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Research Aims and Objectives

The aims of my thesis are dedicated to the following aspects:

e Firstly, to design, fabricate and customize synthesis conditions to
produce carbon-based solid adsorbent materials (that are either
zeolite templated carbons ZTCs or activated carbons ACs) for

enhanced gas storage (hydrogen and carbon dioxide).

e Secondly, to examine the chemical and physical properties
(i.e. surface area, pore volume, and pore structure) of the generated

carbons and their properties for CO2 and Hz uptake.

e Finally, to relate the fundamental properties of the synthesised
materials to the mechanism of their preparation, and to examine and
explore the effect of the carbon precursor, synthesis temperature,
amount of activating agent (KOH) and/or post-synthesis
modifications on their performance for CO2 and Hz uptake at low and

high pressures and various temperatures.



Abstract

This thesis details the preparation, fabrication and characterization of
nanostructured carbonaceous materials with tuneable porosity for gas
storage (CO:2 and H2) applications. Two types of carbon-based materials were
investigated, namely zeolite templated carbons (ZTCs) and activated
carbons (ACs). The ZTCs were prepared using zeolite 13X and zeolite Y as
hard templates and furfural alcohol, ethylene, and acetonitrile as carbon
precursors. The effects of zeolite compaction before use as hard templates
were investigated through the compression of powder forms of zeolites at
370 MPa (equivalent to 5 tonnes) or 740 MPa (equivalent to 10 tonnes) prior
to their use as templates. A combination of liquid impregnation (LI) with
furfural alcohol and chemical vapour deposition (CVD) with ethylene, or

acetonitrile was used to deposit the carbon precursor.

Activated carbons (ACs) were prepared using KOH as activating agent from
various carbon precursors namely, (i) Eucalyptus wood sawdust (as a cheap,
green, renewable and abundantly available raw material), (ii) Lignin-derived
carbonaceous matter, (iii) Polythiophene as a sulphur-rich polymer, and (iv)
Polypyrrole as a Nitrogen-rich polymer. The activated carbons were prepared
via two different routes; (1) activation via thermal treatment of a powder
mixture of starting materials and activating agent (KOH) or (2)
compactivation (or mechanochemical activation) wherein the mixture of the
starting material and KOH is compacted at 5 tonnes (equivalent to 370 MPa)
or 10 tonnes (equivalent to 740 MPa) into a pellets/disks prior to activation.
The compactivation route was found to be more efficient as it reduces/
removes interparticles voids and space between solid-solid and thus
enhances chemical interaction between the precursor and KOH, and also
improves both the porosity and the bulk density of the resulting activated

carbon.



Thesis Structure

This thesis has seven chapters

Chapter 1

Introduction: Presents the motivation, challenges, foundation and
background (by way of describing nanostructured materials and their

fundamental proprieties and their applications).

Chapter 2

Methods and Characterization Techniques: Describes the synthesis
tools/equipment used for material fabrication, production, characterization

and assessment of potential applications.

Chapter 3

Templating of Carbon in Zeolites under Pressure: Synthesis of
Pelletized Zeolite Templated Carbons with Improved Porosity and
Packing Density for Superior Gas (CO2 and H2) Uptake Properties:
This chapter explores the use of compacted zeolite Y and zeolite 13X as hard

templates for the preparation of pelletized zeolite templated carbons (ZTCs).

Chapter 4

Polythiophene-Derived Activated Carbons: This chapter presents

S-doped activated carbons from a sulphur-rich polymer (polythiophene).



Chapter 5

Generalized Mechanochemical Synthesis of Biomass - Derived
Sustainable Carbons for High Performance CO: Storage: In this
chapter, novel mechanochemical activation generates biomass-derived
carbons with unprecedented CO: storage capacity due to higher porosity

than analogous conventionally activated carbons but similar pore size.

Chapter 6

Biomass to Porous Carbon in One Step: Directly Activated Biomass
for High Performance CO: Storage: This chapter explores the direct
conversion of biomass to activated carbons in one step using biomass source
namely, sawdust, to activated carbons via a direct activation process that
negates the need for hydrothermal carbonization or pyrolysis. This is a
departure from established practice that requires biomass sources to be first
enriched to carbonaceous matter via hydrothermal carbonization or pyrolysis

prior to activation.

Chapter 7

Premixed Precursors for Mediating the Porosity of Activated Carbons
for Gas Storage (CO: and H:2) Applications: In this chapter, high to very
high surface area activated carbons were successfully prepared from premixed

precursors containing polypyrrole and sawdust or sawdust-derived hydrochar.



Chapter 8

Conclusions and Further Work: In this chapter, a brief overall conclusion,

summaries, and suggestions on further work are presented.
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Chapter 1.

Introduction
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1.1 Motivation

Why should CO: be Captured or Sequestrated?

Global Warming: Greenhouse Effect

Global warming by way of the gradual rise of the planet’s temperature
caused by increased emission of greenhouse gases is an environmental
concern. Global warming and associated climate change concerns both need
concerted efforts by researchers in order to be effectively addressed.!"> The
most abundant greenhouse gases in the earth's atmosphere are water
vapour (H20), which is the most abundant, carbon dioxide (CO2), methane
(CHa4) nitrous oxide (N20), ozone (0O3) and chlorofluorocarbons (CFCs).? ©
Normally, sun light and solar energy absorbed by the earth surface can
escape into outer space, however, the presence of the greenhouse gases and
other air pollutants lead to trapping of the sun light and solar energy causing
the atmosphere to warm up as shown in Figure 1.1. A main cause of climate
change is the use of fossil-based resources such as oil, petroleum, and coal,
which release CO2 and other greenhouse gases into the atmosphere. Carbon
dioxide capture and storage (CCS) technology is considered a crucial
strategy for reducing CO2 emissions by up to 90%. Due to the increased
threat of global warming, there has been considerable attention on clean
energy research aimed at replacing current used fossil-based fuels, and
finding alternative renewable sources or employing efficient technologies for

carbon dioxide capture.®
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Figure 1.1: Illustration of the greenhouse effect (Global Warming).”

1.2 Carbon Dioxide

Carbon dioxide (COz) is the second most abundant greenhouse gas after
water vapour and a major anthropogenic greenhouse gas.”> 81! CO2 has the
ability to strongly absorb in the infrared and near-infrared and transmit
the visible light, which means that more atmospheric CO: leads to increase
the average planet temperature. Carbon dioxide is a main product of any
combustion process. CO2 sources are divided into two categories: natural
sources and human sources. Currently, human use of fossil fuel-based

systems for energy production are the largest source of CO2 emissions.
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1.2.1 Possible Solutions to Control CO, Emission

A number of approaches for capturing and storing CO2 emissions have
received intensive research attention. There are many technologies and
approaches applied by different countries to tackle and control the increase

of atmospheric CO2 emissions level namely; > 12

(i) Reducing the use of fossil fuel-based sources (i.e. coal, oil, petroleum
and natural gas, moving to low/zero carbon emission energy sources
and expanding the use of renewable energy such as solar, hydropower,

wind, and biomass energy.

(ii) Appling geoengineering approaches such as afforestation and

reforestation.

(iii) Appling carbon capture and storage systems (CCS) at sources of
CO2 emission.> 12716 This solution requires materials that can efficiently
capture and store CO02.'3> % 17 A wide range of materials have been
studied for application in carbon capture and storage (CCS) via physical
adsorption and/or separation.* 13 17-20 Carbon capture and sequestration
(CCS) is the only available technology and the most practical approach
that can reduce the long term emission of CO2 into the atmosphere due
to burning of fossil fuels as fossil fuels will continue to be a major source
of energy in the foreseeable future.?!' 22 The materials studied so far,
and which have received great attention, are porous carbons, 2326

zeolites, 27-3% and metal organic frameworks (MOFs),31-34

The biggest challenge currently is how to demonstrate CCS effectively,
safely, with competitive cost at large industrial scale. The current CO:2
capture technologies available in the market are costly, and contribute to ca.
70-80% of the total cost of a full CCS system including capture, transport

and storage.> 3>
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1.2.2 CO, Capture Systems (CCS)

Carbon capture and storage (CCS) technologies 3 > 36-4! inyolve three steps;
capture, transport and storage. The aim is to capture up to 90% of CO:2
emitted to the atmosphere by several large-scale sources (fossil fuel-fired
power plants, heavy industry), transport it (by pipeline or ship) to a suitable
storage site, then finally store it in geological formations safely and
permanently deep underground. There are three main systems for CO:2

capture > 4! (Figure 1.2):

1. Pre-Combustion Capture: Removal of CO2 before fossil fuel combustion
by pre-treating the fuel and converting into a clean-burning gas (a mix of
separated CO2 and H2), via gasification process. The separated hydrogen is
then used as fuel, or burnt to generate electricity. Pre-combustion
technology is commercially mature and applied by using a number of
physical and chemical separation approaches which can be easily fitted into

existing power plants (See Figure 1.2).

2. Post-Combustion Capture: CO:2 removal from flue gas streams after
fuel combustion by using a number of physical and chemical separation
approaches, including chemical absorption, physical absorptions or cryogenic

separation (See Figure 1.2).

3. Oxy-Combustion Capture: Capturing COz from flue gas formed during
fuel combustion by using a pure oxygen stream or enriched oxygen stream
(nitrogen-free atmosphere) instead of air for combustion. This leads to a flue
stream consisting mainly of concentrated CO2, which can be easily removed
and water vapour H20 with great decrease of NOx production (See

Figure 1.2).
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Figure 1.2: CO: capture systems; pre-combustion, post-combustion
and oxyfuel combustion processes.3 42

1.2.3 Current Status of CO, Capture and Storage

Technologies

The search for materials that can cheaply and efficiently capture and store
the CO: that is generated from anthropogenic sources is one of the
most intensely researched areas in energy materials. Material-based
developments in the storage of CO: is generally guided by set targets that
would allow practical use of the materials in a commercially viable manner.
Most CO: storage strategies can be classified as either chemical-based CO:
storage or material-based CO: storage. Table 1.1 presents an overview for
current CO:z capture technologies. Recently, extensive attention has been

directed to developing novel adsorbents for CO2 capture. Currently Carbon
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capture and storage (CCS) by solid adsorbents is receiving a great deal of
attention. The many different solid materials under investigation include;
porous carbons,?3-2°> zeolites 273 and metal organic frameworks materials
(MOFs).31-34 Carbon-based materials have received special attention due to
their proprieties such as; relatively low cost, availability, ease of preparation,
tunable structural, high stability (mechanical and chemical); low sensitivity
to water vapor compared to other CO:-philic materials.? 43 4* Recently,
studies have shown that controlling the proprieties of porous carbons can
provide a very useful tool to produce tailored materials for capturing CO2

under pre-combustion or post-combustion conditions.? 4>-51
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Table 1.1: Overview for CO2 capture technologies. (Adopted from 41)

o Separation Method
[
28 technology
[a ) -+
85
Absorption by e Amine-based solvent
chemical solvents @ e.g. monoethanolamine (MEA),?
diethanolamine (DEA).
¢ Alkaline solvents, e.g. NaOH and
Ca(OH).
¢ Ionic liquids.
Adsorption by e Amine-based solid sorbents
c solid sorbents ¢ Alkali earth metal-based solid
._g sorbents, e.g. CaCOs.
3 e Alkali metal carbonate solid
'g sorbents, e.g. Na2CO3 and K2COs.
8 e Porous organic frameworks-
o polymers.
3 Membrane separation | e Polymeric membranes, e.g. polymeric
o gas permeation membranes. ?
e Inorganic membranes, e.g. zeolites.
e Hybrid membranes.
Cryogenic separation | e Cryogenic separation
Pressure/vacuum e Zeolites. ?
swing adsorption
e Activated carbons. ?
Absorption e Selexol, rectisol etc.
'E by physical solvents
hd
3 | Absorption by Amine-based solvent,
'g chemical solvents e.g. monoethanolamine (MEA) Ammonia.
<)
© Adsorption by e Porous organic frameworks
g porous organic membranes.
frameworks
e | Separation of oxygen | e Chemical looping combustion.
L2 | from air . . .
o e Chemical looping reforming.
2
£
<)
o
-
)
-
(™
>
X
o

@ Mature technology.
b Commercially available.
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1.3 Hydrogen Economy

Hydrogen is the most abundant, simplest and lightest chemical elements in
the universe. 2> Hydrogen is not usually found in nature in its pure form
but is rather always combined within molecules and can be produced from a
variety of sources.>? >* 36 Hydrogen is considered to be an ideal energy
carrier and promising alternative to fossil fuels-based systems due to its light
mass and very large gravimetric energy density of ca. 39 kWh kg, which is
three times higher than the most commonly used fuels such as gasoline.
From an environmental view hydrogen burns cleanly with zero-CO2 and zero-
pollutant emission; the only by-products of its combustion with oxygen are
water and heat. Recently, the use of hydrogen as an energy carrier has been
proposed as the most promising alternative to the fossil fuel-based energy
sources because whether it is burned to produce heat or reacted with air in
a fuel cell to produce electricity, the only by-product is water. "Hydrogen
Economy" concept was proposed in 1970 by John Bockris,>” where hydrogen
is the future solution and a low-carbon energy source to replace the current
fossil fuel-based energy systems such as gasoline (transport fuel) or natural

gas (heating fuel).

1.3.1 Hydrogen as a Fuel

The choice for hydrogen as a possible solution and a main future energy
carrier to replace the current fuel has important advantages:>8-%° (1) The
by-products of hydrogen combustion in oxygen are water and energy as heat,
with zero-CO2 emission and no pollutants. (2) Hydrogen gas is non-toxic and
safe to breathe, compared to other energy sources such as nuclear energy,

coal and gasoline. (3) Hydrogen is a renewable resource could be generated
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via green methods. However, use of hydrogen has some challenges, chiefly;
(1) In nature, hydrogen is not freely available and needs to be produced
from renewable sources such as water via processes such as electrolysis that
can require more energy than is recovered by burning it. (2) Hydrogen is
highly flammable and must be handled safely (in both liquid and gas form),
is a gas at ambient temperature, and thus has low density meaning that it
has low volumetric energy density compared to diesel and gasoline. Indeed,
this handling challenge means there is a lack of practical storage methods

that have restricted its use and the development of a hydrogen economy.

The use of hydrogen as a safe, efficient and effective alternative future
energy carrier with a commercial success must overcome challenges related
to its production, storage and delivery. For example, hydrogen
on-board storage methods for large scale mobile applications (vehicular)

need to be:

1. Safe with no risk of explosion, leakage, radiation or pollution.

2. Lightweight and compact.

3. Environmentally friendly; non-toxic, not contain poisonous or polluting

materials.
4. Economical; the materials used for the hydrogen storage system should

be abundant and cheap.

5. Long lasting; the storage methods should have a long lifetime with the

possibility for materials recycling and with high energy efficiency.

Material-based developments in the storage of hydrogen are generally

guided by set targets that would allow practical use of the materials in a
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commercially viable manner. The U.S. Department of Energy (DOE) has set

targets for hydrogen storage systems for commercial application:®!

