astakhov had around
1971 come up with better isotherm models that modelled the near saturation regions well but
struggled in the low-pressure regions (Dubinin and Astakhov, 1971). In 2014, Chakraborty and
Sun added the Fermi-Dirac distribution to the Langmuir model. They generated improved
isotherms for multi-type adsorptions but could not accurately capture types IV and VI isotherms.
In 2013, Yahia et al. proposed models for Type-VI isotherms using statistical mechanical
formulation.

Ross and Olivier (1964) introduced Homotattic Patch Approximation (HPA), through which the
heterogeneous surface of adsorbent is partitioned into finite homogeneous surfaces having
constituent site energy that makes up the energy distribution functions over the respective surfaces.
Applying the HPA resulted in improved models, but the complexity of the heterogeneous surface
rendered some of these improvements applicable to some types only; a global method was still not
found.

Ng et al. (2017) sought to create a unified approach for the adsorption isotherm model by
amalgamating (i) the HPA, (ii) the revised Langmuir model, and (iii) the fractional probability
factor for the distribution of site energy sets to create a universal model that simplifies adsorption
on the complex heterogeneous porous surface. Figure 2.19 shows adsorption on the complex

heterogeneous porous surface that the universal model approximates.
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Figure 2.19 Adsorption on Complex Heterogeneous Porous Surface (Ng et al., 2007)
Equations and Parameters of the Universal adsorption isotherm model
Equations of the universal adsorption isotherm model and a discussion on its parameters is

included in section 3.8 since they are also the method. Please refer to section 3.8 for a breakdown

of the equations and parameters of the universal adsorption isotherm model.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Introduction

This chapter details the materials and methods used in the study. It describes the methods of raw
materials collection, preparation, and characterization, hydrothermal pretreatment, and activated
carbon synthesis. The design of experiments used to investigate the effects of activation
temperature and chemical weight ratio on mass yield, pore properties, and hydrogen adsorption is
included. Characterization techniques, equipment used, and the modelling design are also featured

in this chapter.

3.2 Materials

The avocado waste (peel and seed) used for this work was received from an Avocado Processing
Plant in Limpopo, South Africa. Sigma Aldrich supplied 99% KOH and HCI 32% AR (10.18
mol/L). Liquid nitrogen, nitrogen, and hydrogen gas were supplied by Afrox, South Africa.

3.3 Methods

3.3.1 Sample Collection

The avocado waste was collected from the processing plant in an airtight sample bag and was
clearly labeled for proper identification. The samples were stored and prepared under laboratory

conditions (room temperature).

3.3.2 Sample Preparation

The avocado waste was dried under laboratory conditions for 48 hours. After drying, the sample
was ground and sieved to an average 100 — 200 um particle size. As shown in Figure 3.1, the
resulting powder was stored for characterization and hydrothermal carbonisation.
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Figure 3.1 Ground avocado waste before hydrothermal carbonisation

3.3.3 Sample Characterization

Proximate analysis of the avocado waste was carried out to determine the sample's moisture, ash,
volatile matter, and fixed carbon content using Leco TGA 701. One gram (1g) of the sample was
used for the analysis. The moisture content, ash content, and volatile matter were determined

analytically, while the fixed carbon was determined by difference.

Ultimate analysis was carried out to determine the elemental composition of the avocado waste
sample (total carbon, hydrogen, nitrogen). The percentage of oxygen content was calculated by
difference. LECO TruSpec CHN equipment was used for the ultimate analysis, while LECO C &
S Analyser was used for the total sulphur.

3.4 Hydrothermal Carbonisation

A Berghof stirred pressure reactor, whose contents were stirred at 250 rpm, was used for
converting the avocado waste to hydrochar. The biomass-to-water ratio was kept at 0.125, the
reaction temperature varied between 180 °C, 200 °C, and 220 °C, retention time was kept constant
at 6 hours (Masoumi et al., 2021). Following the reaction, the reactor was allowed to cool before
the content was emptied onto a filter paper and allowed to separate the liquid and solid contents.
The solid content was dried and stored for analysis. Figure 3.2 shows the hydrochar produced at
200 °C from this process.
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Figure 3.2 Hydrochar produced at 200 °C.

3.5 Synthesis of Activated Carbon

3.5.1 Chemical Activation

Phase 1: Determining the best hydrochar

In the first phase, the three hydrochars produced in the hydrothermal pretreatment phase were
respectively chemically activated with potassium hydroxide (KOH) at a 1:3 ratio at 800 °C in a
furnace (Figure 3.3) in the presence of nitrogen. The samples were heated from room temperature
to 800 °C at a rate of 15 °C/min. Once at 800 °C, the samples were left at this temperature for 2
hours. After 2 hours, the furnace was switched off to allow the samples to cool down in the

presence of nitrogen.

Phase 2: Determining the best sample: KOH activation ratio

In the second phase, the hydrochar prepared at 200 °C in the pretreatment phase was used to
prepare three samples for determining the best activation ratio. Three samples were chemically
activated with potassium hydroxide (KOH) at 1:1, 1:2, and 1:3 ratios, respectively, at 800 °C in a
furnace in the presence of nitrogen. The samples were heated from room temperature to 800 °C at
a rate of 15°C/min. Once at 800 °C, the samples were left at this temperature for 2 hours. After 2

hours, the furnace was switched off to allow the samples to cool down in the presence of nitrogen.
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Figure 3.3 Horizontal Tube Furnace

Phase 3: Determining the effect of activation temperature

In the third phase, the hydrochar prepared at 200 °C in the pretreatment phase was used to prepare
three samples for determining the best activation temperature. The three samples were chemically
activated with potassium hydroxide (KOH) at a 1:3 ratio, at 700 °C, 800 °C, and 900 °C,
respectively, in a furnace in the presence of nitrogen. The samples were heated from room
temperature to 700 °C, 800 °C, and 900 °C, respectively, at a rate of 15 °C/min. Once at the desired
temperature, the samples were left for 2 hours. After 2 hours, the furnace was switched off to allow
the samples to cool down in the presence of nitrogen. The cooled samples were washed with
hydrochloric acid and dried at 90 °C in an oven overnight. The resulting activated carbons were

stored in airtight glass bottles for characterization and analysis.
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3.6 Characterization of Synthesised Activated Carbon

3.6.1 Nitrogen Gas Adsorption

The nitrogen gas adsorption technique measures the average pore size, total pore volume, and
surface area of porous materials. The surface area and porosity of many materials are critical
physical properties that influence their suitability and thus determine the purposes for which these

materials are used.

Using an autosorb iQ Gas Sorption System (Figure 3.4), 0.2g of each sample was measured and
degassed at 200 °C for 12 hours in a nitrogen flow to perform the nitrogen adsorption test at 77 K.
After that, the samples were moved to the analysis port for nitrogen sorption analysis. The nitrogen
adsorption data were used to compute: (i) total pore volume, V1, determined at a relative pressure
of P/Po = 0.99 (Gregg et al., 1967); (ii) surface area, Sget, using the BET method (Brunauer et al.,
1938); (iii) pore size was obtained from the desorption data of the N2 isotherms using the Barrett-
Joyner-Halenda (BJH) method (Barrett et al., 1951).

The total pore volume is determined from the plateau of the adsorption isotherm. The plateau of
the isotherm represents saturation. The total pore volume Vi is a function of the mass of gas
adsorbed m,, the liquid density at the operational temperature p;, and the total mass of the sample

mr.

Vp = e (3.1)

pimr

where V. is the total pore volume, m,,; the mass of gas adsorbed, p; the liquid density at

operational temperature and m the total mass of the sample.

The specific surface area is determined through the Brunauer-Emmett-Teller (BET) method. The
amount of gas required to cover the external and internal pore surfaces of an adsorbent/solid
material with a single layer of adsorbate is calculated from the adsorption isotherm. There are two
stages in determining the BET surface area: first, determining the monolayer amount, n,,, and

secondly, calculating the BET surface area from the molecular cross-sectional area, a,,,.

Stepl: Determining the monolayer amount, n,,
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Where n, is the amount of gas adsorbed, p/p0 is the relative pressure, and C is the BET parameter.