1. High gravimetric and high volumetric capacity. The amount of hydrogen,
is expected to be stored in a relatively light container leading to a high
wt% of hydrogen in the whole system; the target is 1.8 kWh kg (5.5
wt%). High volumetric capacity to avoid excessive volume of the
system; the targetis 1.3 kWh L (40 g L™! volumetric). The ultimate aim
being a gravimetric uptake of 7.5 wt% and volumetric capacity of 70 g

Lt

2. Reversibility and cyclability; it should be possible to load and unloaded
in the storage system many times (preferably 1500 cycles) without any

significant loss and changes in the system.

3. Loading/unloading time; the system should be reloadable at high rate
(5 kg within 3 minutes) and also unload sufficiently fast to supply an

engine or fuel cell with the desired gas flow and pressure.

4. Operating conditions should be close to ambient conditions; temperature

range of -40 to 60 °C and maximum delivery pressure of 100 bar.

5. Cheap and environmental friendly storage; the materials used for the
hydrogen storage system should be cheap, abundant and non-toxic for

the environment.

6. The storage method should have a long lifetime with the possibility for

materials recycling and with high energy efficiency.

7. Safety aspect; the risk of explosion, leakage, radiation or pollution

should be considered and completely excluded by designing a safe
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system.

1.3.2 Current Status of Hydrogen Storage

Technology

Hydrogen has the highest energy per mass of any fuel, however, its low
ambient temperature density results a low energy per unit volume, therefore
requiring the development of storage methods that have potential for higher
energy density. The current technologies have been investigated for
hydrogen storage (Figure 1.3) are categorized as either (i) Physical-based

storage, or (ii) Material-based storage.

Hydrogen Storage
“Physical-based “Material-based

S — ~ Nonm-

- L - Reversible :
Compressed Cryo- Reversible
Gas Compressed

Adsorbent Chemica

Hydrogen
Ex NaAlH, Ex MOF-5 Ex NH,BH,  Ex Isooctane
€% a0 iy «
T SN
®x 0 R ek ©
PHO=NJ=Na = M, accessibie @ @=N P=R

suface

Figure 1.3: Overview of current hydrogen storage technologies.®°
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1.3.2.1 Physical-Based Hydrogen Storages

Currently, physical-based storage is the most mature technology for direct
hydrogen storage, by modifying the physical state of hydrogen into gaseous
or liquid form to achieve;®% 62:63 compressed hydrogen gas, cryo-compressed
hydrogen gas and liquefied hydrogen. Each technology has its own
advantages and disadvantages. Currently, the two most suitable and mature
technologies of reversible hydrogen storage are; cryogenic liquid storage and
compressed gas storage in high pressure gas cylinders. However, these have
severe disadvantages especially in volumetric terms compared to fossil fuels-
based systems. Thus the storage of hydrogen in lightweight solids and

compact system for mobile application is attractive.*

1.3.2.1.1 Compressed Hydrogen Gas

This method has been investigated and demonstrated in fuel cell vehicles,
due to the higher hydrogen densities achievable. It is the most common
method used to store hydrogen physically in a gas form at high pressure
system using high strength cylindrical tanks designed to withstand higher
pressures. The cylindrical tanks are very heavy and usually made of steel or
aluminium for pressure up to 200 bars, composites materials for pressure
up to 800 bar.%2 Hydrogen can be cooled to near cryogenic temperatures to
increase the volumetric energy density. This is the only technology that
meets 2015 DOE targets for volumetric and gravimetric efficiency by using
cold hydrogen (20.3 K or slightly above) to reach a high energy density. The
main challenge is hydrogen warm-up due to heat transfer with the

environment ("boil off").6?
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1.3.2.1.2 Cryogenic Liquid Hydrogen

The most common way to store hydrogen in a liquid form (liquefaction) by
firstly liquefying the hydrogen to increase the volumetric density by cooling
it to -253 °C. It is an attractive option since the liquefied hydrogen occupies
much less space than in pressurized form. The volumetric density of liquid
hydrogen is around 70 kg m=3 which is twice as much as pressurized at 800
bar gas.®? The main issues of liquefaction is that it is an expensive process
coupled with high energy consumption and low energy efficiency due to loss
of hydrogen via evaporation "boil off". These disadvantages make liquid
systems impractical for application in hydrogen fuel cell powered vehicles.
Further Research is needed to improve liquefaction technology, as well as

improved economies of scale and energy efficiency.®4

1.3.2.2 Material-based Hydrogen Storage

Hydrogen can be stored safely and efficiently in solid state materials for both
mobile and stationary applications, particularly on the surfaces of solids by
adsorption or within solids by absorption. Currently, metal and complex
hydrides via chemical adsorption in form of hydrides and porous materials
via physical adsorption as molecular hydrogen are the main target materials.
Hydrogen gas physisorbs onto a surfaces via very weak Van der Waals
interactions, with enthalpy of adsorption, AHa, between 4-10 KImol. Due
to the weak adsorption interaction, low temperatures (cryogenic) are needed

to adsorbed significant amount of H2 gas.®*
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1.3.2.3 Gas Adsorption on Materials

Adsorption (surface adsorption) of an adsorbate (liquid, or gas) on the
surface of an adsorbent (a solid or liquid) falls into two broad categories;®°
physisorption and chemisorption. Hydrogen adsorbs on materials via three
mechanisms depending on the nature of forces between adsorbate and
adsorbent: physical adsorption, chemical adsorption, and Intermediate

between physisorption and chemisorption (Figure 1.4).

Physisorption is also known as Vander Waal’s adsorption and occurs when a
gas molecule or liquid (the adsorptive) is in contact with a solid surface (the
adsorbent). No chemical reaction occurs and the adsorbate/adsorbent
interaction is mainly due to the van der Waals force/bonding. Physisorption
is fully reversible and can be an extremely fast. Through this sorption process
hydrogen gas can be adsorbed/desorbed during several cycles without any
losses. Cryogenic temperatures must be applied to obtain reasonable
hydrogen storage capacity due to the weak adsorption interaction. Thus,
materials with very high specific surface area are desirable. In physical
adsorption, adsorbate can be easily desorbed by increasing the temperature

(heating) or by decreasing the pressure.

Chemical adsorption is also known as Langmuir adsorption. It occurs at
higher temperatures, involves chemical binding of gas molecule/solid by
strong covalent bonds stronger bonding than physical bonding. Therefore
only monolayer adsorption is possible and adsorption cannot be easily

reversed.

Intermediate (between physisorption and chemisorption or quasi-molecular
bonding occurs when the bond between H atoms in the H> molecule is

weakened but not broken.®3
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Figure 1.4: Hydrogen adsorption mechanism; (A) physisorption, (B)
chemisorption, and (C) quasi-molecular bonding.%3
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1.3.2.3.1 Porous Materials

Porous materials have been extensively investigated as storage media for
energy related gases such as hydrogen and CO.. The focus on porous
materials as stores for energy applications is driven and motivated by the
need for environmental protection and demands for clean energy
sources.>® % The drive for environmental protection is typified by research
efforts aimed at developing materials for the capture and sequestration of
CO2, while the search for cleaner energy sources requires material
advances that may Ilead to realisation of the mooted Hydrogen
Economy.3: 13, 19, 20, 25, 32, 44, 58, 66-76 Tnnovative synthesis methods and the
development of new types of nanoporous materials that offer improvements
in overall porosity or high level control of porosity have brought significant
strides in addressing the materials challenges that must be overcome in the
journey towards materials-based CO: storage and the Hydrogen Economy.>
13,20, 44, 67,68, 77 Thus porous materials with very high surface area and/or well
controlled porosity have recently come on to the research stage. The best
examples of such research are illustrated by developments in metal-organic
frameworks (MOFs),”® covalent organic frameworks (COFs)”® and porous
carbons whether they be activated 4* or templated.4® 68 80, 81 Gjven the
relationship between porosity and gas uptake, improvements in surface area
and pore volume, and better targeting of pore size has resulted in materials
with attractive gravimetric uptake for CO2 and hydrogen; 3: 13, 20, 44, 67, €8, 82,
83 the gas uptake capacity of porous materials under any given conditions
generally strongly correlates with the magnitude of the surface area and size
of pore channels.3 1320, 44,67, 68, 82, 83 Dye to their more robust stability under
various environments, porous carbons have retained on-going interest as
gas stores even on the face of other emerging materials such as MOFs and

COFs. 44 48, 68,80, 81 Of particular interest are zeolite templated carbons, which,
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not only exhibit some of the highest reported surface area values for carbons
but also offer enhanced pore size control due to the templating effect of

zeolite frameworks.81. 84-87

Storage in porous materials compared to gaseous and liquid systems has the
advantage of lower pressure hydrogen storage, increased safety, design
flexibility and reasonable volumetric storage efficiency. However, the
technology is not yet mature. Also, there are no imminent solutions for
avoiding weight/cost penalties, and tackling thermal management issues
associated with this option. Using porous materials for H> adsorption have a
number of advantages compare to other methods, such as; high hydrogen
uptake at low temperature and moderate pressures, fast kinetics of
adsorption/ desorption, with no energy needed to release H2.. Among others
adsorbents such as; metal organic frameworks (MOFs), zeolites etc., carbon
materials offer many advantages such as; chemical stability, heat resistance,
reversibility, low-cost and availability.®® 8 Additionally, lightweight carbons
with large porosity are a preferred choice to achieve the gravimetric

hydrogen storage target.

47



1.3.2.3.2 Classifications of Porous Materials

Generally, porous materials are classified into several types based on their
pore size, pore shape, and pore type but without reference to their chemical
composition. According to The International Union of Pure and Applied
Chemistry (IUPAC),®% °! porous materials are classified according to their
pore size/diameter (Table 1.2); (i) microporous materials have small pores
(2 nm); furthermore, the micropores are subdivided into two categories
narrow micropores or ultra-micropores with pore diameters smaller than (0.7
nm), super-micropores with pore diameters in the range of (0.7- 2 nm), (ii)
mesopores materials have pores with diameter between (2-50 nm), and (iii)

macroporous materials have a pore size larger than 50 nm.

Pores have also been classified as follows: pores which communicate with
the external surface are referred to as open pores like (b), (c), (d), (e) and
(f) as illustrated in Figure 1.5. In addition pores are described as blind (i.e.
dead-end, or saccafe) as they may open at one end as (b) and (f) and are
accessible to molecules and ions in the surroundings. Others, as in (e) are
open at two ends through pores. In contrast, closed pores as in (a) have no
communication with the surroundings. While, open pores like (b), (c), (d),
(e) and (f) consist of a continuous channel of communication with the
external surface of the material and they are ideal for separation, catalysis

and sensing applications.??

Pores can have various shapes and geometry, and have been classified based
on geometrical shapes by Kaneko as follows: cylindrical shaped;
cone shaped; ink-bottle shaped, spherical or slit shape as illustrated in

Figure 1.6.
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Table 1.2: Pore sizes systems of porous materials according to IUPAC

classification.?°

IUPAC Classification Pore diameter (width) Examples
nm A

macroporous
Macropore > 50 > 500 polystyrene
Mesopore 2-50 20-500 Mesopores silica
Micropore <2 < 20

Most common are:
Ultra micropore <07 <7 zeolites and
(narrow) _

activated carbons
Super micropore 0.7-2 7-20

Figure 1.5: Pore classification from IUPAC (a-closed pores; b, f-pores open
at one end; c, d, g-open pores; e-open at two ends through pores.®°
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Cylinder Slit - shape

Cone - shape Ink Bottle

Figure 1.6: Schematic of pore shape classification based on geometry.*®

1.3.2.3.2.1 Carbon-Based Porous Materials

Carbon-based porous materials are solid materials with voids/holes structure
including activated carbons (ACs),’% 23 carbon nanofibres,®* templated
carbons (TCs),”> 8486, 9598 gnd multi-walled and single-walled carbon
nanotubes (CNTs),%? 1% among many others. They are considered to be the
most promising for gas adsorption and separation due to their unique
textural properties; low cost, high surface area and tuneable pore size,
developed porosity, excellent stability, wide availability, and tunable surface
chemistry.? 43 Many porous carbon materials have been investigated as gas
stores including; activated carbons, carbon nanotubes,®® and templated

carbons.101
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1.3.2.3.2.1.1 Activated carbons

Activated carbons (ACs) 43-4> 67, 68, 83,102, 103 gre highly porous carbonaceous
materials. ACs can be produced at a relative low cost from wide range of
naturally organic material with a high carbon content. ACs have been
commonly used and intensively studied compared to other classes of porous
materials, due to their proprieties such as; large surface area (>3000 m? g
1) which allows the carbon to adsorb a wide range of compounds, and a broad
range of pore sizes and large pore volume (>0.5 cm?3 g'!), high physical and
chemical stability, their wide availability, adjustable structural (porosity),
tunable surface chemistry (various functional groups on the surface oxygen-
containing/controllable heteroatom doping), their low-cost, light weight,
existence in many varieties or forms, and ease of preparation. Activated
carbons are widely used in many applications 43 102/ 104 gych as; catalyst
supports 4 CO: capture materials, gas storage materials (methane or
hydrogen),** 83 gas separation, energy storage (e.g. supercapacitors),** 105
water purification and treatment, etc.103 106-110 ACs contain different pores
systems; micropores, mesopores and macropores, as shown in Figure 1.7,
from visible cracks and crevices to gaps and voids of molecular dimensions.
Activated carbon can be made from many substances containing high carbon
content such as coconut shells, coal, wood, and carbon rich polymers.t? 93
111 The raw materials have a major and direct influence on the properties
and performance of activated carbon. For instance, activated carbons
produced from coconut shells exhibit micropores, while activated carbons
produced from coal have a wider range of mesopores. Furthermore, using
peat or wood as the raw material results in development of an extensive
structure of macroporosity. Activated carbon has different physical forms,
suited to specific types of applications, such as powdered activated carbons

which consists of fine particles with size of 0.045 to 0.180 mm, granulated
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activated carbons consists of irregular shaped particles with size range of
0.2 to 5 mm, and extruded (cylindrical/pressed pellets) activated carbons

with diameter of 1 to 5 mm, (Figure 1.8).112-115

macropore
—

@ g) micropore
mesopore

Figure 1.7: (a) 3D, (b) 2D schematic of ACs structure.!1®

Figure 1.8: Different forms of activated carbons: (a) Powdered
(0.045-0.180 mm), (b) Granulated (0.2 - 5 mm), and (c)
Extruded/Pelletized or Cylindrical, (0.8 to 5 mm).
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1.3.2.3.2.1.2 Production of Activated Carbons

ACs can be produced from a wide range of organic substances/sources which
are rich in carbon such as coal, wood, sawdust, lignite coke, biochar, fruit,
nutshells, bones etc. (Figure 1.9).4* 117-119 ACs can be produced via two
process;* (i) physical/thermal activation (ii) chemical activation and (iii)
mixture of both physical and chemical activation. Both physical and chemical
activation have been widely investigated for several activation agents.20-122
Activation processes involve physical modification and thermal
decomposition in a furnace, in a controlled temperature and atmosphere,
which exposes the carbonaceous material (the carbon precursor is typically
non-porous or lowly porous) to treatment that produces pore channels and
constrained spaces in the carbonaceous material.** The activation develops
overall porosity; a pore network and increases the surface area. The
properties of the resulting carbon whether chemically or physically activated
are not only depend on the activation process, but also on the precursor

materials.**
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1.3.2.3.2.1.2.1 Physical Activation

Physical activation is a two steps process involving pyrolysis of carbon
precursors at 400 °C - 900 °C in an inert atmosphere (usually nitrogen), to
remove any non-carbon elements and the bulk of volatile matter, followed
by gasification of the resulting carbon at 350 °C -1000 °C in the presence of
suitable oxidizing gasifying agents such as CO: air or steam, or their gas

mixture to develop the porosity.