The C parameter corresponds to the C-constant, C = exp(q; — q;) /RT where g, is the heat of
adsorption and g;, heat of condensation at the point where the monolayer is formed (Ladavos et
al., 2012). It is also related to the heat of adsorption in the first adsorbed layer. It shows the amount

of the adsorbent-adsorbate interaction energy. Values for micropore filling are greater than 200.
The BET method requires a linear relationship between (p/Po) [[n,(1— p/po)] and p/powithin
the p/po range of 0.05 to 0.30. Linear regression can be used to determine the monolayer amount,
Ny

Step2: Calculating the BET surface area from the molecular cross-sectional area, a,,

Nmam Ng

(3.3)

Sper =
Msample

The molecular cross-sectional area a,,, of nitrogen at 77 K is 0.162 nm?. N, is Avogadro’s constant

and Mmggmpie 1S the mass of the dry sample.
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Figure 3.4 autosorb iQ Gas Sorption System

3.6.2 SEM/EDS Technique

SEM/EDS is a combined technique that uses a scanning electron microscope and energy-
dispersive X-ray spectroscopy to analyse the structure and composition of various materials. SEM
is used for the imaging or structural analysis, and EDS is used for detection or composition
analysis. Scanning electron microscopy (SEM) uses a beam of high-energy electrons to create an
optical signal, the image of the sample's morphology (Labmanager, 2023; Rowlandson, 2019). The
microscope creates a beam of electrons from an emitter-cathode within an electron gun. The beam
is then accelerated and focused by an anode and a series of electromagnetic lenses. It is scanned
across the sample's surface, interacting with the atoms in the sample and causing secondary
electrons to be emitted from the surface. The emitted secondary electrons then reach the EDS
detector. EDS measures this energy to determine the elements present in the sample and their

concentrations.

When the beam of primary electrons hits the surface of the sample, bulk solid, the electrons are
either reflected or adsorbed, resulting in a number of optical signals. A photomultiplier collects

these signals to create an image. The high accelerating voltage is used to increase the resolution of
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this image. However, this voltage must not be high enough to change the sample and downgrade

the quality of the produced image. Refer to Figure 3.5 for a schematic of this.

VNS

@i

Figure 3.5 Schematic of how the ZEISS Sigma SEM/EDS equipment works

The surface morphology of the activated carbon samples was observed using a Carl Zeiss Sigma
Field Emission Scanning Electron Microscope equipped with an Oxford X-act EDS detector
(Figure 3.6). Coating of the carbon-containing sample was not necessary due to the conductivity
of the carbon samples.
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Figure 3.6 ZEISS Sigma SEM/EDS Analysis equipment

3.6.3 X-ray Diffraction (XRD) Technique

Diffraction happens when waves interfere or bend around an obstacle or through a hole and spread
out, often resulting in interference between these waveforms. X-ray diffraction (XRD) is a
characterization technique that allows us to determine the position of atoms in a sample (Lyman,
1990; Rowlandson, 2019). When a sample is irradiated with a monochromatic beam of X-rays,
elastic scattering of the photons can be observed. Constructive interference occurs when the X-
rays are in phase and a peak is observed on the spectrum. However, destructive interference occurs
when the X-rays are out of phase, and no peak is observed on the spectrum. The diffraction pattern

observed is a plot of the intensity against the detector angle, 26.

Under favourable conditions, X-rays from a crystalline solid material can constructively interfere
and produce a diffracted beam. The structures of crystals and molecules are usually determined
using X-ray diffraction. Sir W.H. Bragg and his son Sir W.L. Bragg introduced Bragg’s Law,
which explains the relationship between an X-ray light incident and its reflection from a crystal
surface. The law states that when the X-ray is incident onto a crystal surface, its incidence angle 6
will reflect with the same scattering angle, 8 and that when the path difference, d, equals to a whole

number of wavelengths, n, constructive interference will happen (LibreTexts, n.d.).
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Figure 3.7 illustrates this law. Assuming a crystal with lattice planes separated by a distance d,
having monochromatic X-rays A, B, and C incident on it at angle 8. Atoms X, Y, and Z will be
reflected. The path difference between the rays reflected at X and Y is 2YX. Suppose this path
difference equals a whole number multiple of the wavelength. In that case, rays A and B
(applicable to C) will also arrive at X in the same phase. This means that the scattered radiation
will constructively interfere, and the crystal will appear to have reflected the x-radiation. If this is

not true, destructive interference occurs.

B A

8
e
<

Figure 3.7: Bragg’s Law illustration (Libretexts, n.d.)

The principle of Bragg’s Law is used in building instruments to analyse the structure of crystals

and molecules. The Bragg equation gives the angle at which constructive interference occurs:
nA = 2dsinf (3.4)

Rewritten,
sinf = % (3.5

Where / is the wavelength of the X-ray, d is the spacing of the crystal layers (path difference), 6
is the incident angle (the angle between the incident ray and the scatter plane), and n is an integer.
X-ray diffraction (XRD) was used to analyse the structural characteristics of the activated carbon

samples. XRD patterns of the samples were observed.

The D2 PHASER Bruker Meas Srv D2-208365 with SSD 160 operated at 30 kV and 10 mA
(Figure 3.8) was used to analyse the powdered activated carbon samples' response patterns, purity,
and crystallography by X-ray powder diffraction. The DIFFRAC.SUITE Eva software suite, which
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enables peak search for phase identification, was then used to compare the diffraction peaks with

reference patterns.

Figure 3.8 Image of Bruker D2 PXRD Phaser

3.6.4 FT-IR Technique

Fourier transform infrared (FTIR) spectroscopy, a popular infrared spectroscopy form, was used
to determine the functional groups in the activated carbons (Merck n.d.). Infrared spectroscopies
are designed based on the principle that when infrared light is incident on a sample, some radiation
passes, and some is absorbed. The radiation passing through the sample is recorded in an infrared
spectrum. An infrared spectrum, a plot of infrared light intensity against a property of light, records
the specific wavelengths of radiation absorbed by the covalent bonds of the atoms present in the

bond to give off the stretching or bending vibrational energy.

It is convention that the high wave number is plotted to the left of the x-axis of an infrared spectrum
and the low wave number to the right (Smith, 2011). Absorbance units measure the amount of light
absorbed by a sample. Peaks point up, and the highest amount of light absorbed by the sample is
reflected at their tops.

The adsorbance spectrum of a sample is calculated from the equation:

A =log (ITO) (3.6)
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Where A is the absorbance, I, intensity in the background spectrum and I the intensity in the
sample spectrum. Absorbance is also correlated to the concentration of molecules in a sample,

according to the Beer’s Law equation (Smith, 2011):
A= e€lc (3.7)
Where ¢ is absorptivity, [ the length of the path, and ¢ the concentration of molecules.

The height or area of a peak in an absorbance spectrum is proportional to concentration, and the

concentration of molecules in a sample can be found using Beer’s Law.

The y-axis of an infrared spectrum is usually plotted in percent transmittance (%T), the percentage
of light transmitted by a sample. The following equation determines percentage transmittance
(%T) spectra:

%T = 100 x (=) (3.8)
0
These variables are as defined above. When peaks point downwards, their bottoms show where
the sample transmitted significantly less than 100% of the incident infrared light (Smith, 2011).

Absorbance and percentage transmittance are related and can be converted from one to the other,
altering the y-axis without changing the peak positions. The equation shows that absorbance has a
linear relationship with concentration, so absorbance units should be used on the y-axis for
quantitative analysis applications since you can use either unit on the y-axis (Smith, 2011).
Absorbance units are also suitable for qualitative analysis applications. Since the peak sizes in
such spectra are not linearly proportional to concentration, percentage transmittance (%T) units
spectra should not be used for quantitative analysis, spectral subtraction, or library searching.

Infrared spectra are used for a number of applications, the most common being to determine the
molecules present in a sample. Peak positions in an infrared spectrum correspond to molecular
structure. A number of spectra have been measured in the past, including peak positions of known
molecules, which helps us determine molecules present in an unknown sample. These spectra can
also be used to identify or compare spectra. The third application is to determine the concentration

of molecules in the sample, using Beer’s Law above.
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FTIR is one of the most preferred infrared spectroscopy methods as it does not destroy the sample,
is faster than most old techniques, and is more sensitive and precise (Merck n.d.). FTIR has a
number of applications, including organic synthesis, petrochemical engineering, polymer science,
food analysis, etc.