1.3.2.3.2.1.2.2 Chemical Activation

Chemical activation is one of the most commonly used method to produce
highly porous carbons.44 4> 123-127The most commonly used activating agents
are; ZnClz2, HsPO4 and KOH. H3PO4 acts as dehydrating agents, while KOH
acts as an oxidant. Chemical activation allows for better control of textural
properties towards high surface area (up to 3600 m2g-!) with adjustable and
tailored porosity.** The most two important features of the chemical
activation for applications such as energy storage in supercapacitors or gas
storage (H2, CHa4 or COz), are; very high surface area (3600 m? g') and the
well-developed/controlled and tailored microporosity. Those applications
need materials with large surface areas with adjustable microporosity to the
size of the electrolyte ions for supercapacitors or 0.7 - 1 nm for gas
storage.’? 128-136 Compared to physical activation, chemical activation has
advantages as it requires only one step process. However, in chemical
activation, some of the chemical activating agents used are corrosive and
need to be washed off. Physical activation requires high temperature (900

°C -1500 °C), longer time (3 hours or more) for heat treatment.44 137, 138
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Recently, many studies have shown that KOH-activated carbons, including
biomass-derived examples, can achieve some of the best CO> uptake under
conditions (i.e., 0.1 - 1 bar and 25 °C -50 °C) relevant to industrial

pOStcom bustion Captu re'17, 18, 25, 26, 46, 71-73, 139-147

1.3.2.3.2.1.2.3 Hydrothermal Carbonization

Biomass-derived carbons are amongst the most widely used porous
materials.148-152 Biomass, which refers to any plant-derived organic matter
includes agricultural crop wastes, wood wastes, grass etc. Recently, Mokaya
and co-workers have reported on new synthesis routes to activated carbons
generated from sustainable precursors or renewable biomass.46: 4% 50, 76, 153,
154 The two main processes for the conversion of biomass to activateable
carbonaceous matter are; (i) hydrothermal carbonisation (HTC)!%°-15% and (ii)
pyrolysis.160-163 Hydrothermal carbonization proceeds via thermochemical
decomposition and conversion of biomass into a solid residue, the so-called
hydrochar, in the presence of superheated water (180 °C -250 °C) under
self-generated pressure,'>>1>° while pyrolysis occurs via processes that
increase the carbon content of biomass during heating in the absence of
oxygen.1%0-163 HTC, discovered in 1913 by Friedrich Bergius, mimics the
natural process of coal formation that converts cellulose into coal like
materials. Recently, the hydrothermal carbonization process has been
studied widely in great detail and received increasing considerable attention
due to its efficiency, simplicity, and being an environmental friendly
technology; it only involves a simple hot water treatment (as the solvent)
and an organic material such as glucose, cellulose, starch or lignin.164-171
However, in the search for sustainable and cheaper biomass-derived
activated carbons it is desirable to simplify the synthesis process and in
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particular to negate the need for hydrothermal carbonisation or pyrolysis
prior to activation. In other words, it is desirable to directly activate biomass
to activated carbons that have similar or improved yield and/or properties
compared to those that are prepared via the conventional, and longer, two-

step route incorporating HTC or pyrolysis prior to activation.

1.3.2.3.2.1.3 Effect of Activation Parameters on Activated

Carbons Proprieties

There are a number of parameters which play a role in determining the
properties of activated carbon, namely (i) temperature of activation, (ii) ratio
of activating agent/carbon source, (iii) duration of activation, (iv) procedure
of mixing (solution or solid-solid mixing),** (v) heating ramp rate, (vi) type
of inert gas used, and (vii) the flow rate of the inert gas. These parameters
as well as the reactivity of carbon precursor significantly affect the structure
as well as the elemental composition of generated carbons.*® In this thesis
three parameters have been investigated; amount of activating agent,
temperature of activation and the procedure of mixing (pre-mixing). In brief,
the larger the amount of activating agent and higher the temperature of
activation, the greater the extent of activation and widening of pores.
Therefore properties of carbon can be readily tailored to specific targets by
carefully controlling that amount of activating agent and temperature of

activation. As for pre-mixing, it was done for the first time in this thesis.
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Activation Temperature

It is known that for any given carbon precursor and activating agent
combination, there is an optimum temperature for porosity development. In
general, the porosity increases with temperature to a maximum and then
begins to decrease with further increase of the temperature due to shrinkage
or collapse of the carbon structure.'’? 173 Generally, high temperature of
activation leads to enhanced textural properties (surface area and pore
volume) in the resulting carbons. However, very high temperature can
generate wide pore size distribution with micropores, mesopores and
macropores, which can be undesirable. Low activation temperature (600 °C
- 700 °C), on the other hand yields carbons with low surface area between

(1000 m2gt - 2000 m2g') with narrow PSD in micropore range.

Potassium Hydroxide (KOH) as Chemical Activation Agent

KOH has been studied as an activating agent to develop porosity in a range
of precursor carbonaceous materials since the late 1970s when commercially
available ACs, (AX21 and Maxsorb), were prepared using fossil-based carbon
sources.!?3 174 KOH has been found to be more effective than other activating
agents such as as ZnClz> and H3POg4 in creating porosity.17> 176 Generally, KOH
as activating works well with various carbon sources/precursors such as
wood and nutshells, hydrothermally carbonized carbon,%+%8 polymers rich of
carbon,!1?3 petroleum coke,'?®> CDCs,'77: 178 zeolite templated carbons
(ZTCs),'”° other forms of templated carbons '8 and graphene.'®' KOH
activating is very promising because it has attractive properties/advantages

such as:
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(i) Ultrahigh specific high surface areas of up to 4000 m2g! in the resulting
carbon.

(ii) A significant proportion of the porosity arises from uniform micropores in
the range of 1-2 nm.

(iii) High pore volume of up to 3.0 cm3gt.

(iv)The pore structure can be tailored by varying the activating parameters
such as activation temperature, KOH/carbon precursor ratio etc.

(v) Activation may be performed via an easy one-step process.

(vi) Lower activation temperature compared to other activating agents.
(vii) Higher carbon yields.

The amount of KOH used is one of the most important parameter that
influences the porosity of the resulting carbons. For instance, high amounts
of KOH may led to increased porosity, but usually at the expense of pore size
uniformity, i.e., broadening of the PSD. However, control of the amount of
activation agent and activation temperature are both required to achieve any

given level of porosity.182 183

Mixing Procedure

One major limitation of using KOH as activation agent is that in most cases
the KOH and carbon precursor are both solids. In other words, the activation
process between of KOH particles and carbon precursor particles is
predicated initially on solid-solid interactions, which means the mixing and
activation process can be slow and inefficient and some carbon particles may
not be optimally activated leading to waste of KOH. Therefore, it requires
higher temperature as well as higher amounts of activating agent to achieve
a given level of activation and porosity. Compaction of the mixture of KOH
and carbon precursor into pellets/disks rather than activating them as

powder-like forms can be a solution because it leads to increase in the level
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of mixing as well as increasing the level of contact between KOH particles
and carbon precursor particles. Therefore, compaction reduces inter particle

voids before the thermal activation treatment.4®

Mechanism of KOH Activation

Generally, there is a complex process with several chemical reactions, which
starts via solid-solid reactions (carbon and KOH) then proceeds via solid-
liquid reactions including the reduction of potassium compound to form
metallic K (see Figure 1.10 and Table 1.3). Although the activation
mechanism using KOH is a well-known method used to produce the pore
network in carbons, it has not been well understood because of the large
number of experimental parameters and the reactivity of different precursors
used. Reactions 5, 8, 9 allow etching of the carbon framework to generate
the pore network. On the other hand, reactions 2, 7, 9 form H20 and COz,
leads to further development of the porosity through gasification of the
carbon. Reactions 5, 8, 9 generate metallic K, which intercalates into the
carbon matrix resulting in expansion of the carbon lattices as shown in
Figure 1.10. The intercalated metallic K and other K compounds are
removed during washing, which generates further porosity as the expanded

carbon matrix cannot return to its previous nonporous nature.
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Carbon lattice Metallic potassium intercalated Activated carbon
into the carbon lattice

Figure 1.10: Mechanism of activation using KOH. Firstly, by the penetration

of metallic K into the carbon lattices, and the removal of K from the carbon
matrix.83. 176
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Table 1.3: Mechanism of KOH activation.83 176

Explanation

Reaction

eq

At 400 °C KOH is dehydrated to
transform into Kz0.

2 KOH — K20 + H20

Carbon consumed by the reaction of
carbon and H20 with the emission of
Ha.

C+H0O — CO+ H2

Reaction of CO with H20 with the
emission of Ha.

CO + H2O — CO2 + H2

Formation of K2COs by the reaction
between K20 and CO2 which is
produced in the reaction in eq (3).

CO2 + K20 — K2CO3

During KOH activation at temperatures
<700 °C, the reactions between KOH
(activating agent) and the
carbonaceous materials consist of
solid-solid or solid-liquid processes
that occur through stoichiometric redox
reaction. At about 600 °C, KOH is
completely consumed/disappears at
800 °C.

6KOH +2C — 2K+3H2 +
2K>CO3

At temperatures higher than 700 °C,
K2COs3 which formed in eq (4) and (5)
significantly decomposing into CO2 and
K20

K2CO3 — K20 + CO2

The resulting CO2 from eq (6) can be
reduced more by C to form CO at high

temperature.

CO2 + C— 2CO

K2COs can be reduced more by C to

produce metallic K at over than 700 °C.

K2COs + 2C — 2K + 3CO

K20 can be reduced more by C to
produce metallic K at over than 700 °C.

K20 + C— 2K + CO
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1.3.2.3.2.1.4 Doped Carbons

Recently, functionalization of the surfaces of carbon-based materials such as
activated carbons has received great attention due to the influence of such
functionalization on their properties and therefore consequently on their
application such as in hydrogen storage, CO2 capture, and electrical energy
storage. Doping of heteroatoms onto carbons can be achieved via
introducing atoms such as oxygen, nitrogen, or sulfur into the carbon
framework. N-doped carbons have received a great deal of research
interest,”> 144 184, 185 However, few studies have focused on S-doped
carbonaceous materials.”’® 77 N-doped Porous carbons can be prepared via
three ways: (i) a simple route of direct carbonization of N-containing
precursors at high temperatures, the nitrogen-containing precursors can be
N-containing polymers such as polypyrrole (PPY) and other organic
polymers; Figure 1.11 shows different carbon precursors, (ii) using N-
containing gases such as ammonia with heat treatment of porous carbons,
and (iii) carbonization of mixtures of N-containing organic compounds and

N-free materials. 186-188

In case of hydrogen uptake capacity, functionalization of the surface can
improve the weak interaction between H2 gas and most porous materials. In
particular, recently, the effect of doping various heteroatoms onto porous
carbon on hydrogen uptake have been investigated.86: 93, 111, 189-192 Gavji||g et.
al.'®3 reported a one-step chemical activation of polythiophene polymer
using KOH as activating agent to produce S-doped carbons with high surface
area and large pore volume and S content of 3 - 12 wt%. The carbons had
hydrogen storage capacity of up to 5.71 wt% at 20 bar and
-196 °C. The textural properties and chemical composition (varying S
content) of the carbons were tuned by modifying the activation temperature

from 600 °C to 850 °C. Several studies have hinted at positive effects on
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atomic hydrogen storage emanating from the presence of certain oxygen
containing functional groups on the surface of carbons.®41° For instance,
Yang et. al.'®* 197 reported that the hydrogen storage capacity of metal-
doped carbons could be significantly enhanced by introducing surface oxygen
functional groups. Also recently, Shayeganfar et. al. reported that oxygen-
doping improves hydrogen storage capacity of pillared graphene boron

nitride.196

In the case of CO:2 selectivity and CO2 capturing, the introduction of nitrogen
into the framework of porous carbons is thought to mimic the amine
scrubbing process in enhancing the COz uptake.'®” However, Sevilla et. al.43
prepared a series of activated carbons samples; un-doped and N-doped, to
study the effect of doping, and found that the presence of nitrogen in
nitrogen-doped carbons has no influence in the CO2 adsorption. Titirici et.
al. 1?8 found that N-doping of carbons with slit-shaped pores has no significant
influence in the CO2 uptake. Moreover, Mokaya et. al. prepared a series of
carbons samples; N-free or N-doped with closely matched porosity, in an
attempt to conclusively clarify the relative influence of N-doping and pore
size on the CO2 uptake capacity at low pressure (<1 bar). Both N-free and
N-doped carbon materials, exhibited similar total surface areas (920 + 60
m? g), while their micropore surface area range was even narrower (860 +
40 m? g!), and found that N-doping has no positive effect on the

adsorption.t®”

In contrast, most previous studies agree that CO2 adsorption on carbons is
very sensitive to and dependent on the pore size, and in particular to the
slightest changes in micropore size distribution with pore size of 5-10 A.
Thus, to maximise CO2 uptake capacity, activated carbons need to have a
high surface area arising from micropores; recent studies have found that

porous carbon materials with micropores < 7-9 A show better CO> uptakes
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than those with pores = 9 A. The pore size of activated carbons can be
tailored towards micropores by varying the carbonizing and activating

processes. >3

/N

Thiophene Pyrrole (CsHaNH) Aniline (CeHsN)

Figure 1.11: Shows chemical structures of thiophene, pyrrole, and aniline.