In this work, the spectra are recorded on graphs with wave numbers, which are 1/wavelength and
give the energy of the vibration of the molecular bonds on the x-axis and percentage transmittance

on the y-axis. The spectra were obtained by Perkin EImer Spectrum 100 (Figure 3.9).

] PerkinElmer’

Figure 3.9 Perkin Elmer FTIR Spectrometer

3.7 Measurement of Hydrogen Adsorption on Activated Carbons

Hydrogen adsorption and desorption experiments were conducted under atmospheric pressure at -
196 °C (77k). Measurements were carried out in an autosorb iQ Gas Sorption System. Prior to the
adsorption test, about 2g of each synthesised activated carbon was degassed at 200 °C for 12 hours.
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3.8 Modelling

3.8.1 Universal Adsorption Isotherm Model

The heterogeneous surface of the adsorbent was modelled by smaller homogeneous surfaces that
are assumed to have the same energy levels. Each homogeneous surface was defined through the
adsorption site energy's energy distribution function (EDF). The higher probability of an
adsorption site indicated a higher localised adsorption uptake within a monolayer, whose energy
distribution also depended on the types of pores. Multilayer formation also follows the same trend.
A fractional probability factor, which represents the fraction of the total surface coverage or energy
distribution of each pore size or adsorbate layer in the multilayer formation, was added to deal
with variations in the multilayer formation (Ng et al., 2017).

One molecule per adsorption site and homotattic patch approximation was assumed. The local
adsorption uptake at a homogeneous patch/surface is:

0(e); = =L (3.9)

J

Where n; represents the number of molecules and s; the local adsorption sites available. As a

consequence, the total adsorption uptake available at an adsorbent surface is:

Ng

O =5, = 2i210(8); (3.10)

Where N, represents the total number of adsorbed molecules and S, the total number of available
sites. Expanding equation 3.10 to show the sum of all local coverage and fractional availability of
the individual adsorption sites over the total surface (si/So):

6, = ;_291+;—292+;—293+---+%:0m (3.11)

The fractional factors are proportional to the energy distribution function X(¢), and their sum

over the total adsorption surface equals 1,
L(e) = X(e)de (3.12)
0
And the integral across all sites

J, X(e)de = ;?;1;—2(5) =1 (3.13)
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It follows that the total adsorption uptake/coverage of the heterogeneous surface made up of the
homogeneous patches when the localised adsorption uptake 6(e), and the energy distribution

function X (&) are know, is
6, = [, (0()X(e)}de (3.14)

When the rates of adsorption, R,, and desorption, R, are known, the rate of adsorption uptake is

given by:
——= R, — Ry (3.15)

The rate of adsorption and desorption, R, and R, respectively, are given by the classical
Absolute Rate Theory (ART):

0 oy~ vy (2) - Rt (2) 19

do(e) _

" 0.

At equilibrium, the rates of adsorption and desorption are equal, meaning that

To simplify equation 3.16, we let K = K, /K, and Ac = &;—¢&, = € — hg, which gives us the

revised Langmuir isotherm equation (3.17)

Kp exp (%)

0(e) = 3.17
(S) (1+Kp exp(%)) ( )
Using e, = —RTInKp, the Langmuir isotherm equation is modified as:
exp(Ae—ec)
0(e) = —K - 3.18
(8) (1+ exp(A‘;;TSC)) ( )

We can see from equation 3.18 that the adsorption uptake, 6(¢), is dependent on temperature.
Using the condensation approximation (CA), we can break down equation 3.14 to two parts:

0 for Ae < ec}]

0; = jo {0 x X(e)}de + LC {1 xX(e)}de CA: [lTi_rg () =6.(c) = {1 forhe > e,

0, = f:X(e)de (3.19)
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Here, we see that the total adsorption uptake (6,) depends only on the energy distribution function
of the adsorption energy sites, X(&). It is essential to accurately quantify the adsorption site
distribution on the surface of many heterogeneous surfaces/patches if you are to quantify the
adsorption uptake correctly. Multi-peak modelling of energy distribution is quite a useful way to
reflect the adsorbent surface heterogeneity. However, a more representative mathematical
expression exists to correctly identify and quantify the individual energy distribution function to

the combined distribution function.

A Gaussian function can represent the fractional makeup of an adsorbent's total adsorption uptake
between micro and macro pores or among multilayer formations. This function uses the probability
factor, a, to represent the properties of the energy distribution of adsorption sites of the

heterogeneous surface.

AS—SOi
_ ()
X() = Ty a (3:20)
mi[1+exp<Ti‘”)]
Making equation 3.19
Ae—¢gg
6= 7|z e )—2C) Ly 3.21
t fscl l_1al{m[l+exp(m_%)] i € (3.21)
If we solve the integral and let e, = —RTInKp,
-1
0, = Sly {1+ exp (Fme=ze) T} (322)
L

If we further simplify this by letting the adsorption equilibrium constant K = 1/p., where p; is the

saturation pressure at the maximum possible uptake by an adsorbent, the model becomes:

0, =Xit1a RT (3.23)
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A larger value of m indicates high surface heterogeneity, leading to a smaller slope of the isotherm
graph. The opposite is also true, as there is a wider spread and low fractional peak of the

corresponding energy distribution curve.

The energy distribution of Type-I to type-V has two nominal peaks, meaning that n=2 (Ng et al.,
2017). This means that we can further breakdown equation 26 using two probability factors

whose sum isone, a; + a, = 1:

ooma @) | i) -
|

As Type-VI isotherm’s energy distributions have four peaks, four probability factors are used to

express the energy distribution functions, a; + a, + a3 +a, =1

RT - RT
p ) ml p €2 m2
(e () (e ()
Qt - afl RT + az E
p Eo1 m1l p €02 m2
1+ (—S exp (LT)> _1 + (E exp (LT))
RT RT
(Zewn())"™ (Zewn(st))™
+ag|—— T |+ g | —— r (3.25)

Equations 3.24 and 3.25 are expanded from equation 3.23 to reflect the number of sets of
adsorption sites available and their distributions in an isotherm. Two terms for Type-I to type-V
isotherms and four terms for Type-VI isotherms, but less or more than four terms can be used for

Type-VI isotherms considering the complexity of the multilayer behaviour.
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3.9 Summary

The methods of raw materials collection, preparation, and characterization were detailed in this
chapter. The avocado waste pretreatment process was elaborated on. The method used to design
the experimental setup for activated carbon synthesis was explained. Critical parameters that
influence the work and those studied were explained in detail. An explanation of the respective
characterization techniques was undertaken. The universal adsorption isotherm model parameters

and equations governing the model were expanded.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 SYNTHESIS AND CHARACTERIZATION OF ACTIVATED CARBONS FROM
AVOCADO WASTE

4.1.1 Samples Characterization

The avocado used for the production of activated carbons was subjected to characterization in
order to assess its composition and ascertain its high level of purity. The determination of the
elemental composition of biomass through ultimate analysis, specifically assessing the carbon,
hydrogen, nitrogen, oxygen, and sulphur (CHNOS) content, holds significance in the context of
its carbonisation and activation conversion processes. The resulting carbonisation or activation
product is contingent upon these elemental constituents (Islam et al., 2001). The determination of
the elemental composition of biomass plays a crucial role in the development and optimization of
energy conversion and storage systems (Nhuchhen, 2016). The concentrations of carbon,
hydrogen, nitrogen, sulphur, and oxygen in both the raw avocado waste and the hydrochars
obtained during the pretreatment phase were examined to determine whether the hydrothermal
process had enhanced the carbon content. Additionally, the suitability of these hydrochars as
precursors for the synthesis of activated carbons was assessed. The analysis was conducted using
an Elemental Analyser. The percentage weight difference of oxygen content was determined by
conducting an elemental analysis of carbon, hydrogen, nitrogen, and sulphur in the samples. The
hydrothermal treatment procedure was conducted within the temperature range of 180 to 220°C,
following the methodology described in the literature by Aragon-Bricefio et al. (2021).