In my thesis, doped effects have not been investigated due to the low
percentage of sulfur and nitrogen doping contents in both PTh-based
activated carbons (Chapter 4) and PPY-based activated carbons (Chapter

7).
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1.4 Carbon Precursors Used in This Study

1.4.1 Polythiophene

Polythiophene has received extensive attention for studies in a variety of
fields due to being amenable to easy structural modification, which is a
desirable property for material science applications.199-201 polythiophene may
be synthesized via two methods;?°? (i) electrochemically or (ii) chemically
synthesis. S-doped carbons can also be simply produced by carbonization of
S-rich precursors such as polythiophene, cysteine, etc.2°3-2%> Some previous
studies have focused on S-doped porous carbons fabrication.1, 203-205 Ghin
et al. reported the synthesis of templated mesoporous carbons containing
sulphur at 4-7 wt % using thiophenemethanol as a precursor and SBA-15 as
template which produced carbon with an excellent mercury sorption
performance due to the high S—Hg affinity.2°3 Sevilla et al. reported the first
one-step chemical activation polythiophene to S-doped activated carbons
with high surface area and large pore volume of up to 3000 m2gt, and 1.75
cm3g! respectively, as well as S-contents of 3 -12 wt% and hydrogen

storage capacity of up to 5.71 wt% at 20 bar (77 K).111

1.4.1.1 Polypyrrole

Polypyrrole has found use in a number of applications due to its relative ease
of preparation and environmental stability.2%%-21° pPolypyrrole has previously
been studied as a carbon precursor.!? 45 72, 93, 105 187, 211 In general,
polypyrrole offers good porous carbon yields on pyrolysis as well as high
porosity with high surface area >3400 m?g! and a high packing density.!*

45 93 polypyrrole can be synthesized chemically 2'2 by oxidative
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polymerization of pyrrole monomer or electrochemically.2% 213 The use of
polypyrrole for activated carbon synthesis has recently attracted attention.
For example, Mokaya and co-workers '? used polypyrrole as a carbon
precursor to activated carbon with ultra-high surface area in the range of
2800-4000 m? g! and large pore volume in the range of 2.5 - 3.6 cm3 g?,
with up to 95% mesoporosity and a near total absence of micropores. The
mesoporous carbons were found to be ideal for CO2 uptake under conditions
that closely mimic pre-combustion CO2 capture and storage, i.e., 25 °C and
pressure range of 20-50 bar. The gravimetric (mmol g') CO2 uptake
capacities were amongst the highest ever reported for porous carbons; up
to 28 (20 bar), 37 (30 bar), 46 (40 bar) and 55 (50 bar). The high
gravimetric CO2 uptake of the mesoporous carbons in combination with their
packing density (0.25-0.4 gcm™3) offered colossal volumetric uptake (in gl
1) of up to 480 (20 bar), 640 (30 bar), 780 (40 bar) and 930 (50 bar). Due
to their mesoporosity, the carbons were highly suited, in terms of the CO2
adsorption capacity and selectivity over H2, as materials for hydrogen

purification under syngas flow conditions.!?

1.4.1.1.1.1.1 Zeolite Templated Carbons

Zeolite templated carbons (ZTCs) have attracted particular interest due to
their proprieties such as high surface area and micropore structure, which
are both helpful for enhancing hydrogen storage. Considerable efforts in
exploiting the tuneable properties of zeolites to produce carbon materials
with increased hydrogen adsorption are currently ongoing. The first to report
on ZTCs for hydrogen storage was Mokaya and co-workers.°! The prepared
carbons exhibited a hydrogen storage capacity of 4.5 wt% at -196 °C and 20

bar. Later Mokaya and co-workers 8> prepared high surface area carbons via
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a CVD process using zeolite B as template and acetonitrile as carbon
precursor, achieving 6.9 wt% hydrogen storage at 77 K and 20 bar which
was the highest uptake ever reported for templated carbon materials, and
porous carbons in general. Later, Mokaya and co-workers 2'* also
successfully  generated ultrahigh surface area ZTCs with a
remarkable hydrogen uptake of 7.3 wt% (at 20 bar and 77 K), via a two-
step nanocasting process involving (i) liquid impregnation of zeolite 13X
with furfural alcohol followed by (ii) chemical vapour deposition (CVD)

of ethylene at 700 °C.

ZTCs are prepared by the thermal treatment of a zeolite, in which a carbon
precursor fills the zeolite's porous to adopt its reciprocal structure.8!
Following the removal of the zeolite template via selective etching, the
resulting carbon structure exhibits a network of pore channels that are
inversely replicated from the zeolite.?'5-222 More generally, the synthesis of

templated carbons involves the following four stages;

(i) Pre-treatment/preparation of the porous inorganic template by

drying to open the pores or remove impurities.

(i) Introduction of a suitable carbon precursor such as furfuryl alcohol
FA, acetonitrile, into the template pores by liquid impregnation or
chemical vapour deposition CVD or combination of both liquid

impregnation and chemical vapour deposition CVD.

(iii) Carbonisation of the carbon precursor to generate inorganic/

organic composite at a specific temperature.

(iv) Finally, template removal by dissolution in an alkali (NaOH) or
acidic media such as HF or HCI. Figure 1.12 illustrates a typical

nanocasting technique using zeolite Y as a hard template.??% 223
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a poreentrance size : 0.74 nm
size of supercage : 1.3 nm

zeolite Y zeolite/carbon composite zeolite templated carbon
(ZTC)

Figure 1.12: Typical nanocasting technique using zeolite Y as a hard
template. (a) Zeolite Y template crystal structure, (b) composite
(zeolite/carbon), and (c) framework structure of liberate carbon after
zeolite etching in HF acid.???
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1.5 The Aim of My Research

The first aim was to increase the volumetric storage capacity of carbons for
energy related gases. At the present time, the materials with the highest
surface area generally tend to have low packing density and therefore low
volumetric uptake. Enhancements in packing density and consequently
volumetric storage capacity of porous materials may be achieved by material
densification or compaction. In my thesis, the effect of compactivation (i.e.,
mechanochemical synthesis approach) to increase packing density and
therefore high volumetric uptake was explored with respect gas (CO2 and

H2) storage.

The second aim was to find new simpler routes to activated carbons. In the
search for sustainable and cheaper biomass-derived activated carbons it is
desirable to simplify the synthesis process and in particular to negate the
need for hydrothermal carbonisation or pyrolysis prior to activation. In other
words, it is desirable to directly activate biomass to activated carbons that
have similar or improved yield and/or properties compared to those that are
prepared via the conventional, and longer, two-step route incorporating HTC

(HTC + activation) or pyrolysis prior to activation.

This thesis also aimed to generate activated carbons from sythetic polymers
e.g. polythiophene and plolypyrrole as S-doped carbons or N-doped carbon

respectively.
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Chapter 2. Methods and

Characterization Techniques
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2.1 Aim of this Chapter

This chapter divided into three parts:
e Synthesis tools and equipment used for material preparation.

e Analytical techniques used to investigate and characterize the generated

materials and their properties.

e Gas (H2 and CO2) sorption measurements and calculations used to
determine excess hydrogen uptake, packing density and bulk density of

generated materials.
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2.2 Preparation of Activated Carbons

2.2.1 Conventional Chemical Activation

Chemical activation is one of the most commonly used methods for the
preparation of highly porous carbonaceous materials commonly referred to
as activated carbons.! 2 In this study, chemical activation was performed as
follows; A mixture containing the activating agent and carbon precursor at
the desired activating agent/carbon ratio (i.e. 2:1 or 3:1 or 4:1 etc) was
ground together with a pestle and mortar to obtain a homogeneous mixture
which was loaded (as is in powder form or as pellets/discs after compaction)
onto an alumina boat (Figure 2.1) and then placed in tubular furnace with
digital control (Manufactured by Sigma scientific, carbolite 301 controller),
(Figure 2.2) under a flow of nitrogen gas. The furnace was then heated (at
a ramp rate of 3, 5 or 10 °C min!) to a temperature of between 600 °C and
900 °C and held at the target temperature for 1 hour. Following cooling under
a flow of nitrogen, the resulting carbonaceous matter was recovered and
washed with HCI at room temperature until all inorganic impurities were

removed. The final activated carbon was then dried in an oven at 120 °C.

Figure 2.1: Alumina boat loaded with activation mixture.

85



Samplein Alumina

boat
T
Inert gas outlet
{Aror N,) -,
eEaasy
Settings
1| Ramprate °C/min
m | TergetTem ]
[ |

Figure 2.2: Schematic of a typical tubular horizontal furnace and setup up
(i.e. gases, holding time, ramp rate, and target temperatures) used for
chemical activation and chemical vapour deposition (CVD) procedures.

2.2.2 Compactivation/Mechanochemical

Activation

Compactivation or mechanochemical activation 2% involves mechanically
mixing and compacting the powdered starting materials (activating agent
and carbon precursor) prior to activation. The activation mixture is
compacted in a 1.3 cm die (Figure 2.3) to form a flat pellet or disc prior to
activation. The activating agent (KOH) and carbon precursor were mixed at
the desired ratio and ground together to obtain a homogeneous mixture. The
mixture was then placed into an evacuable 1.3 cm die (Figure 2.3) and
compacted for 10 minutes at ambient temperature at a load of either 5
tonnes (equivalent to 370 MPa) or 10 tonnes (equivalent to 740 MPa) using

a manual hydraulic adjustable laboratory pellet press (Figure 2.4). The
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pellet/disc was then activated as described above, except that no stirring

was used during the washing (with HCI) step.

*Q}I

—
pellet

Figure 2.3: Evacuable 1.3 cm die and disc/pellet making accessories.

Figure 2.4: Manual hydraulic pellet press used to make compacted
pellets/discs.
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2.2.3 Chemical Vapour Deposition (CVD)

Processes

In CVD processes, the substrate is exposed to one or more volatile
precursors, which react and/or decompose on the substrate surface to
produce the desired deposit. In this study, a tubular furnace (Figure 2.2)
was used for formation of porous carbonaceous nanostructured materials.
Typically, the hard templates (zeolite Y or zeolite 13X) were placed in an
alumina boat and inserted into the tubular furnace and then were exposed
to a flow of ethylene as carbon precursor. CVD experiment conditions are

varied (ramp rate, temperature, holding time). See Chapter 3, section 3.4.

2.2.4 Hydrothermal Carbonization Reactor

The hydrothermal reactor used consists of two parts; an outer high quality
stainless steel jacket, and an inner thick walled Teflon-lined

polytetrafluoroethylene (PTFE) insert (Figure 2.5).

Figure 2.5: Hydrothermal synthesis autoclave reactor (manufactured by
Parr Instrument Company, vessel number 4744, size 45 ml with maximum
temperature of 250 °C and pressure of 1800 psig); stainless steel jacket
part, and inner Teflon lined Teflon/PTFE chamber (white).

88



2.2.4.1 Production of Hydrochar

Hydrothermal carbonization proceeds via thermochemical decomposition of
biomass into so-called hydrochar in the presence of superheated water.> ©
The wood sawdust (biomass) was converted to hydrochar as follows; an
aqueous dispersion of biomass (sawdust) at a concentration of 320 gL' (6.4
g of sawdust in 20 ml of water) was placed in a stainless steel reactor
(Figure 2.5 and Figure 2.6) and heated up to 250 °C for 2 hours at ramp
temperature of 5 °C/minute in laboratory muffle furnace. The resulting black-
brownish solid (the hydrochar) was recovered by filtration and washed

thoroughly with distilled water and then dried at 120 °C for 4 h.3

e

Hydrochar

Figure 2.6: Photographic images of hydrothermal carbonisation
procedure for hydrochar formation.
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2.3 Analytical Techniques

2.3.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) 710 is an essential laboratory technique,
which is used widely to determine the thermal and/or oxidative stabilities of
materials as well as their compositional properties, impurity levels, moisture
and volatiles content. TGA works by measuring the amount and rate of
change in the mass of a material as a function of temperature (heating) or
time under a controlled temperature program and atmosphere (inert or
oxidizing atmosphere). TGA is used to characterize materials that exhibit
either mass loss or loss due to volatiles/moistures, dehydration,
decomposition or oxidation. TGA data can also be used in kinetic studies of
reactive chemicals, to predict product performance and chemical
degradation characteristics. Thermogravimetric analyser typically consists
of:11 (i) a pan (sample holder) usually made from alumina or platinum
supported by a precision microbalance and located inside an electrically
heated furnace. (ii) purge gas controls with the gas flowing over the sample
and exiting through an exhaust and (iii) a computer with
a programme used to control temperature (heating or cooling), ramp rate

(fixed or varied), gas flow rates, and other functions.

Method

In this study, TGA analysis was performed using a TA Instruments SDT Q600

SDTQ600 analyser under flowing air conditions (100 mL min-1t).
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2.3.2 Powder X-Ray Diffraction (PXRD)

Powder X-Ray Diffraction (PXRD) 1?16 js one of the most efficient, useful, and
non-destructive analytical techniques. XRD is used to characterize and
identify unknown crystalline solid materials and provides information about
the crystal structure (molecular structure) down to the atomic level. XRD is
based on constructive interference of monochromatic X-rays with crystalline
materials made possible by the fact that the wavelength of X-rays are similar
to the distance between atoms. The scattering of X-rays from atoms produce
a diffraction pattern that contains information about the atomic arrangement
in a crystal. In case of a crystalline material the diffraction pattern shows a

series sharp peaks.

X-ray diffraction principle is described by Bragg’s law which relates the
wavelength of incident x-rays to the diffraction angle and the lattice spacing
in a crystalline sample. The comparable size of the X-ray wavelength and
the interplanar spacing (denoted as d) causes a crystal to diffract X-rays
passing through it. The diffracted radiation reflected from the surface of a
crystalline material may be in phase or out of phase, which corresponds to
either constructive or destructive interference respectively, depending on the
angle of incidence and interplanar spacing. The regular array of lattice points
that make up the crystal structure provides the conditions for constructive

interference that are described by Bragg's law equation below and Figure

2.7_17, 18
nad = 2dyy,; Sin0 Equation 2.1
Where
n is a positive integer 1, 2, 3 etc
A is wavelength of the incident X-ray radiation

dnk | is the lattice distance (the interlayer spacing distance of the lattice
where hkl refers to Miller indices used to identify planes of atoms)
0 is the diffraction angle between the transmitted and scattered beam
directions.
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Figure 2.7: Schematic of X-ray Diffraction.”

A typical powder x-ray diffraction instrument mainly consists of three basic
components: an X-ray tube, a sample holder, and an X-ray detector.
Typically, 10 to 20 mg of powdered sample is placed on a zero

background/diffraction plate (Figure 2.8).

Method

In this study, Measurements were performed using a PANalytical X'Pert PRO
diffractometer with Cu-Ka (Figure 2.9). The X-ray generator was set to 40
kV and 40 mA, with step size of 0.02° and step time of 2s to 30s for values
of 20 between 2° and 60°. XRD profiles were collected in air at room

temperature.
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Figure 2.8: Photographic images of Zero background/diffraction plate with
and without sample for XRD sample (holder).
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Detector

Figure 2.9: Schematic of a PANalytical X'Pert PRO diffractometer, where w
is the incident angle between the X-ray source and the sample. 28 is the
diffraction angle between the incident beam and the detector. The incident

angle w is always half of the detector angle 26.
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2.3.3 Nitrogen Sorption Analysis

2.3.3.1 Textural Properties and Porosity Analysis

Gas sorption (adsorption/desorption) is the most common method for
characterising porous solid materials so as to determine their surface area,
pore volume and pore size distribution (PSD). The analysis is performed in
an enclosed space by firstly degassing (heating) the sample under vacuum
then exposing it to an inert gas (usually nitrogen). The amount of gas
adsorbed is recorded as a function of the applied pressure at constant

temperature resulting in a sorption isotherm.

The type of sorption isotherm is determined by the pore size and surface
area of the material and is usually one or a combination of six categories (I
to VI) of gas isotherm types defined by the International Union of Pure and

Applied Chemistry IUPAC (Figure 2.10), namely; *°

» Type I isotherm: Exhibited by microporous materials with relatively
small external surfaces (e.g., some activated carbons, molecular
sieve zeolites). The uptake is limited by the accessible micropore

volume rather than by the internal surface area.

= Type II isotherm: Given by non-porous or macroporous materials.
In this isotherm type monolayer coverage is completed and multilayer
adsorption occur at high relative pressure. B point (Figure 2.10)
indicates the stage at which monolayer coverage is completed and

multilayer adsorption about to begin.

= Type III isotherm: Observed for non-porous and macroporous solid
adsorbents. There is no identifiable monolayer formation; the

interactions between adsorbent and adsorbate are relatively weak
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which leads to low uptake at low relative pressure. This type gives a

gradual curvature and indistinct point B.

Type 1V isotherm: Given by mesoporous adsorbent materials. The
adsorption behaviour in mesoporous is determined by the adsorbent
adsorptive interactions and also by the interactions between the
molecules in the condensed state. A characteristic feature of the Type
IV isotherm are its hysteresis loop, which is associated with capillary
condensation taking place in mesopores, and the limiting uptake over

a range of high P/P..

Type V isotherm: A rare isotherm type with shape similar to type
III due to relatively weak interactions between adsorbent and

adsorbate which lead to low uptake at low relative pressure.

Type VI isotherm: Stepwise and representative of layer by layer

adsorption on non-porous solids with highly uniform surface.
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Hysteresis Loops

The phenomena of hysteresis is wusually related to the effect of
thermodynamic or network effects or combination of both.?! If larger pores
have access to the surrounding via smaller pores, the pressure firstly needs
to be low enough to evacuate the small pores before the adsorbate can
escape from larger pores. In more details, the description of each
classification of hysteresis loops according to the IUPAC are discussed into
four different types below (Figure 2.11). The description of each

classification of the hysteresis loops is as discussed below;

e H1-type: The shape of this hysteresis is parallel, almost vertical
adsorption and desorption branches and are characteristic of

highly ordered materials with cylindrical pores.

e H2-type: The shape of this hysteresis type is triangular in shape
and has a less steep adsorption branch than H1-type loops but has
similar, almost vertical, desorption branch. These kinds of loops
are indicative of materials with poor pore connectivity or those with

pores that are ink-bottle shaped.

e H3-type: This shape do not tend to level off at pressures
approaching saturation pressure and are said to be associated with

materials with plate-like particles and slit-like pores.

e H4-type: This kind of shape has parallel, almost horizontal
branches and often occurs for materials with narrow slit-like pores
and most common for materials possessing larger mesoporous

within the matrix of smaller micropores.
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2.3.3.2 Theory of the Brunauer-Emmett-Teller

(BET) Method

Specific Surface Area

BET theory is an important analysis and currently it is a standard technique
used widely to calculate the specific surface area of solids by physical
adsorption results from relatively weak forces (Van der Waals forces)
between gas molecules adsorbate on the surface of the solid adsorbent
corresponding to a layer on the surface by using the gas adsorption isotherm
data. The determination is usually carried out at the temperature of liquid
nitrogen (-196 °C). The amount of gas adsorbed corresponding to a
monomolecular layer on the surface. The model of BET theory is that the
adsorptive starts to adsorb on the strong energy sites on the surface first,
then as the pressure increased, the adsorptive adsorbs on the next energy
level sites. The model also takes account of the 2" layer, 3 layer and higher
layer adsorption. BET theory 23-2° of multi-layer adsorption (Figure 2.12),
and an extension of Langmuir model (theory of the monolayer adsorption)
which at higher pressure and high coverage fails to provide accurate
explanations and experimental results. BET theory was originally derived by
Brunauer, Emmett and Teller (BET). In 1938, Brunauer, Emmett, and Teller
(BET) analysed the first adsorption isotherm using liquid nitrogen (-196 °C)
considering multi-layer adsorption. The BET equation can be written as

follows: 2t

P 1 c-1 P -
VAP~ Vme [ vme | X5 Equation 2.2
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Where

V4 is the volume of monolayer gas adsorbed.

Vm | is the volume of gas adsorbate.

P is the pressure of the gas when the volume is Vm.

P, is the saturation pressure at a given temperature

(101.3kPa for N2 at 77K).

is the BET constant parameter related to the heat of adsorption
c and represents the surface interaction energy, so it must be a
positive value.

The BET plot of P/V(P.-P) against P/P. gives straight line (y= mx+c) where
m and c are constants, usually in the pressure range of specified partial
pressure (P/Po= 0.06 - 0.22) range of the isotherm is selected and the
isotherm data is used to calculate the BET surface area range. The resultant
straight line with Vm and C refers to ((C-1)/Vm C) and the y-intercept

correspond to (1/Vm C) respectively.

2.3.3.3 Assessment of Microporosity; Pore Volume,

Pore Size and Pore Size Distribution (PSD)

The total pore volume can be calculated from the amount of gas adsorbed
at a relative pressure close to the saturation vapour pressure when the pores
are filled completely by converting the adsorbed amount to the
corresponding volume of the liquid adsorbate at the temperature of the

adsorption measurement.

The thickness plot (t-plot) method is used for micropore volume evaluation
and microporous area. This method is based on plotting the volume of gas

adsorbed against the adsorbate molecular thickness.
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The pore size distribution (PSD) gives an indication of whether the sample is
micro or mesoporous. This may be obtained from the adsorption branch of
the isotherms using the Non-Local Density functional theory (NLDFT method);
provides a microscopic treatment of sorption phenomena in micro-and
mesoporous on a molecular level, i.e. based on statistical mechanics. Briefly,
the PSD evaluation is based on the theoretical isotherms calculated for
individual pores of a given adsorbate-adsorbent system. These isotherms,
which constitute the so-called kernel, are generated using the NLDFT where
the fundamental molecular parameters characterizing the gas—gas and gas-
solid interactions of the adsorption system are utilized. Mathematical
procedure used for PSD calculation can be described as fitting a combination
of the theoretical isotherms to the experimental data. The obtained PSD
represents volumetric contributions of pores with different sizes whose

theoretical isotherms best fit the experimental data.

Isotherms are constructed, i.e. a plot of partial pressure relative to the
saturation pressure (P/P,) against volume of adsorbate adsorbed by a porous
material. Nitrogen is used at its boiling point as the adsorbate. The amount
adsorbed by an evacuated sample is then measured by gradually increasing
the pressure from P/P,= 0 up to the saturation pressure, i.e. P/P, = 1.0. This
procedure acts to measure the adsorption branch of the isotherm. On the
other hand, desorption branch is measured by proceeding to decrease the
pressure back to P/P,= 0, before allowing sample to return to atmospheric

pressure.

102



Juswadxa uoirdiospe seb jo sabels g1 ¢ 24nb614

‘ainssaid mo)

e sa|noajow seb
quospe o) uibaq
aoeyns ajdwes ay)
uo S3)Is Paje|os|

| abejs

aoeuns je Ajisuap seb jo dn piing

eale aoeuns — Jake| ouow Jo uonajdwod

uopeuLioju; azs aiodosap

owngoN a8 0y N .a.«.&%.

pue ejep az|s aiod Jayuny

“Jafejouow

€ WIOoj 0} Saseasoul
sa|nosjow
pagiospe

jo abesanod
‘sasealoul

saljod ay) e |y pue a|dwes ; Jﬁ”mﬁmﬂ“ﬂ ainssaid seb sy
ay) jo abesanoo aya|dwod sofeHmnI 0 4 mmmuw

SO i alsald Buiuuibaq ay) asned
seb ay) ul asealoul Jayuny v .=s.> Do

v abeig Buiseasoul Jayun4
¢ abeyg

sy 1Y 11m

103



Physical Proprieties: Surface Area and Porosity

Measurement

it is an important analysis used to provide specific surface area (by
calculating the amount of adsorbate gas corresponding to a monomolecular
layer on the surface of material) and porosity of materials with a wide variety
such as catalysts, zeolites, MOFs etc., by nitrogen adsorption measured as a
function of relative pressure. In this study, two instruments were used; ASAP
2020 Micromeritics surface characterization analyzer and 3Flex surface

characterization analyzer.

2.3.3.4 ASAP 2020 Micromeritics Surface

Characterization Analyzer

ASAP 2020 Micromeritics surface characterization analyzer 2% 27 (Figure
2.13) is a two independent vacuum stations intelligent degas system or fully
automated degassing with precisely controlled heating profiles and one
analysis station. This technique used physical adsorption of a gas to
determine surface area and porosity of porous solids materials (i.e. activated
carbons). Firstly, the sample loaded into a tube (Figure 2.15) for pre-
treatment including; heating (degassing) in conjunction with vacuum to
remove moistures and impurities from the surface of the powder sample by
applying elevated temperature (up to 250 °C) which does not cause any
structural change to the sample. The material is then cooled to cryogenic
temperatures. An adsorptive a probe gas (commonly nitrogen is added to
the material at controlled pressure increments. After each dose of

adsorptive, the pressure is equilibrated and the quantity adsorbed is
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calculated. After the area is covered by adsorbed gas molecules, the surface
area can be calculated/measured usually using the Brunauer-Emmett-Teller
(BET) method 2* 28 which employs the nitrogen adsorption at different
pressures at the temperature of liquid nitrogen (77 K). The total pore volume
is estimated from the amount of nitrogen adsorbed at the highest relative
pressure, pore size distribution can be calculated using Non Local Density
Functional Theory method (NLDFT). At the end a vacuum is applied and the
gas removed, which may result in hysteresis behaviour. The relative
pressure and quantity of gas adsorbed are measured to give an adsorption

isotherm, which depends on the nature of the material.

Figure 2.13: ASAP 2020 Micromeritics surface and porosity
characterization analyzer.
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2.3.3.5 Micromeritics 3Flex Surface

Characterization Analyzer

The 3Flex 2° 30 (Physisorption) is similar in function to ASAP 2020
Micromeritics surface characterization analyzer but with three fully
automated analysis ports instrument, capable of high-performance
physisorption (mesopore and micropore) and chemisorption analyses with
superior accuracy, resolution and data reduction. Its advanced manifold
design and embedded control provide an ultra-stable environment for
pressure and temperature measurements, extending the limits of resolution,
a new advanced dosing method that allows you to mix both pressure and
volume increments, ultra-clean manifold design features hard-seal valves
and metal seals to provide high chemical resistivity, ease of evacuation, and
lowest outgassing rate in the industry. The 3Flex is ideally suited for the
characterization of different materials such as; MOFs, zeolites, activated
carbons, adsorbents and a wide variety of porous and non-porous
materials. 3Flex can characterize three samples at the same time with three

different adsorptive (conditions) with just a single click.

Sample Preparation

Sample preparation for both BET 2020 and the 3Flex are the same (Figure
2.15). Firstly, at least 50-100 mg of clean carbons dried overnight in the
oven at 150 °C loaded into a tube and then evacuated overnight under
vacuum at 200 °C for 12 h before analysis to remove the physisorbed species
(water/moistures) from the adsorbent without causing any irreversible
changes to the surface or to the solid structure by control the out-gassing
conditions (such as the heating temperature/time, the change in pressure

over the adsorbent).
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Method

In this study, nitrogen sorption isotherms and textural properties of carbon
materials were determined at 77K (-196 °C) using a Micrometrics ASAP 2020
sorptometer (Figure 2.13) or Micromeritics 3Flex surface characterization
analyzer (Figure 2.14). The surface area of carbons was calculated using
the BET equation applied to adsorption data in the relative pressure (P/P,)
range of 0.01-0.22 and total pore volume was calculated from the amount
of nitrogen adsorbed at relative pressure (P/Po= 0.99). The micropore
surface area and micropore volume were estimated by t-plot analysis. The
pore size distributions were obtained via a Non-Local Density Function

Theory (NLDFT) method using nitrogen adsorption data.
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Figure 2.14: Micromeritics 3Flex surface characterization analyzer
(three-station instrument).

Figure 2.15: Photographic image of Micromeritics surface sample tube
holder.

108



2.3.4 CHN Elemental Analysis

Elemental Microanalysis 3!/ 32 is a quick, straightforward, accurate and cost-
effective technique used to provide information on the purity and
composition of samples by providing a precise and accurate analysis of a
sample's percentage carbon, hydrogen and nitrogen content. Combustion of
the accurately weighed sample (typically 2 mg) held in a tin container placed
inside the autosampler drum where they are purged with a continuous flow
of helium and then dropped at present intervals into a vertical quartz tube
maintained occurs in a high temperature furnace (975 °C) (combustion
reactor) under pure oxygen gas. The combustion products are carried
through the analytical system by a flow of helium gas then pass over suitable
reagents in the combustion tube to ensure complete oxidation and removal
of undesirable by-products such as sulphur, phosphorus and halogen gases.
In the reduction tube which maintained at 625 °C, oxides of nitrogen are
converted to molecular nitrogen and residual oxygen is removed. The sample
gases are then thoroughly homogenized to a precise volume, temperature
and pressure in the mixing volume. This mixture is then released and

detected by thermal conductivity detector.3?

Between the first of three pairs of thermal conductivity cells, an absorption
trap removes water from the sample gas. The differential signal read before
and after the trap reflects the water concentration and, therefore, the
amount of hydrogen in the original sample. A similar measurement is made
of the signal output of a second pair of thermal conductivity cells, between
which a trap removes carbon dioxide, thus determining the carbon content.
The remaining gas now consists only of helium and nitrogen. This gas passes

through a thermal conductivity cell and the output signal is compared to a
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reference cell through which pure helium flows. This gives the nitrogen

concentration

Sample Preparation

Typically 2 mg of fine, dry, and clean powdered carbons (free of moistures

dust, and hair), needed for a duplicate run.

Method

In this study, The Elemental Microanalysis for C, H and N for carbons
performed using a model Carlo Erba CE-118 Elemental Analyzer

(Figure 2.16).

XYM ANALY

'
"
.

Figure 2.16: Carlo Erba CE-118 Elemental Analyzer.3?
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2.3.5 Electron Microscopy

In this study, the two types of electron microscope were used: Scanning

Electron Microscope (SEM), and Transmission Electron Microscope (TEM).

In electron microscopy, a highly energetic beam of electrons hits the surface
of solid specimens to a few microns depth, which leads to elastic and inelastic
scattering of electrons comprising of; (i) secondary electrons (SE), (ii)
backscattered electrons (BSD), Auger electrons, (iii) characteristic X-rays,

(iv) photons, light and heat, as shown in Figure 2.17.

Electrons from
_ the source
(primary electrons, Pe") _—

Characteristic Back-scattered Auger electrons beam Backscattered electrons

X-rays ele S
Xerays Secondary electrons
Light \

~ . Absorbed electrons ‘
Elastically scattered electrons Direct Inelastically scattered electrons

Figure 2.17: Schematic showing how a highly energetic electron beam
interacts/behaves with the sample in an electron microscope.33
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2.3.5.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) 3436 js used to scan the surface
structure/topography of solid samples with high resolution of ca. 1-20 nm.
The maximum resolution obtained of SEM depends on many factors such as
sample preparation, the electron spot size, and interaction volume between
the electron beam and the sample. SEM microscope consists of four basic

components (Figure 2.18);

(i) An electron gun, located at the top of the SEM column to produce an

incident beam of stable, highly energetic accelerated electrons.