According to Table 4.1, the oxygen content of avocado waste was found to be 49.03 wt%, which
is somewhat greater than the typical oxygen concentration range of 40-45 wt% observed in woody
and herbaceous biomass (Islam et al., 2001). The avocado waste exhibited a notable abundance of
oxygen, succeeded by carbon, hydrogen, and nitrogen in descending order of concentration. Since
avocado roots and plants wither at low oxygen concentrations, the avocado waste's oxygen content
is not surprising (Valoras et al., 1964). Avocado roots exhibit a minimum oxygen diffusion rate of

20 pug cm min, which is essential for facilitating various soil adsorption activities.
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It is evident that the carbon content in the avocado waste experienced a rise, rising from an initial
value of 43.69 wt% to an average of 65.20 wt% in the hydrochars that were produced using the
hydrothermal pretreatment method. The hydrothermal pretreatment method resulted in a weight
increase of 21.00%. The determination of a carbon content of 43.69 wt% provides confirmation
that avocado waste can be classified as wet biomass, since it surpasses the threshold of 30 wt%
carbon, as established by Masoumi et al. (2021). The hydrochars subjected to various pretreatment
temperatures exhibit minimal differences in their carbon, hydrogen, nitrogen, and oxygen
compositions. According to Table 4.1, the hydrothermal treatment method effectively transferred
a significant amount of oxygen from the solid fraction to the liquid fraction. As a result, the
hydrochar obtained from this process exhibited enhanced stability, making it suitable for

subsequent activation procedures.

Table 4.1 CHNS(O) elemental analysis of avocado waste and hydrochars from the hydrothermal

process
Sample Carbon Hydrogen | Nitrogen | Oxygen | Sulphur
(Wt%) (Wt%) (Wt%) (Wt%) | (wt%)
Avocado waste | 43.69 6.17 1.11 49.03 0.00
HC 180 65.11 541 1.39 28.09 0.00
HC 200 65.26 5.35 1.44 27.95 0.00
HC 220 65.13 5.3 1.42 28.15 0.00

Table 4.2 shows the ash content of the three hydrochars. The hydrochars show ash content less
than 0.5 wt% (average 0.16 wt%). This ash content is similar to what is reported in literature for
hydrochars produced from biomass, ranging between 0.1 and 14 wt.% (Ruiz et al., 2015; Chen et
al., 2016).
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Table 4.2 ash content of the hydrochars from the hydrothermal process

Ash Content
Raw Material Char

mg wt.%
Hydrochar at 180°C  0.007045 0.068%
Hydrochar at 200°C  0.02322  0.22%
Hydrochar at 220°C  0.019 0.18%

Figure 4.1 shows the thermal decomposition of hydrochars, produced at 180, 200 and 220 °C, in
an inert atmosphere. The hydrochars decompose over a wide temperature range, up to about 1000
°C, with five stages of weight loss. Weight loss for hydrochar prepared at 200 °C shows negative
mass loss and a plateau for temperatures above 1000 °C. The negative weight loss is an anomaly
resulting from the sample overburn. The greater char yield was observed for hydrochar 180 (3.96
wt%), followed by hydrochar 220 (1.45 wt%) and no yield was observed for the hydrochar 200 as
explained. Higher yields for this biomass could be realised at temperatures between 600 and 800°C
if degradation occurred in three phases. The yield for both hydrochars would be 41.35 wt% at 740
°C, which is the first plateau before further erosion of the samples took place. The hydrochars have
pronounced thermal stability below 800 °C but get weak at higher temperatures. Temperatures

higher than 800 °C erode the carbon structure and any cross-links present in the carbon structure.
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Figure 4.1 Thermogravimetric analysis of hydrochars produced at 180 and 200 °C

In general, the findings from the characterization of the sample indicate that the avocado waste
used underwent effective preparation procedures, including thorough washing and drying, to
eliminate any contaminants and extraneous materials. The hydrothermal procedure enhanced the
carbon content and ensured the presence of a substantial amount of carbonaceous material for the
activation step. The material exhibited a high degree of purity, with minimal ash content and an
absence of sulphur. The thermogravimetric curves demonstrate that hydrochar derived from
avocado waste has a broad range of decomposition, which is characterized by many sequential
steps. Optimal yields are achieved when temperatures are below 800 °C, whereas total combustion

of the samples occurs at temperatures beyond 1000 °C.

90



4.2 Activated carbon Characterizations

Thermal stability and the decomposition behaviour of the produced activated carbons was studied
through thermogravimetric analysis (TGA) in air. Figure 4.2 shows the weight loss and
temperature profiles of the activated carbons derived from the three hydrochars. AC 180 represents
the activated carbon produced from hydrochar pretreated at 180°C, AC 200 represents the activated
carbon produced from hydrochar pretreated at 200°C and AC 220 the activated carbon produced
from hydrochar pretreated at 220°C. A 10mg sample was used for each TGA analysis. Four
decomposition phases were observed in this analysis: phase 1 where the sample’s moisture
evaporated, phase 2 where the volatile components decomposed, phase 3 where the fixed carbon
decomposed and the last phase wherein the ash decomposed or parts thereof. Moisture content
evaporation for AC 180 was observed around 94°C, around 90°C for the AC 200 and around 93°C
for the AC 220. An average of 0.71mg (7.53 wt%) mass is lost in this phase. Phase 2 is completed
at around 720°C for all three samples. An average of 1.05mg (11.18 wt%) of volatiles is lost in
this phase. Phase 3 is completed at around 1100°C for AC 180, 1020°C for AC 200 and 1075°C
for AC 220. An average of 7.59mg (80.81 wt%) of the fixed carbon content is burnt in this phase.
The ash phase was observed to lose an average mass of 0.045mg (0.48 wt%) until 1200°C. The

total average mass loss being 9.39mg of the 10mg.

The activated carbons decompose over a much wider temperature range of up to about 1200 °C.
The greatest activated carbon yield was observed for AC 220 (11.26 wt%), followed by AC 200
(7.77 wt%) and the lowest yield for AC 180 (7.59 wt%). Phase 2 happens over quite a wide range,
starting from 100 to about 720 °C. Similar to hydrocars, higher yields for this biomass could be
realised at temperatures less than 800°C. The activated carbons produced have much higher
thermal stability than their precursors and over a wide range, they have much stronger carbon

structures and cross-links due to chemical activation.

91



100 1

90 J
80 J

70 7
60 3

50 3

Weight (%)

40 J
30 ——AC 180 AC 200 AC 220
20 1

10 \

Ne——

O:................................................. ™ ™
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

Figure 4.2 Thermogravimetric analysis of activated carbons produced from hydrochars prepared
at 180, 200 and 220 °C

4.2.1 Nitrogen Adsorption Analysis

Nitrogen sorption was used to examine the porosity of avocado waste-derived activated carbons.
Figure 4.3 shows nitrogen adsorption isotherms for nitrogen adsorption at 77K. all isotherms show
type-1V adsorption behaviour, which is associated with microporous and mesoporous materials.
Adsorption happens mostly at low relative pressure and some adsorption happens in the mesopores
once the micropores are saturated and further adsorption is observed at relative pressures close to

1, in the highly developed mesoporous and macroporous regions.

Figure 4.3 was used to derive properties of the adsorption, to create figure 4.4. The maximum
amount of nitrogen adsorbed (Qad, max) Was taken from the isotherm. The total pore volume, BET
surface area and t-plot derived micropore volume and micropore area (Vmicro and Amicro) Were
calculated. The pore size distribution, determined using the 2D-NLDFT model, was used to obtain

the volume-weighted average pore width (Wayg).
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Figures 4.3 and 4.4 show that all the activated carbons produced from the avocado waste have
improved adsorptive properties with increasing burn-off. The highest burn-off was observed for
AC 180, as well as the largest surface area, pore size and other adsorptive properties. This was
followed by AC 200, then AC 220, AC 1:2, AC 1:1 and finally AC 700 showing the lowest burn-

off and the worst adsorptive properties of the activated carbons.