(ii) Vacuum system, which consists of various pumps to keep the system
under high vacuum which help to minimizes interaction between the

electrons and gaseous species before hitting the specimen.

(iii) A series of several lenses; electromagnetic lenses, objective lens and
condenser lenses, and apertures, each with its function and all used to

maximize the efficiency of SEM.

(iv) Detectors, including Secondary Electron Detector (SED), Backscatter
Detector, Diffracted Backscatter Detector (EBSD), X-ray Detector (EDS)

etc.

(v) Computer; to control the system, display and view the images.

Samples Preparation

In this study, the sample preparation required depends on whether it is
electrically conducting or not. Electrically conductive samples, such as
carbons, only require minimal sample preparation; a small amount of the

fine powder sample was directly mounted on an aluminium stub with double-
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sided adhesive carbon tape (Figure 2.19). Non-conductive (or poorly
conductive) non-coated samples such as sawdust biomass, were firstly
coated before imaging with an ultra-thin (<15 nm) conductive metal coating
of an electrically-conducting material such as platinum or gold using sputter

coater?®” (Figure 2.20 and Figure 2.21).

Method

In this study, scanning electron microscopy images were obtained using FEI
Quanta 650 ESEM instrument (Figure 2.22 and Figure 2.23) and JEOL
6490 instrument,3® at room temperature, and voltage of 5 kV or 10 kV. FEI
Quanta 650 ESEM instrument and JEOL 6490 instrument both setup to work

in air.

Electron gun ~|

- Electron beam

First condenser lens —

Spray aperture —

Second condenser lens —|

LA

o ——+- X-ray detector

Deflection coils
Final lens aperture -

Backscatter |l

electron detector

Sample —-4\
‘ | Secondary

Vacuum pump electron detector

Objective lens

\/Y
NS
[

ﬁ\\\\‘

;

Figure 2.18: Schematic diagram of typical Scanning Electron Microscopy
(SEM).
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Figure 2.19: (A) Double-sided adhesive carbon tape, (B) SEM specimen
aluminium stubs.

Figure 2.20: Photographic image of sputter coater at Nanoscale and
Microscale Research Centre (NMRC) at University of Nottingham. An argon
plasma is used in a vacuum chamber to sputter particles of metal from the
targets which form a thin (<15 nm) layer on the sample.
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Figure 2.21: Photographic image of wood sawdust (non-
conducting sample) before and after conductive thin platinum

coating.
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o

Figure 2.22: Photographic image of FEI Quanta 650 ESEM at Nanoscale
and Microscale Research Centre (NMRC) at University of Nottingham.
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Figure 2.23: Photographic images showing SEM samples preparation (A),
ESEM sample chamber (B), and FEI Quanta 650 ESEM instrument (C), at
Nanoscale and Microscale Research Centre (NMRC) at University of
Nottingham.
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2.3.5.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) 3> 3% 40 js a very powerful technique
for material science development and nano-technologies research. It images
thin or ultrathin specimens (ideally < 100 nm thick) by exposing them
directly to a highly energetic monochromatic electron beam. The quality of
TEM images depends largely on sample preparation, the accuracy of the
mechanical and electrical adjustments. Resolution in TEM performance is
affected and limited by the spherical aberration effect. However, a new
generation of microscopes have been developed and designed with
aberration correctors to minimize spherical aberration to increase the
resolution. For example, development of high resolution TEM (HRTEM) has
achieved images with resolution of <5 nm at magnifications >50 million

times.
Sample Preparation

Samples were prepared for TEM by dispersing a finely ground sample
suspended in isopropanol or methanol. Several drops of the mixture were
then dispersed onto Lacey-carbon support film on copper grid (Figure 2.24)
to obtain thin specimen, which were dried under ambient conditions prior to

analysis.

Method

Transmission electron microscopy (TEM) images were obtained using a Field
Emission Electron Gun Transmission electron microscopy JEOL 2100 FEG-
TEM instrument (Figure 2.25 and Figure 2.26) operating at 200 kV

equipped with a Gatan Orius CCD for imaging.
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(5)

Electron beam

TEM sample holder

Figure 2.24: Photographic images of TEM sample preparation steps;
(1) a finely ground sample suspended in isopropanol or methanol,
(2) several drops of the mixture were then dispersed onto Lacey-carbon
support film on copper grid, (3) sample dried under ambient conditions
prior to analysis, (4) load/screw a TEM grid on the grid holder, and
(5) showing TEM sample holder with loaded sample and beam position.
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Figure 2.25: Photographic images of JEOL 2100 FEG-TEM instrument at
Nanoscale and Microscale Research Centre (NMRC) at University of

Nottingham.
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Figure 2.26: Schematic diagram of internal structure of Transmission
Electron Microscopy (TEM).40
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2.3.6 Spectroscopy

2.3.6.1 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy XPS #-43 is an elemental surface analysis
technique, with average analysis depth of less than 5 nm (Figure 2.27) and
is therefore useful for the compositional analysis of ultra-thin layers and thin
micro-scale sample features. It provides valuable quantitative and chemical
state information from the surface of all the elements with an atomic number
(Z= 3) (lithium) and above. However, XPS is not able to detect hydrogen
and helium elements (Z= 1) or helium (Z= 2). XPS is also known as electron
spectroscopy for chemical analysis (ESCA) because it has also the ability to
identify chemical status of elements on the surface. XPS based on the
photoelectric effect, i.e., emission of electron following excitation of core
level electrons by photons. XPS can measure the elemental composition,
chemical state and electronic state of the elements in a material. XPS is
mostly used because of it's relative simple use and ease of data
interpretation.*! XPS provides information about the structures of surface
layers or thin films where surface or thin film composition plays a critical role
in performance such as in nanomaterials, photovoltaics, catalysis, corrosion,
electronic devices, surface treatments, and thin film coatings. Figure 2.28

shows the basics of XPS.

Typically, XPS works by bombarding the atoms (core-levels) in the surface
of the sample by a beam of monochromatic and energetic x-rays (photons
with enough energy hv) which absorbed by core (inner shell) in atom, led to
ionization (by removing of one of these valence electrons) and the emission
of a core (inner shell) electron in order to emit photoelectrons with kinetic
energy with Ex from the surface (the kinetic energy of the electron depends

on the photon energy (hv) and the binding energy (BE) of the electron. From
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the top 1-10 nm of the material surface (Figure 2.27), leading to ionization
and the emission of core (inner shell) electrons. The energy of emitted
photoelectrons is measured by electron analyser from the position and
intensity of the peaks in an energy spectrum, the elemental identity,
chemical state, and quantitative information of a detected element can be

determined.

The energy of a photon is given by the Einstein relation:

Eg=hv—Egx—W Equation 2.3

Where

hv | is the energy of x-ray photon (1486.6 eV for monochromatic
ALKa)

Ex | is the kinetic energy of photoelectron

W | is the work function induced by the analyser (about 4-5 eV)

Sample Preparation

Practically about 5-10 mg of powdered dried clean carbons (nho pre-

treatment required).

Method

In this study, the sample analysis is conducted in a vacuum chamber, under
the best vacuum conditions achievable (10° Torr) using a Kratos Liquid
Phase Photoelectron Spectroscopy (LIPPS) (Figure 2.29) or a Kratos AXIS
ULTRA (Figure 2.30) both with a monochromated Al Ka X-ray source
radiation (hv =1486.6 eV) operated at 10 mA emission current and 12 kV
anode potential used. Fixed analyser transmission mode (FAT) was used,

with pass energies of 160 eV or 80 eV for survey scans and 20 eV for high
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resolution scans. The magnetic immersion lens system allows the area of
analysis to be defined by apertures, a slot aperture of 300 x 700 ym for
wide/survey scans and aperture of 110 pym for high resolution scans. The
take-off angle for photoelectron analyser was 90 degrees and acceptance
angle of 30 degrees (in magnetic lens modes). Obtained data was analysed
using CASAXPS software with Kratos sensitivity factors to determine atomic

values (%) from the peak areas.

Surface (1 nm)
3 atomic layers  Ultra-thin film (1 to 10 nm)
3 - 30 atomic layers

Thin Film (10 nm to 1um)
4 30 - 300 atomic layers

<«— Bulk

Figure 2.27: Showing the materials layer.#?
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X-ray Monochromation

X-ray Emission

Figure 2.28: Schematic of basic components of XPS system.*?

Figure 2.29: Photographic image of Kratos Liquid Phase Photoelectron
Spectroscopy (LIPPS) at Nanoscale and Microscale Research Centre (NMRC)
at University of Nottingham.**
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Figure 2.30: Photographic image of KRATOS Axis Ultra Spectrometer XPS
at Nanoscale and Microscale Research Centre (NMRC) at University of
Nottingham.
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2.3.6.2 Inductively Coupled Plasma Optical

Emission Spectroscopy (ICP-OES)

Inductively coupled plasma - optical emission spectrometer (ICP-OES) is one
of the most powerful techniques for determining elemental composition. 4°>-
49 ICP-OES is composed of two parts; the ICP emission and the
optical spectrometer. The technique can be used to quantitatively identify a
wide range of elements such as K, Na, Ca, Fe, Mn, Ba and Mg, and is suitable
for trace analysis of metal elements (0.0002 ppm -1000 ppm) and a limited
number of non-metallic elements such as S and P. The system of ICP-OES
generally consists of three parts; sample introduction system, plasma

generator, and spectrometer (Figure 2.31).

Sample Preparation

Approximately 10 mL of aqueous solution typically in 2 -10% nitric acid/or
other suitable acid such as HCI. The solid sample is fully dissolved via
digestion to ensure that there are no particles that can easily clog the tip
of the nebulizer. The solubilized sample solution is injected into the
instrument by nebulizer into the spray chamber and carried by argon
gas into a torch heated to approximately 10,000 °C. Standard
reference samples of known concentration are used to allow unknowns to be

determined.
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Method

In this study, a Perkin Elmer Optima 2000 DV ICP-OES with S10 auto-
sampler ICP-OES (Figure 2.32) was used. The spectrometer was pre-set to
measure emitted light at specific wavelengths. The sample solution was
introduced by peristaltic pump through a nebuliser and into the argon plasma
flame. The flame was ignited and maintained by way of a high power RF
circuit. The intensity of the emitted light at specific wavelengths is
proportional to the concentration of sample; therefore, calibration of the
instrument with samples of known concentration allows unknowns to be

determined. 4’
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Figure 2.31: Schematic of the inductively coupled plasma- optical emission
spectrometer ICP-OES.

Figure 2.32: Photographic image of MODEL Optima 2000 DV ICP-OES with

S10 autosampler manufactured by Perkin Elmer.

127



2.3.6.3 Raman Spectroscopy

Raman spectroscopy >°-33 is an invaluable analytical tool that can study solid,
liqguid and gas samples. Raman is a molecular spectroscopy is based on
inelastic scattering of monochromatic light, usually from a laser source and
detects vibrations involving a change in polarizability. Raman is commonly
used for molecular finger printing as well as monitoring changes in molecular
bond structure (e.g. state changes and stresses and strains). It used to
determine the chemical identity and state of a sample by its unique
vibrational (molecular) modes.

Raman spectroscopy is named in the honor of its inventor Sir
Chandrasekhara Venkata Raman. The principle of Raman technique is
normally measuring the interaction between a monochromatic light source
(laser beam) in the ultraviolet range (UV), visible or near infrared (NIR)
range which have low energy, used to illuminate the sample and absorbed
by the sample and lead to vibrational (and other low-frequency) modes of
the molecular systems being analysed. The laser light and then photons
reemitted from the sample with altered frequency (shifted up or down)
compare to the original monochromatic frequency, this phenomenon called
the Raman effect. Raman Effect is that frequency of a small fraction of
scattered radiation is different from frequency of the original incident
radiation. This shift gives information about vibrational, rotational and other
low frequency transitions in molecules. The scattered light from the sample
is collected with a lens then sent through interference filter or
spectrophotometer to obtain Raman spectrum. This change in frequency can
be recorded and plotted against the scattered light intensity. Therefore
Raman scattering gives rise to reductions or gains in light frequencies that
correspond very sensitively to the molecular structure of the material and its

state.
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Sample Preparation

Raman spectroscopy requires little to no sample preparation and is

insensitive to aqueous absorption bands.

Method

Raman spectra were recorded using a Horiba-Jobin-Yvon LabRAM Raman
microscope with a 532 nm laser operating at ca. 4 mW (10%) and a 600
lines per mm grating. Spectra were collected by averaging 8 acquisitions of
60s duration. The Raman shift was calibrated using the rayleigh peak and

the 520.7 cm™ Si line from a Si (100) reference sample.
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2.3.6.4 Fourier Transform Infrared (FTIR)

Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy >* >> provides information
of functional groups presence such as C=C, C=0, O-H, and C-H. It used to
determine the structure of molecules as well as to quantitate components of
an unknown mixture. It is very useful to confirm purity or impurities. The
method consists of a beam containing many light frequencies at once and
measures how much of that beam is absorbed by the sample. Molecular
bonds vibrate at various frequencies depending on the elements and the type
of bonds. For any given bond, there are several specific frequencies at which
it can vibrate. According to quantum mechanics, these frequencies
correspond to the ground state (lowest frequency) and several excited states

(higher frequencies).

Sample Preparation

In this study, spectrophotometric-grade KBr was used, which is transparent
to infrared radiation. The KBr was dried overnight at 100 °C to remove any
adsorbed water or volatiles and then stored in a desiccator. 1.5 mg of dry
carbon sample was mixed with 400 mg of spectrophotometric-grade KBr and
ground to a fine homogeneous powder (Figure 2.33 and Figure 2.35),
which was then placed in a stainless steel die (Figure 2.34) and sufficient
high pressure applied (a load of 6 to 7 tonnes on the press gauge) using
manual hydraulic adjustable laboratory pellet press (Figure 2.4), to form a
transparent thin and flat pellet/disk with approximately no more than 0.5 -

1.5 mm thickness to allow the light to pass through to the detector (Figure
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2.37). In this study, IR spectra were obtained on a Bruker optics TENSOR

27 series FT-IR spectrometer (Figure 2.35).

Potassium bromide, FTIR Grade

%794 LOT: RO1D089
(45: 7758-02-3 = EINECS: 231-830-3 * FW. 1t

»

¥

O

Figure 2.33: Photographic image of agate mortar and pestle used to
produce fine/homogenous mixture of KBr with the sample.

AN
o] <

| lower pellet |\§ =
pellet

Figure 2.34: An evacuable 1.3 cm die used to produce transparent
pellets/disks of KBr/sample mixture. Schematic of cross section of an
evacuable 1.3 cm die (used for compaction of KBr/sample mixture.
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Figure 2.35: Photographic images showing different KBr/carbon pellets
preparation: (1) opaque pellet which is useless, (2) and (3) excellent
transparent pellet, (4) flaking pellet not preferable, (5) and (6) are
translucent pellet which are ok, (7) KBr/carbon pellet position in (FTIR)

spectroscopy, and (8) FTIR spectroscopy.
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Figure 2.36: Photographic image of transmission potassium bromide (KBr)-
pellet FTIR spectroscopy.

IR source Detector

- --------’

KBr pellet containing sample

Figure 2.37: Schematic of IR radiation the light pass through the pellet then
reach the detector in Fourier Transform Infrared (FTIR) spectroscopy (bulk
measurements). °°
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2.4 Applications: Gas Sorption

Measurements (H2 and CO>)

24.1 Gravimetric Gas Sorption Analysis

This technique based on physisorption which is interaction between gas and
a solid via weak Van der Waals forces. The ads/des gas recording of
gravimetric methods used to determine gas storage capacity on solid surface
at controlled pressure and temperature. The amount of adsorbed gas (CO:2
or Hz2) at changing pressure is measured as a function of the applied pressure
and the corresponding isotherm is produced. Many materials can be analysed
using this technique such as; carbons, zeolites, and polymers, among others.
In this study, tow instruments used IGA-003 Intelligent Gravimetric Analyser

and High accuracy gravimetric sorption analyzer (XEMIS).

2.4.1.1 IGA-003 Intelligent Gravimetric Analyser

A typical IGA-003 Intelligent Gravimetric Analyser %6 57 jis shown in
Figure 2.38. According to the manufacturer (Hiden Isochema, 2015),
automated measurements of adsorption/desorption isotherms in IGA system
is performed with precise temperature and pressure control. The instruments
can also be used to accurately measure and determine multi-component gas
and/or vapour sorption-desorption processes at high pressure ranging from
vacuum to high pressure (20 bar maximum), at temperatures ranging from
-196 °C to 1000 °C, by measurement of mass change, pressure and
temperature in diverse operating conditions and by using different dynamic
flow of gases mixed or separate such as carbon dioxide, hydrogen, and

methane.
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Figure 2.38: Intelligent Gravimetric Analyzer (IGA-003), sample
chamber and sample holder position (red box).

2.4.2 High Accuracy Gravimetric Sorption

Analyzer (XEMIS)

The XEMIS 38 >° (Figure 2.39) is a high accuracy sorption gravimetric
instrument that can accurately measure the uptake of gases by materials
under a wide ranging combination of temperature and pressure conditions.
The XEMIS can operate under wide-ranging experimental conditions;
temperatures to 773 K and pressures up to 200 bar, which allows gravimetric

sorption testing at high pressures and high temperatures.
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Sample Preparation

About 10 to 100 mg of the sample were dried in an oven for 24 h at 120 °C
then loaded into the analyser. The samples were firstly evacuated at up to
1077 bar under heating (200-250 °C) overnight before measurements were
performed in the pressure range of 0-20 bar for an IGA-001 Intelligent
Gravimetric Analyzer and 0-200 bar for the XEMIS analyzer. Carbon density
of 1.5 cm?3 g! was used for buoyancy correction of adsorbed gas. This carbon
density had previously been determined from helium sorption data obtained

using the IGA at a pressure of up to 20 bar at 0 °C.

CO: Uptake Measurements

CO:2 uptakes were performed using high purity CO2 gas (99.9999%). CO:
uptake isotherms were measured at room temperature (25 °C) using water

bath and at 0 °C (using ice bath).

Hydrogen Uptake Measurements

Hydrogen uptake were performed using established procedures,®0-%2 with
high purity (99.9999%) hydrogen gas in the pressure range of 0-20 bar
using IGA-003 Intelligent Gravimetric Analyser or 0-200 bar using XEMIS
analyser. The hydrogen adsorption data was corrected for buoyancy effects
with carbon density of 1.5 g cm3 and hydrogen density of 0.04 g cm™3 for

total uptake and 0 g cm=3 for excess uptake (see calculation section).
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Figure 2.39: XEMIS sorption analyzer.
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2.5 Calculation

2.5.1 Excess and Total Hydrogen Uptake

The hydrogen uptake measurements provided the excess hydrogen
uptake,®3 which is the amount of hydrogen adsorbed in the carbons above
that which would have been stored in the pores under similar conditions
(temperature and pressure) assuming that there is zero energy of interaction
between the hydrogen and the carbon pore walls. The total uptake is
calculated from the excess storage by taking into account the amount of
hydrogen compressed into the carbon pore volume space. The used
gravimetric method measured the excess hydrogen uptake (8&xc) from which

the total storage (wt %) (67) was calculated from the equation below:

100 X dyz X Vr

eT = eExC + 1+(dH2 X VT)

Equation 2.4

Or | Total hydrogen uptake (wt %)

Oexc | Excess hydrogen uptake (wt %)

Density (gcm3) of compressed hydrogen gas at the relevant
dy temperature and pressure. The density was obtained from the
National Institute of Standards and Technology (NIST) (website
http://www.nist.gov/)

v, Pore volume (cm3g!) of the carbon, which obtained from
Nitrogen sorption analysis (BET).

The excess volumetric uptake capacity (v8;,.), in g L', was obtained

using the equation;

VGEXC = eEXc X dcarbon Equation 2-5

Where, dcarvon = packing density of the carbon
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The total volumetric uptake capacity (vOr), in g L'!, was obtained using the
equation;

vOr = Or X diarbon Equation 2.6

Where; dcarvon = packing density of the carbon.
The packing density of powder samples was determined by pressing a given
amount of carbon in a 1.3 cm die at pressure of 7 MPa for 10 minutes.

Alternatively similar values can be obtained using the general equation;

Pda = ( S + VT)_1 Equation 2.7

Where

Ps is skeletal density

V7 | is total pore volume

The hydrogen uptake was calculated on the basis of a density of 1.5 g cm3

for the carbons.
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Chapter 3. Templating of
Carbon in Zeolites under
Pressure: Synthesis of
Pelletized Zeolite Templated
Carbons with Improved
Porosity and Packing Density
for Superior Gas (CO2 and Hz)
Uptake Properties
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3.1 Aim of this Chapter

A main motivation of this chapter is:

e To increase the packing density of the final zeolite templated carbons

ZTCs for high volumetric gas uptake.

e To study and probe the properties and effects of post-synthesis
compaction/pelletization of zeolite templated carbons ZTCs generated from
zeolites pressed into pellets at high pressure and pelletized ZTCs prepared
via a combination of liquid impregnation and CVD on and the consequences
of such compaction on porosity, densification and both gravimetric and

volumetric gas (CO2 and hydrogen) uptake.
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3.2 Abstract

This chapter explores the use of compacted zeolite pellets as templates for
the preparation of pelletized zeolite templated carbons (ZTCs). The effects
of zeolite compaction before use as hard templates were investigated
through the compression of powder forms of zeolites at 370 MPa (equivalent
to 5 tonnes) or 740 MPa (equivalent to 10 tonnes) prior to their use as
templates. The resulting carbon samples were compared to compacted
conventionally templated (with powdered zeolites) ZTCs. The use of
compacted zeolite pellets results in pelletized ZTCs that simultaneously
exhibit higher porosity and higher packing density, which translates to highly
enhanced volumetric gas (COz2 and hydrogen) uptake. For CVD-derived
samples, the pelletized ZTCs achieve 10% higher surface area than
powdered samples (and reach > 2000 m? g!) despite their packing density
increasing from ca. 0.55 to 0.85 g cm™3, which means that the surface area
per unit volume increases by ca. 60% from between 1000 m2 cm3 and 1100
m?2 cm3 for the powdered ZTCs to ca. 1670 m? cm™3 for pelletized samples.
Thus their volumetric CO2 uptake at 25 °C increases by 140% and 85% at 1
bar and 20 bar, respectively, compared to powdered ZTCs. Pelletized ZTCs
prepared via a combination of liquid impregnation and CVD achieve much
higher surface area of 3000 m2g? (compared to 2700 m?g! for powder
samples) despite an increase in packing density from 0.44 to 0.69 g cm3,
resulting in a surface area per unit volume rise of 75% from 1189 m? cm-3
to 2085 m? cm3. The high surface area pelletized ZTCs have an attractive
gravimetric hydrogen uptake of 6.6 wt% (5.5 wt% for powdered sample) at
20 bar and -196 °C, and reach a volumetric hydrogen storage capacity of 46
g L' (24 g L! for powder sample). For CO2 uptake at 25 °C and at 20 bar,
the volumetric uptake of the high surface area pelletized ZTC is nearly twice

that of the powdered sample; 668 g L' compared to 360 g L.
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3.3 Introduction

Porous materials have been extensively investigated as storage media for
energy related gases such as hydrogen and CO2. The focus on porous
materials as stores for energy applications is driven and motivated by the
need for environmental protection and demands for clean energy
sources. 2 The drive for environmental protection is typified by research
efforts aimed at developing materials for the capture and sequestration of
CO2, while the search for cleaner energy sources requires material
advances that may lead to realisation of the mooted Hydrogen
Economy.!"!° Innovative synthesis methods and the development of new
types of nanoporous materials that offer improvements in overall porosity or
high level control of porosity have brought significant strides in addressing
the materials challenges that must be overcome in the journey towards
materials-based CO: storage and the Hydrogen Economy.3® 20 Thus porous
materials with very high surface area and/or well controlled porosity have
recently come on to the research stage. The best examples of such research
are illustrated by developments in metal-organic frameworks (MOFs), 2!
covalent organic frameworks (COFs) 22 and porous carbons whether they be
activated* or templated.> 23-25 Given the relationship between porosity and
gas uptake, improvements in surface area and pore volume, and better
targeting of pore size has resulted in materials with attractive gravimetric
uptake for CO2 and hydrogen; 3-8 26: 27 the gas uptake capacity of porous
materials under any given conditions generally strongly correlates with the
magnitude of the surface area and size of pore channels.3% 2627 Dye to their
more robust stability under various environments, porous carbons have
retained on-going interest as gas stores even on the face of other emerging
materials such as MOFs and COFs.* 5 23-25 Of particular interest are zeolite

templated carbons, which, so far, not only exhibit some of the highest
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reported surface area values for carbons but also offer enhanced pore size

control due to the templating effect of zeolite frameworks.24 28-31

Material-based developments in the storage of CO: and hydrogen are
generally guided by set targets that would allow practical use of the materials
in a commercially viable manner. Examples of such targets include those of
the United States Department of Energy (DOE) which, for hydrogen storage,
currently stipulate a whole system uptake of 5.5 wt% (gravimetric) and 40
g L' (volumetric), with the ultimate aim being a gravimetric uptake of 7.5
wt% and volumetric capacity of 70 g L .32 Therefore, there is need to not
only increase the gravimetric uptake of porous materials but even more
importantly, to improve the volumetric storage capacity. Recent trends in
the development of porous materials for CO2 and hydrogen storage have
mainly emphasised porosity changes that allow improvements in the
gravimetric uptake.3>!® This has included preparation of ultra-high surface
area nanostructures for gas uptake at high pressures 2! 22 and on the other
hand, synthesis of highly microporous materials for CO2 uptake at low
pressure.” 33-3% Unfortunately, at the present time, the materials with the
highest surface area generally tend to have low packing density and
therefore low volumetric uptake. Enhancements in packing density and
consequently volumetric storage capacity of porous materials may be
achieved by material densification or compaction. However, for most porous
materials, attempts at densification generally fail to achieve the desired
outcome due to the fact that increase in packing density causes a decrease
in porosity due to the inherent mechanical instability of most nanostructures.
Densification via compaction, therefore, generally results in drastic decrease
in both the porosity (surface area and pore volume) and gravimetric uptake
of CO2 and hydrogen. In this regard, whilst porous carbons are generally

mechanically robust and can withstand moderate densification, MOFs and
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COFs on the other hand, have low mechanical stability and are easily

destroyed with loss of porosity even at low compaction pressures.40-43

Examples of porous solids with varying mechanical stability and amenability
to compaction include; activated carbons compacted at 40 MPa that reach a
packing density of 0.5 g cm3 and hydrogen storage capacity of 20 g L™t (at
-196 °C and 40 bar),*% 4 monolithic forms of activated carbon with packing
density of 0.7 g cm™3 that achieve a total volumetric hydrogen uptake
capacity of 39 g L at -196 °C and 44 bar,** compacted activated carbon
with a packing density of 0.72 g cm™3 with volumetric hydrogen uptake
capacity of 41 g L't at -196 °C and 60 bar.*> More recently, Mokaya and co-
workers have shown that so-called compactivated carbons, which are
prepared via a mechanochemical approach involving compaction of
carbonaceous matter before activation, show improvements in porosity and
may be densified to higher packing density than conventionally activated
carbons and therefore show attractive volumetric gas (CO2 and hydrogen)
uptake.4® On the other hand, compaction of MOFs yields less promising
results; compaction of a MOF-5, achieves an uptake of ca. 16 g L' (at -196
°C and pressure of between 40 and 60 bar).*> 47 Other examples of MOF
densification include those of; (i) Chahine and co-workers (38 and 48 g L!
at 50 and 130 bar, respectively, and -196 °C for densified MOF-177),4® (ii)
Muller and co-workers (38 and 48 g L't at 50 and 80 bar, respectively, and
-196 °C for densified MOF-5),%° Siegel and co-workers (38 and 43 g L},
respectively, at 50 bar and 100 bar and -196 °C for densified MOF-5).>° Much
less work has been reported on the effects of densification of porous
materials on their volumetric CO2 uptake; Marco-Lozar and co-workers have
reported on activated carbon monoliths that have high packing density and
volumetric CO2 uptake,®* while Mokaya and co-workers have achieved
improvements in volumetric uptake of activated carbons via a
mechanochemical activation (so-called compactivation) route.>?
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Zeolites, which are known to have high mechanical stability, have in the
recent past been extensively studied for carbon templating, as they offer a
wide range of porous structures for carbon materials to adopt with a high
level of structural ordering.?? 2% Zeolite-templated carbons (ZTCs) are
prepared by the carbonisation of a zeolite, in which a carbon precursor fills
the zeolite's porous framework to adopt its reciprocal structure.?* Following
the removal of the zeolite template via selective etching, the resulting carbon
structure exhibits a network of pore channels that are inversely replicated
from the zeolite. Past efforts to increase the volumetric gas uptake of ZTCs
include the densification of zeolite Y-templated carbon by Kyotani and co-
workers via hot-pressing at 300 °C and 147 MPa, which achieved packing
density of between 0.7 g cm3 and 0.9 g cm=3.>3 More recently, Mokaya and
co-workers have shown that ZTCs have excellent mechanical stability and
are amenable to densification to packing density of ca. 0.72 g cm™ and
consequently a rise in volumetric hydrogen storage capacity from 30 g L to
values greater than 50 g L at 20 bar and -196 °C.>* However, despite the
excellent mechanical stability of the ZTCs, there was a loss of porosity on
compaction.”* It is therefore of interest to explore other possible
densification routes for this robust group of templated porous carbons.
Motivated by the known high mechanical stability of zeolites, this chapter
explores the effect of templating ZTCs from compacted zeolite pellets. This
is the first time that compacted zeolites, in the form of pellets, have been
used as templates for nanostructured carbon, and represents an entirely new
approach to the synthesis of ZTCs. An added attraction of this new approach

is that, importantly, it has the potential to generate densified ZTCs.