Overall, the adsorptive properties were enhanced due to the widening of existing pores and the

creation of new pores as burn-off increased.
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Figure 4.3 Nitrogen sorption isotherms at 77 K on a linear scale for activated carbons
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Figure 4.4 comparison of maximum amount of nitrogen adsorbed (Qad,max), the total pore volume
(Vtot), the micropore volume (Vmic), the BET surface area (Sget), the micropore surface area (Smic)
and the volume-weighted average pore size (Wayg) for activated carbons AC 180, AC 200, AC
220, AC 1:1, AC 1:2 and AC 700

4.2.1.1 Pore Size Distribution (PSD)

The microporosity of the activated carbons produced was further evaluated through a comparison
of the micropore volume against the micropore surface area for all the activated carbons. Figure
4.5 shows these comparisons next to each other. The micropore volume of all activated carbons
contributes 80.73 to 94.09 % to the total pore volume, Vit This shows that there are mostly
micropores in the activated carbons, though with some really small mesopores but no macropores
in the materials. The micropore surface areas of all the activated carbons also contribute between
68.01 and 75.91 % to the BET surface area. Considering burn-off, AC 180 and AC200 with similar
burn-off, have similar contributions to the total pore volume and BET surface area from
micropores (micro- and mesopores). The AC with lower burn-off: AC 1:1, AC 1:2 and AC 700

make a little bit more of a contribution to the total pore volume and BET surface area through their
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micropores (94.09 % and 68.01 %, respectively for AC 1:1). A similar pattern is followed by these
activated carbons: higher burn-off results in wider micropores. Burn-off is not a major

consideration for these activated carbons.
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Figure 4.5 Comparison of micropore volume and micropore surface area relative to the total pore
volume and BET surface area, respectively.

The behaviour of these activated carbons exhibits similarities, with the majority of the pore volume
being attributed to micropores measuring less than 1.15 nm (80%). The activated carbons exhibit
slight variations that can be attributed to the methods used in their preparation. The data
demonstrates a positive correlation between the concentration of KOH employed in chemical
activation and the degree of burn-off. Additionally, it is apparent that increasing the activation
temperature, while still below the point of complete burn-off, results in more well defined porosity.
AC 180 exhibits a notable contribution (80 wt%) of micropores with a diameter below 1.33 nm,

but without any macropores.
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The widening of micropores due to burn-off is part to blame for the reduced contribution of
ultramicropores (Rowlandson, 2018). In all, the adsorptive properties of the produced activated
carbons are quite satisfactory and render activated carbons an attractive adsorbent. High surface
areas were obtained. These activated carbons have really high surface areas and narrow porosity.

Figure 4.6 shows the cumulative pore volume and pore volume at STP distributions of the activated
carbons, respectively. It can be seen from both curves that the activated carbons have a widespread
distribution of pore widths. The pore width ranges between 0.4 nm and 1.98 nm, indicating the
presence of micropores only. AC 180 has pore width in the 0.44-1.57 nm range, with more than
20% of its micropores being well developed enough to adsorb nitrogen in the excess of 6000 cm®/g
up to 15 600 cm3/g. AC 200 has pore width in the 0.41-1.58 nm range, and similar to AC 180,
more than 20% of its micropores are well developed enough to adsorb nitrogen in the excess of
6000 cm®/g up to 14 800 cm?/g. In fact, its smallest micropores can adsorb relatively more nitrogen
than the other activated carbons. AC 220 has pore width in the 0.40-1.58 nm range, with about 50
% of its pore being developed to adsorb more than 8 000 cm®/g up to 10 872 cm®/g, unlike AC 180
and AC 200 which have higher distributions of pores that can adsorb that volume. AC 1:1, AC 1:2
and AC 700 show a wider pore width ranging from 0.4 to 1.98 nm, with some of their micropores
close to being mesoporous (2 nm). Most of the pores of these three activated carbons can only
adsorb just over 5000 cm®/g, with AC 1:1’s pores peaking at 6 750 cm®/g, AC 1:2’s pores peaking
at 9 047 cm®/g and at 5 645 cm®/g for AC 700.
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Figure 4.6 (A) cumulative pore volume and (B) volume at STP views of pore size distributions

of activated carbons

Most, if not all, of the pores are micropores. Some mesoporous behaviour is observed for AC 1:1,
AC 1:2 and AC700. This shows the influence of KOH activation ratio since lower activation ratios
were used for AC 1:1 and AC 1:2 than the other AC that were chemically activated at 1:3 ratio. It
also clear that activation temperature plays a crucial role in the development of pores since the
activated carbon produced at 700 showed less developed micropores than those produced at higher

temperatures, 800 °C since the sample at 900 °C burnt completely.

4.2.2 SEM/EDS Analysis

Figure 4.7 shows an image of hydrochar produced at 200 °C and the activated carbon produced
from it, this is to visualize the morphology. The scanning electron micrographs of the hydrochars
which were used to produce the activated carbons are shown in figure 4.8 and the micrographs of

the synthesised activated carbons are in figure 4.9. These micrographs are useful in our analysis

98



of the shape, size and morphology of the samples. The hydrochars appear to be much smoother
than the activated carbons, which also have smooth surfaces with more coarse areas especially in
the pores. Figure 4.8 shows somewhat uniform size distribution, clear ornamentation and ridges in
the hydrochars. The hydrochars show really small circular voids which are not too obvious. This,
according to Rowlandson (2018), indicates a relatively mild synthesis procedure. The pores of the
hydrochars are mostly really large, round and well defined. They have pore sizes ranging between
19.95 to about 41.54 um, with much larger pores being evident. This shows a significant presence
of mesopores and somewhat macropores. The hydrothermal pretreatment process improved the
pore structure of the avocado waste feed as seen in the resulting hydrochars. However, the pores

are not small enough for hydrogen storage applications.

Rough areas, mostly in the pores, are seen for the activated carbons as well. These rough surfaces
show that there was void formation in the HTC process (Rowlandson, 2018). Figure 4.9 shows
that the pores of the activated carbons produced are much smaller and well developed than those
of the hydrochars from which they were produced, and this can be attributed to the chemical
activation by potassium hydroxide (Tay et al., 2009). It is evident that higher HC/KOH activation
ratios (a-c) lead to larger pores and more improved overall burn-off (Rowlandson, 2019). The
samples lost their shape after the activation process, the activated carbons appear irregular and
bulky.

Graphitisation is also evident in the activated carbons produced at higher activation ratios and
higher temperatures. According to Chung (2016), the increased degree of graphitisation is brought
about by tensile or compressive stress acting at the fiber-matrix boundary. However, this
graphitisation is not too big to cause a decrease in the specific surface area as we saw in the BET
results, thus the pores formed are medium and large enough for storage purposes. Graphitisation

also increases the electrical conductivity of the activated carbons produced (Rowlandson, 2019).
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Figure 4.7 An image of the (a) hydrochar produced at 200 °C and (b) activated carbon produced

from this hydrochar.
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Figure 4.8 SEM images of (a) hydrochar produced at 180 °C and (b) hydrochar produced at 200
°C
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Figure 4.9 SEM images of activated carbons (a) HC 180, (b) HC 200, (c) HC 220, (d) HC 1:1,
(e) HC 1:2 and (f) HC 700
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4.2.3 XRD Analysis
The activated carbons’ structures were evaluated using X-ray diffraction. The XRD profiles of the
activated carbons from each phase are represented in figures 4.10, 4.11 and 4.12.
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Figure 4.10 XRD profiles of activated carbons produced from different hydrochars at the same
KOH ratio and activation temperature, AC 180, AC 200 and AC 220
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Figure 4.11 XRD profiles of activated carbons produced at different KOH activation ratios (1:1,
1:2and 1:3) AC 1:1, AC 1:2 and AC 200. AC 200 is the same as AC 1:3
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Figure 4.12 XRD profiles of activated carbons produced at different activation temperatures;
700°C and 800°C

In the activated carbons, figures 4.10 to 4.12, the reflection bands are seen to 26 at three sites:10°,
36° and 51°, respectively. The sharp peak at 26 = 10° shows a highly graphitised sample part and
the broader peaks at 26 = 36° and 51° show the disordered amorphous carbon form (Girgis et al.,
2007: Karakehya, 2023). High intensity or count is seen at 10°, reflecting the highest number of
molecules in this phase, with the spacing. The sharp peak also indicates some level of
graphitisation (Rowlandson, 2019). Reflection bands are observed to 26 at 33° and 47° for AC
700. These bands reflect a more amorphous carbon. The activated carbon at 700 °C was not fully

activated and its porosity is not well developed.

The XRD profiles for hydrochar pretreated at 200 °C and the activated carbon produced from it at
1:3 KOH activation ratio at 800 °C were smoothed to determine the FWHMSs. The COD (R?) value
obtained for the hydrochar after 19 convergence iterations is 0.98, which is close to 1. The COD
(R?) value obtained for the activated carbon prepared from the same hydrochar after 35
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convergence iterations is 0.9944, which is close to 1. Eight peaks were identified and fitted for the
hydrochar whereas only three peaks were identified and fitted for the activated carbon. The

Scherrer equation was used to calculate the crystalline size:

K2
b= B cosB (1)

Where D is the crystallites size (nm), K represents 0.9 (Scherrer constant), 1 = 1.788994 =
0.178899 nm (wavelength of the X-ray source), § = is the FWHM (radians) and 6 represents

peak position (radians)

The peak position and FWHM was determined from the XRD data. Tables 4.3 and 4.4 show the
peak positions and FWHM data used to calculate the crystallite sizes, for the hydrochar and
activated carbon, respectively. The average crystallites size of the hydrochar before activation is

32.23 nm. The average crystallites size of the activated carbon is 0.79 nm.

Table 4.3 Peak position, FWHM and crystallite size data for the hydrochar prepared at 200°C

Peak position (2 FWHM Crystallite size D
Theta) (nm)

52.2206 0.2504 41.0303

61.0856 0.3737 28.6637

22.3553 0.6639 14.1636

45.0819 0.5609 17.8090

46.9776 0.1827 55.0584

38.6485 0.2686 36.3998

69.8815 0.3258 34.5427

74.4142 0.3834 30.2090
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Table 4.4 Peak position, FWHM and crystallite size data for the activated carbon produced at 1:3
KOH ratio, at 800°C from the HC prepared at 200°C

Peak position (2 FWHM Crystallite size D

Theta) (nm)
9.6432 7.4103  1.2493
13.2952 27.5859 0.3367

The diffraction peaks of the activated carbons are more asymmetrical in comparison to those of
the avocado waste or hydrochar. As the crystallite size decreases, Misture and Snyder (2001) noted
that destructive interference near the Bragg angle decreases and the diffraction peak widens.
Another important observation is that the major diffraction peaks for AC 180 and AC 200 had
higher counts of about 62, AC 220 had a count of about 38, AC 1:1 a count of 32, AC 1:2 a count
of 40 and AC 700 a count of 12. The higher count or intensity for AC 180 and AC 200 reflect the
increased porosity while the lower intensity reflects less developed porosity. It should also be noted
that the peaks are not very sharp, indicating that the activated carbons produced from avocado

waste are mostly amorphous.

4.2.4 FTIR Analysis

The FTIR spectra of the activated carbons produced are presented in figure 4.13. It can be seen
that the activated carbons produced at similar KOH activation ratio, 1.3, show similar patterns and
bands thus indicating similar functional groups (AC 180, AC 200 and AC 220). The activated
carbons produced at 1:1 (AC 1:1), 1:2 (AC 1:2) KOH ratios as well as that produced at 1:3 KOH
ratio but at 700 °C (AC 700) show different functional groups. In the case for KOH activation at
lower ratios, 1:1 and 1:2, the patterns are similar to each other and reflect less clearer bands though

similar to those for higher KOH activation ratios.

In the similar patterns and bands shown by AC 180, AC 200 and AC 220, the band at 2850 cm'?
represents the N-H stretching vibration group, 1750 cm™ peak represents C=0 stretching vibration,

1600 cm™ peak represents the C=C stretching vibration, 1500 cm™ peak represents the N-O
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stretching vibration, 1450 cm™ peak represents the C-H bending vibration, the 1300 cm™ and 1100
cm™ peaks represent the C-O stretching vibration, the 700 cm™ peak represents the C=C bending
vibration (Tay et al., 2009; Gao et al., 2015; Feng et al., 2021). The 1500 cm™ and 2850 cm
peaks which represent the N-O stretching vibration and the N-H stretching vibration group,
respectively, are observed for AC 1:1 and AC 1:2, though not very clear. AC 700 also shows the
presences of N-O stretching vibration. The peaks for these samples are not well defined, clearly

visible peaks but we can still see the functional groups from these profiles.
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Figure 4.13 FTIR profiles of activated carbons.

The FTIR analysis confirmed the presence of oxygen containing groups; C=0, N-O, and C-O
which act as the active sites that interact with molecules nearby and aid in hydrogen adsorption
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(Gao et al., 2015; Feng et al., 2021). The activated carbons have a higher proportion of C=C

stretching and bending vibrations, but most of the functional groups are stretching.

4.3 ADSORPTION PROPERTIES OF HYDROGEN ONTO THE ACTIVATED
CARBONS

4.3.1 Measurement of Adsorbents Properties, adsorption isotherms and isotherm model

Hydrogen storage capacity of activated carbons was evaluated by analysing the hydrogen uptake
of the activated carbons at 77 K up to 1 bar. The results were compared to analysis of industrial
activated carbons in literature. The volumetric uptake of hydrogen is shown in figures 4.14 and
4.15, and table 4.5 shows the uptake values. Figure 4.14 shows the data for all the activated carbons
in mol/kg and figure 4.15 in cc/g. Hysteresis between adsorption and desorption branches of the
isotherms is observed for the synthesised activated carbons. This means that hydrogen adsorption
is irreversible. The activated carbons show uptake values of between 0.16 and 9.59 mol/kg, which
translates to between 3.5 and 25.00 wt%. The volumetric uptake of AC 180 is higher than that of
all activated carbons produced but its gravimetric uptake is less than that of AC 200 and some of
the activated carbons. According to Rowlandson (2018), the uptake of industrially produced TE7

was 2 wt%, which was similar to then reported hydrogen uptake values for it.
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Figure 4.14 Hydrogen sorption isotherms showing the volumetric (mol/kg) uptake at 77 K in
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Figure 4.15 Hydrogen sorption isotherms showing the volumetric uptake at 77 K in AC180, AC
200, AC 220, AC1_1, AC1_2and AC700
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Figure 4.16 Hydrogen sorption isotherms showing the gravimetric uptake at 77 K in AC180, AC
200, AC 220, AC1_1, AC1_2and AC700

Minimal variance is observed among activated carbons obtained from various hydrochars,
however considerable variation is noticeable for those produced from the same hydrochar but
subjected to varied activation conditions. The samples exhibiting minimal variance in hydrogen
uptake demonstrate similar interactions between hydrogen molecules and their respective pore
structures. The main reason for this can be attributed to the comparable pore size distributions, as
depicted in figure 4.6, and the similar proportions of micropores, with diameters smaller than 4.00
nm, in relation to the overall pore volume. The hydrogen adsorption isotherms shown in this study
align with the findings reported in nitrogen sorption experiments, indicating that the activated
carbons formed from different hydrochars exhibit similar porosities. Certain differences are

discernible, however lacking in significant intensity.
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AC 200 has the highest gravimetric hydrogen uptake. This is in part due to the well-developed
micropores seen in the PSD. This activated carbon also has the highest micropore surface area and
pore volume in comparison to activated carbons produced under different conditions. The
maximum gravimetric uptake of each activated carbon sample as well as its micropore volume and
surface area are shown in figure 4.17 for comparison. AC 200 has the highest surface area and
micropore volume, thus the highest hydrogen uptake, though AC 180 has higher micropore volume
and micropore surface area contributions. AC 700 which has the lowest adsorptive properties has,

similarly, the lowest hydrogen uptake at 77 K.

Figure 4.18 shows a comparison of the gravimeric hydrogen uptake at 77 K and 1 bar for all
activated carbons against their surface areas. It can be seen that these surface areas are relatively
higher than those observed for activated carbons that were produced without KOH chemical
activation (Rowlandson, 2018). A comparison between AC 1:1, AC 1:2 and AC 200 (same as AC
1:3) shows that KOH activation produces ultrahigh surface areas since the surface area of AC 1:1
is smaller than that of AC 1:2 which is also smaller than that of AC 200. These are activated
carbons produced at varying KOH weight ratios, 1:1, 1:2 and 1:3, respectively. The micropores of
the activated carbons produced at higher KOH concentrations are also relatively more well
developed than those of the activated carbons produced at lower KOH concentrations. The highest
hydrogen uptake (24.98 wt%) is observed for AC 200, which is the one that was chemically
activated with the highest KOH concentration (1:3).

Some of the hydrogen uptake data recorded in literature for activated carbons include lignin
hydrochars produced by Sangchoom and Mokaya (2015), which had a maximum surface area of
3235 m?/g. This was the highest recorded for lignin-derived activated carbons (Rowlandson,
2018). Hydrogen uptake between 3.2 and 5.2 wt% at 20 bar was recorded for this sample
(Sangchoom and Mokaya, 2015). The activated carbons produced in this study have much higher

gravimetric uptake.
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Table 4.5 Adsorptive properties reported in literature (Rowlandson, 2018; Sangchoom and
Mokaya, 2015; Cheng et al., 2008)

Gravimetric H»

Activated Carbon uptake (wt%)
RLAC 1.7+0.2
FLAC 1.7+0.2
HLAC 1.6 +0.2
ELAC 1.8+0.2
TE7 20+0.1

Lignin-derived (a) 3.2
Lignin-derived (b) 5.2

The broadening of pore size distribution was attributed as the primary reason for a reduced
hydrogen uptake efficiency by Cheng et al. (2008). They further noted that the high surface area

of the carbons nullified this microporosity reduction.

30 1 1.4
25 ] . L 1.2
N -1
S 20 1
= =)
v} —O.8E
£ 15 ] S
S =
= S
w 10
g ] - 0.4
5] L 0.2
0 . . . . . 0

AC 180 AC 200 AC 220 AC1:1 AC1:2 AC 700

Activated carbon
e=@==|\aximum H2 Uptake (wt%) Vmic (cm3/g)

Figure 4.17 Maximum gravimetric hydrogen uptake vs micropore volume for AC 180, AC 200,
AC 220, AC 1:1, AC 1:2 and AC 700
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Figure 4.18 Maximum gravimetric hydrogen uptake vs micropore surface area for AC 180, AC
200, AC 220, AC 1:1, AC 1:2 and AC 700

Figures 4.17 and 4.18 show that there is a correlation between maximum hydrogen uptake and
micropore volume as well as micropore surface area for the activated carbons. These maximum
gravimetric uptake values are generally higher than those reported in literature as per table 4.5.

They are also in line with the DOE requirements.

4.4 MODELLING OF HYDROGEN ADSORPTION ONTO ACTIVATED CARBON

4.4.1 Model Development

The development of the universal adsorption isotherm model by Ng et al. (2017) was motivated
by the limitations of current models, which were unable to universally represent gas adsorption for
all materials while also considering their energy locations. The efficacy of popular models lies in
their ability to effectively describe and portray specific regions of adsorption isotherms or gas
behaviour. However, many models exhibit limitations in capturing behaviour that falls outside of
these regions, such as the Henry's Law region. Further elaboration regarding this topic can be

found in section 2.8.
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4.4.2 Model Assumptions

The model assumes a number of homogenous sites to characterize the heterogeneous surface. The
heterogeneous surface of the adsorbent was modelled by smaller homogeneous surfaces that are
assumed to have the same energy levels. Each homogeneous surface was defined through the

adsorption site energy's energy distribution function (EDF).

4.4.3 Governing Equations
The equations governing this model and the significance of the parameters are covered under
section 2.8.

4.4.4 Discussion

The universal isotherm model is a type of Monte Carlo simulation developed for sorption
modelling. It is also used to calculate the energy of adsorption for each site. Experimental data
obtained from the experimental work done and discussed in the previous sections was used to
evaluate the model.

A number of isotherm models were tested using the experimental data but a few challenges were
experience in that some of the models that could predict the adsorption isotherms were not robust
enough for complex regions and did not give the energy of adsorption for each site. The universal
isotherm model for 3 sites, UNIV4, was used. This was also seen as appropriate based on other

analysis carried out in terms of hydrogen sorption.

Hydrogen heat of vaporisation used in this model is 449.36 J/mol. Two-terms were used for

modelling all activated carbons (Ng et al., 2007).

AC 180
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Figure 4.19 Predicted and measured data for AC 180 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
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experimental data points while the blue lines without rings show the universal isotherm model

predictions.

Figure 4.19 (a) shows that AC 180 exhibits type-I1V isotherm. This isotherm is characterized by a
rapid increase in the amount of hydrogen adsorbed between 0 and about 86 kPa as the pressure
increases, with almost two saturation points or levels being reached. The first pseudo-saturation
would be observed between 60 and 80 kPa. Thereafter, we can see a rapid rise or shift in adsorption
at pressures above 85 kPa. This shows the multilayer formation during adsorption at this pressure
for AC 180. Due to the pressure used in this analysis, we cannot see the actual saturation points.
This indicates a well developed porosity if the pores are still able to adsorb so much hydrogen at
such pressures. Only a fraction of the mesopores seems to be evident here, the majority of
adsorption occurs at the micropores. The curve with rings shows the experimental data points while
the blue lines without rings show the universal isotherm model predictions.

The energy distribution function, figure 4.19 (b) shows a non-symmetrical single peak which is
something only seen in type-1V adsorption according to Ng et al. (2017). Most of the surface
coverage occurs at low pressures, with this region having the highest probability distribution of
energy sites. It is also clear that these sites do not require a lot of energy for hydrogen sorption,
requiring less than 2000 J/mol for most parts of the gas sorption and slightly above the 300-400
J/mol being the most dominant energy site requirements. The apparent mesoporous layer in the
multilayer formation does not seem to require much adsorption energy and does not have a
significant energy site distribution. This could indicate that these are not true mesopores but
micropores with higher pore widths as seen in the PSD.

AC 200
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Figure 4.20 Predicted and measured data for AC 200 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
experimental data points while the blue lines without rings show the universal isotherm model

predictions.

Figure 4.20 (a) shows that AC 200 exhibits type-V isotherm. This isotherm has a unique S-shape.
It is characterized by three different uptake rates. There is a smooth uptake at low pressures,
between 0 and about 10 kPa, followed by a rapid horizontal increase in the amount of hydrogen
adsorbed at 10 kPa and a subsequent steep increase of adsorption with increasing pressure, though
not as steep as at 10 kPa. This subsequent uptake then goes on to level off at higher pressures, but
we cannot see that saturation due to the pressures used in this research. This also indicates a well

developed porosity if the pores are able to adsorb so much hydrogen at such pressures.
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Figure 4.20 (b) shows a type-V characteristic energy distribution function with higher probability
peak of the energy distribution function seen at lower energy sites which also indicate most surface
coverage occurs at lower concentrations (Ng et al., 2017). It is also interesting to note that there
are two apparent peaks with the last peak showing very small probability of energy sites, though

an important amount of adsorption site energy of about 25 000 J/mol at higher pressures.
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Figure 4.21 Predicted and measured data for AC 220 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
experimental data points while the blue lines without rings show the universal isotherm model

predictions.

Figure 4.21 (a) here shows that AC 220 exhibits type-1V isotherm, similar to AC 180. There is a
rapid increase in the amount of hydrogen adsorbed between 0 and about 77 kPa as the pressure
increases, with almost two saturation points or levels being reached as well. The first pseudo-
saturation would be observed between 60 and 78 kPa. Thereafter, we can see a rapid rise in
adsorption at pressures above 82 kPa. This shows the multilayer formation during adsorption at
this pressure for AC 220. This indicates a well-developed porosity with only a fraction of the
mesoporous layer contributing to hydrogen adsorption, the majority of adsorption occurs at the

micropores. It could also indicate wider micropores and not a real mesoporous layer.
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The energy distribution function in figure 4.21 (b) shows a rather interesting non-symmetrical peak
at the lower concentration/pressure end of the distribution. We can see that lower adsorption
energy sites exist for this AC overall, ranging between 0 and just over 1800 J/mol. Adsorption

happens easily in the lower pressure region for this activated carbon.
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Figure 4.22 Predicted and measured data for AC 1:1 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
experimental data points while the blue lines without rings show the universal isotherm model

predictions.

AC 1:1’s hydrogen adsorption results depict a type-1V isotherm with much of the area that looks
like a type-1 isotherm dominating, refer to figure 4.22 (a). There is a rapid increase in hydrogen
uptake with increase in pressure up to about 20 kPa, then a slightly smoother though still steep
uptake until higher pressures, 100 kPa. The change in hydrogen adsorption somewhat depicts
saturation in one layer and most of the adsorption occurring in the multilayer. This is not entirely
surprising as we saw wider pores for AC 1:1 from the PSD. This can also be attributed to the lower

KOH activation ratio used in producing this activated carbon.
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The energy distribution function, figure 4.22 (b), indicates a single probability peak at higher
concentrations/pressures of about 10 000 J/mol adsorption site energy. This is also not surprising
since the pores of the synthesised AC 1:1 are much wider and not as well developed as those of
the other activated carbons, though still better than most ACs reported in literature. Most of the
energy sites are in the higher-pressure areas for this AC, possibly indicating a stronger influence

of the mesopores in adsorption.
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Figure 4.23 Predicted and measured data for AC 1:2 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
experimental data points while the blue lines without rings show the universal isotherm model

predictions.

Similar to AC 1:1, AC 1:2’s hydrogen adsorption results depict a type-1V isotherm with much of
the area looking like a type-I isotherm, figure 4.23 (a). There is a rapid increase in hydrogen uptake
with increase in pressure up to about 28 kPa, then a slightly smoother uptake until higher pressures
are reached. The change in hydrogen adsorption somewhat depicts saturation in one layer and most
of the adsorption occurring in the multilayer. This is also not surprising as we saw wider pores for
AC 1:2 from the PSD as well. This can also be attributed to the lower KOH activation ratio used

in producing this activated carbon.
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On the other hand, the energy distribution function, figure 4.23 (b), indicates a dual probability
peaks at lower concentrations/pressures close to zero and another one at higher concentration, of
about 92 000 J/mol adsorption site energy. The second peak energy site is quite high though it is
also not surprising since the pores of the synthesised AC 1:2 are much wider and not as well
developed as those of the other activated carbons in this study. Most of the energy sites are in the
lower pressure area with another high concentration of energy sites at higher-pressure areas for
this AC, indicating somewhat of an influence from small micropores and very wide micropores or
of the mesopores in adsorption. The energy sites are not equally distributed but concentrated at

lower and higher pressures, respectively, not so much in between.
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Figure 4.24 Predicted and measured data for AC 700 (a) adsorption isotherm and (b) the
corresponding adsorption sites energy distribution. The curve with rings in (a) shows the
experimental data points while the blue lines without rings show the universal isotherm model

predictions.

Figure 4.24 (a) depicts type-Il adsorption isotherm. This could indicate the part of type-1V
isotherm S-shape that behaves like a type-Il isotherm, making this a type-1V isotherm at lower
pressures. Unlike the lower pressure type-1 like behaviour of type-1V isotherm, the hydrogen
uptake continues rapidly as pressure increases, without any ‘plateau’ or saturation point being
observed. This figure shows a steep slope at lower pressures, indicating massive adsorption in this

region.
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The adsorption uptake for available adsorption sites, figure 4.24 (b), shows a pseudo-peak at lower
concentrations. The available adsorption sites seem to be distributed across a wide range and not
just at lower concentrations or higher concentrations as seen for some activated carbons. Most of
the energy sites are still at lower concentrations, with adsorption site energies in the 300-2200

J/mol

The universal adsorption isotherm model, blue lines without rings, accurately predicted the
experimental data for all of the activated carbons studied. Due to the experimental data being for
hydrogen adsorption run at lower pressures, we cannot see the saturation points but the models are

quite accurate nevertheless.

4.5 Summary

This chapter centered on the characterization of the samples used for the synthesis of the activated
carbons. It investigated the produced activated carbons in greater depth. An evaluation was carried
out on the adsorption capacities, porosity, and pore width distributions of the activated carbons.
An examination was also conducted on the morphologies and functional groups of these activated
carbons in order to identify crucial structural elements and functional groups that influence their
efficacy in gas adsorption, specifically hydrogen adsorption. Additionally, each activated carbon's

behaviour was predicted using the universal adsorption isotherm model.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Introduction

This chapter highlights the major findings from this research project and gives recommendations
for future work based on key findings from the research project. The main aim of this research
project was to synthesise activated carbons that are highly porous, from avocado waste, for

hydrogen storage.

5.2 Major Findings of this Research

The application of hydrothermal carbonisation as a pretreatment method for avocado waste
resulted in the production of hydrochars that exhibit favourable porosity characteristics. The
majority of the pores seen within the hydrochars are primarily mesopores, with a smaller
proportion of macropores present. The hydrothermal method enhanced the carbon content and
ensured the presence of highly carbonaceous material for the activation step. The material
produced also indicated a high level of purity, with minimal ash content and complete absence of

sulphur.

The results of the scanning electron microscopy (SEM) study indicated that the activated carbons
exhibit significantly smaller and more well-developed pores compared to the hydrochars from
which they were derived. This observation can be attributed to the chemical activation process
involving potassium hydroxide. After undergoing the activation procedure, the samples had a loss
of their original shape, resulting in the activated carbons exhibiting irregular and bulky
characteristics. Graphitisation occurs in activated carbons that are formed at elevated activation
ratios and temperatures. Graphitisation and certain disordered amorphous carbon structures were
detected through the presence of wider peaks in the X-ray diffraction (XRD) examination. The
hydrochar's average crystallite size before to activation measures 32.23 nm. The mean size of the

activated carbon crystallites is 0.79 nm.
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The results of Fourier Transform Infrared (FTIR) analysis indicated that activated carbons
synthesised with comparable KOH activation ratios exhibit identical functional groups. The
activated carbons exhibit many functional groups, including the N-H stretching vibration group,
C=0 stretching vibration, C=C stretching vibration, N-O stretching vibration, C-H bending
vibration, C-O stretching vibration, and the C=C bending vibration. The presence of oxygen-
containing groups, namely C=0, N-O, and C-O, was confirmed using FTIR analysis. These groups
play a crucial role as active sites, facilitating interactions with adjacent molecules and promoting
hydrogen adsorption. Activated carbons have a greater abundance of C=C stretching and bending

vibrations, while the majority of functional groups primarily undergo stretching motions.

The pore size distribution investigations revealed that the activated carbons synthesised
exclusively possessed micropores, with no presence of meso- or macropores. A marginal
contribution from the micropores, which have a width that is nearly comparable to mesopores, was
detected. This observation suggests that there is a limited involvement of this particular pore type,
as evidenced by the adsorption models. The activated carbons exhibited a variety of pore widths,

specifically between 0.4 nm and 1.98 nm, suggesting the exclusive presence of micropores.

The nitrogen adsorption isotherms obtained at a temperature of 77K exhibit type-1V adsorption
characteristics, which are often observed in microporous and mesoporous materials. Adsorption
predominantly occurs at low relative pressures, with additional adsorption occurring in the
mesopores once the micropores have reached saturation. Furthermore, further adsorption is found
at relative pressures nearing 1, namely in the broader micropores that exhibit characteristics similar
to mesopores. The presence of these broader micropores was predominantly found in activated
carbons that were generated using lower chemical activation ratios or lower activation

temperatures.

The activation of KOH resulted in the generation of surface areas that were very high. Specifically,
the chemically activated carbons exhibited bigger surface areas when the activation ratio was

higher, compared to those synthesised at lower activation ratios.
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The experimental data for activated carbon derived from avocado waste was well modelled by the
universal adsorption isotherm model, indicating that a majority of the activated carbon produced

exhibited Type-IC adsorption isotherms.

In summary, the utilization of avocado waste has resulted in the production of activated carbons
that exhibit a high degree of porosity. The activated carbons possess the capability to effectively
store hydrogen gas. The hydrogen sorption data demonstrates that the activated carbons produced
in this study successfully fulfill the hydrogen storage targets set by the Department of Energy
(DOE).

5.3 Recommendations for Future Research

Further investigation is warranted to assess the potential application of the universal adsorption
isotherm model in alternative hydrogen storage systems, with the aim of enhancing the efficiency
of hydrogen storage design. It is recommended that a pilot research project be conducted in order
to evaluate the feasibility of commercializing these activated carbons for hydrogen storage

purposes.
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