This chapter reports on the properties of compacted pelletized zeolite
templated carbons generated from zeolites pressed into pellets at high
pressure and the consequences of such compaction on porosity, densification
and both gravimetric and volumetric gas (hydrogen and CO2) uptake.
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3.4 Experimental Section

This section presents a detailed description of the materials and chemicals,

experimental procedures, and approach used in Chapter 3.

3.4.1

Materials and Chemicals

The list of chemicals/materials used with their sources and purity are

presented below in Table 3.1.

Table 3.1: List of chemical reagents/materials used in the experiment.

Chemical/Material

Furfural alcohol (FA)

Hydrochloric acid
(HCI)

Hydrofluoric acid
(HF)

Zeolite Y

Zeolite 13X

Argon compressed
gas (Cylinder)

Acetonitrile solvent

Ethylene/Argon
compressed gas
(Cylinder)

Source/Manufacturer

Aldrich

Fisher Scientific

Acros Organics

Zeolyst International

Alfa Aesar

BOC Ltd

Fisher Scientific

BOC Ltd

Purity/Concentration

99%

37%

(37%) Solution
in water

99%

High purity 99%

10% Ethylene/Argon
gas (by volume)
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3.4.2 Material Synthesis

To test the full range of applicability of the proposed synthesis route, the
ZTCs were prepared via two synthesis regimes that generate carbons with

either moderate surface area or high surface area.

3.4.2.1 Moderate Surface Area ZTCs

Conventionally templated (i.e., powder) ZTCs were prepared as follows;
0.5 g of dry zeolite (13X or Y) was heated at a ramp rate of 10 °C min! to
700 °C under nitrogen flow. Chemical vapour deposition was then performed
for 3 h at 700 °C with a flow of nitrogen saturated with acetonitrile, following
which the gas flow was switched to nitrogen only and the temperature
increased at a ramp rate of 10 °C min™! to 900 °C and held for 3 h, followed
by cooling to room temperature under nitrogen flow (Figure 3.1). The
resulting zeolite/carbon composite was treated sequentially in 10%
hydrofluoric acid (HF) at room temperature, washed in distilled water and
then refluxed (at 60 °C) in concentrated hydrochloric acid (HCL). The final
carbon was then repeatedly washed with distilled water and dried at 60 °C
for 12 h to yield ca. 0.1 g ZTC. Denoted as CZ13X or CZY for templating with

zeolite 13X or zeolite Y, respectively. (See abbreviations section Table 3.2).

To probe the effects of post-synthesis compaction, ca. 40 mg of both CZ13X
and CZY were compacted into pellets at a load of 5 tonnes (equivalent to
370 MPa of compaction pressure) on a 1.3 cm diameter die. The compacted
samples were denoted as C5-CZ13X and C5-CZY, respectively. (See

abbreviations section).

To explore the effects of templating with compacted zeolite pellets, 0.5 g

zeolite 13X or 0.23 g of zeolite Y was compacted into a pellet at a load of 5
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tonnes (equivalent to 370 MPa of compaction pressure) on a 1.3 cm diameter
die. The compaction increased the zeolite density by nearly 50% from 0.7 g
cm3 to 1.08 g cm™3. The carbon templating process was carried out as
described before for powder samples except that the resulting zeolite/carbon
composites were placed in HF and HCI acids as described above but with no
agitation so as to preserve a compact pelletized nature. The washing cycle
was repeated until the zeolite framework was etched out. The final carbons
denoted as CZ13XP and CZYP from zeolite 13X and zeolite Y, respectively
(see abbreviations section Table 3.2), were washed with deionized water
and dried at 100 °C. The yield of carbon for the pelletized ZTCs was similar

to that of the conventionally templated powder samples.

3.4.2.2 High Surface Area ZTCs

High surface area ZTCs were prepared as follows; 0.6 g zeolite 13X (powder
or compacted into a pellet at 10 tonnes equivalent to 740 MPa) was dried in
a furnace at 300 °C for 12 h before being impregnated, via the incipient
wetness method, with furfural alcohol (FA). Typically, several droplet of
furfural alcohol (FA) added to zeolite 13X (powder or pellets) at room
temperature until zeolite become fully wet and show homogeneous
FA/zeolite. The resulting FA/zeolite composite, in an alumina boat, was
heated under argon flow at 80 °C for 24 h followed by further heating at 150
°C for 8 h. The temperature was then raised at a ramp rate of 5 °C min to
700 °C and held for 3 h under argon flow. The resulting zeolite/carbon
composite was then exposed to further carbon deposition via CVD with
ethylene gas (10% in argon by volume) at 700 °C for 3 h. The gas flow was
then switched to argon only and the temperature raised to 900 °C and held

for 3 h followed by cooling under argon to room temperature (Figure 3.2).
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The resulting zeolite/carbon composites were washed in 10% hydrofluoric
acid (HF) for 24 h and then refluxed in concentrated hydrochloric acid (HCI)
for 6 h. No stirring was applied during washing of the compact pelletized
sample. The final carbon material, denoted as CZ13XFAET (powder) or
CZ13XFAETP (compacted pellets), (see abbreviations section Table 3.2),

was washed with deionized water and dried at 100 °C for 24 h.
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Figure 3.1: A plot representing the temperature programme used to
prepare moderate surface area ZTCs.
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Figure 3.2: A plot representing the temperature programme used to
prepare high surface area ZTCs.
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3.5 Abbreviations

Table 3.2 shows a list of sample abbreviations for samples prepared using

Zeolite X and Zeolite Y.

Table 3.2: List of ZTCs samples abbreviations.

Moderate Surface Area ZTCs
Zeolite Conventionally Post-Compacted Pre-Compacted
Type Templated Templated Carbons Templated Carbons
Carbons (pellets) @5 (pellets) @5 tonnes
(powder) tonnes (370 MPa) (370 MPa)
Zeolite 13X Cz13X C5-Cz13X CZ13XP
Zeolite Y czy C5-CzYy CZYP
High Surface Area ZTCs
Zeolite Conventionally Compacted Zeolite
Type Templated Carbons (pellets) @10 tonnes
(powder) (740 MPa)
Zeolite 13X CZ13XFAET CZ13XFAETP
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3.6 Results and Discussion

3.6.1 Compared Zeolite 13X Compacted at 5
tonnes (370 MPa) or 10 tonnes (740 MPa)

with Original Powder Samples

Prior to their use as templates, the nature of compacted zeolites was
ascertained with respect to their morphology, structural ordering and
porosity. This was achieved by comparing samples of zeolite 13X compacted
at 5 tonnes (equivalent to 370 MPa) or at 10 tonnes (equivalent to 740 MPa)

with original powder samples.

3.6.1.1 Morphology and Surface Analysis

SEM micrographs images (Figure 3.3, Figure 3.4 and Figure 3.5) show
that whilst powder samples of zeolite 13X have well dispersed and ‘free
flowing’ standalone particles (Figure 3.3), compaction causes aggregation
of the particles and that the extent of aggregation increases at higher
compaction pressure (Figure 3.4 and Figure 3.5) for 5 tonnes and 10
tonnes, respectively. Individual zeolite particles are still observed in the
compacted zeolites but mainly as part of larger aggregates. The compaction,
clearly, leads to a decrease in interparticle voids, which manifest in the form

of higher packing density.

157



High

Figure 3.3: SEM micrographs images of powdered Zeolite 13X.
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Figure 3.4: SEM micrographs images of Zeolite 13X compacted at 5
tonnes (equivalent to 370 MPa).
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High vacuum | ETD | 45.7 ym | 10.1 mm

2% B vac mode det HRAWY WD 10 pm
x | High vacuum | ETD | 499 pm | 10.1 mm

HV 7 mag v ] det HAV WD J— 20 ll-r;‘-
10.00kV | 4.0 | 2937 x | High vacuum | ETD | 70.6 pm | 10.1 mm

Figure 3.5: SEM micrographs images of Zeolite 13X compacted at 10
tonnes (equivalent to 740 MPa).
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3.6.1.2 Structural Ordering Analysis PXRD

The compaction and change in packing density does not have any significant
effect of the structural ordering of the zeolite as shown by XRD patterns
(Figure 3.6). The XRD patterns of the powder and compacted
at 10 tonnes (equivalent to 740 MPa) zeolite samples are similar, which

confirms the mechanically robust nature of the zeolites.

—— Zeolite 13X compacted at 740 MPa
—— Zeolite 13X

J
|

Intensity (a.u)

BETANEN

0 10 20 30 40 50 60
26°

Figure 3.6: Powder XRD patterns of zeolite 13X before and after compaction
at 10 tonnes (equivalent to 740 MPa). The XRD patterns remain unchanged,
which indicates that the structural ordering of the zeolite is preserved after
compaction.
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3.6.1.3 Textural Properties and Porosity Analysis

The porosity of the zeolites remains largely unchanged after compaction
at 10 tonnes (equivalent to 740 MPa), according to nitrogen porosity analysis
(Figure 3.7). The nitrogen sorption isotherms and pore size distribution
curves (Figure 3.7 A and Figure 3.7 B), are similar for powder and
compacted zeolites. The textural properties and pore size of the zeolites

remain unchanged by the compaction (Table 3.3).
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Table 3.3: Textural properties of Zeolite 13X before (powder) and after
compaction at 10 tonnes (740 MPa).

Sample Surface area @ Pore Volume ? Pore size ¢
(m?g?) (cm3 g!) ()

213X 717 (705) 0.33 (0.31) 7.5/10

Z13X@740 MPa ¢ 692 (680) 0.32 (0.30) 7.5/10

2 The values in the parenthesis refer to micropore surface area
b The values in the parenthesis refer to micropore volume.

¢ pore size distribution maxima obtained from NLDFT analysis.
d 740 MPa equivalent to 10 tonnes.
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3.6.2 Zeolite Templated Carbons Prepared via

CvD

It has previously been shown that powder forms of zeolite 13X and zeolite Y
may be used as templates for the formation of ZTCs with moderate surface
area via a chemical vapour deposition route CVD.>> %6 In the present study

powder zeolites were used as control (baseline) experiments.

3.6.2.1 Purity and Thermal Stability Analysis

Thermogravimetric analysis (TGA) was performed to confirm that the
compacted zeolite pellets generated purely carbonaceous ZTCs. Figure 3.8
shows TGA curves of zeolite Y, pelletized zeolite Y/carbon composite and the
final pelletized ZTC (CZYP). The air dried zeolite Y shows a mass loss of ca.
20 wt% up to 300 °C due to loss of water, and thereafter remains thermally
stable up to 1000 °C. The zeolite/carbon composite shows a mass loss of ca.
30 wt% between 450 °C and 630 °C, which is attributable to the combustion
of the carbon component.>® ¢ The pelletized CZYP carbon shows one main
mass loss event due to carbon burn off, which commences at ca. 440 °C and
is complete at 630 °C. The TGA curve for the CZYP carbon shows that the
pelletized ZTC is virtually zeolite free, with a residual mass typically less than
1 wt% at 1000 °C. Thus, the use of compacted zeolite pellets as template
offers no major variation in terms of carbon yield, thermal stability and

etching of the zeolite framework.
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Figure 3.8: Thermogravimetric analysis curves of zeolite Y,
zeolite Y/carbon composite and carbon CZYP.
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3.6.2.2 Packing Density Assessment

A main motivation of the present work is to increase the packing density of
the final ZTCs. The packing density of ZTCs may be increased by direct
compaction of the carbons.”* In the present study, it is the zeolite that is
compacted prior to use as a template for the formation of ZTCs. As
mentioned before, the packing density of the zeolite templates increased by
ca. 50% from 0.7 g cm™3 to 1.08 g cm3. The increase in zeolite packing
density arises from compaction into smaller volume and the removal of any
large interparticle voids. In this work, it has been ascertained that the overall
surface area and pore volume of the zeolite remained unaffected by the
compaction. It is expected that the use of such compacted zeolites should
yield pelletized forms of ZTCs that replicate the lack of large interparticle
voids from the zeolite, with the overall effect being an increase in packing
density. To retain pellet forms of ZTC, the steps involving washing of the
zeolite/carbon composites in acid (HF and HCI) were performed without any
agitation. However, in order to allow analysis, the pellet forms of ZTCs that
emerged from the compacted zeolite pellets were loosely broken up. It
emerged straight away, as shown in Figure 3.9 A that the ZTCs derived
from compacted zeolites had a significantly higher packing density and were

much less fluffy.

Figure 3.9. B shows equivalent amounts with respect to mass (i.e., 0.1 g)
of CZ13XP and CZ13X. Figure 3.9 A indicates that the pelletized CZ13XP
sample is less fluffy and more compact, which is confirmed in Figure 3.9 B
where it occupies about half the volume of the powder CZ13X sample. The
packing density values determined for the CVD-derived ZTCs (following a
gentle compaction at load of 74 MPa),>* are given in Table 3.4. The packing
density of the ZTC derived from zeolite 13X increases from 0.53 g cm~3 for

powdered zeolite templating (CZ13X) to 0.82 g cm™3 for the carbon from the
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compacted zeolite template (CZ13XP), which is an increase of ca. 55%. A
similar increase was observed for the ZTCs derived from zeolite Y, i.e., from
0.55 g cm™3 for CZY to 0.88 g cm™3 for CZYP, a rise in packing density of ca.
60%. It is noteworthy that the packing density of the powdered ZTCs could
also be increased by direct compaction at 370 MPa to 0.65 g cm™3 (C5-
CZ13X) and 0.71 g cm™3 (C5-CZY). However, these packing density values
are still somewhat lower than those of analogous ZTCs derived from

compacted zeolite pellets.

Figure 3.9: Photographic images (A) and (B) of CVD-derived ZTCs
templated by powdered zeolite 13X (CZ13X) and compacted (at 5 tonnes
equivalent to 370 MPa) zeolite 13X pellet (CZ13XP). The image in (A) show
the pelletized CZ13XP sample is less fluffy and more compact than powdered
sample (CZ13X), (B) show equal (0.1 g) amounts of ZTC and illustrate
differences in packing density.

168



3.6.2.3 Textural Proprieties and Porosity Analysis

Figure 3.10 A and Figure 3.11 A shows the nitrogen sorption isotherms of
the CVD derived ZTCs templated by powder or compacted pellets forms of
zeolite 13X or zeolite Y, respectively. In each case, also shown is the nitrogen
sorption isotherm of the equivalent directly compacted ZTC. In all cases, the
isotherms are type I, as the nitrogen uptake is highest at low relative
pressures (P/P, < 0.1), which is typical for carbons that adopt the structural
ordering of zeolites.>> 6 The shape of the isotherm for the pelletized ZTC
samples (CZ13XP and CZYP) is identical to that of the powder analogues
(CZ13X and CZY) except that the pelletized samples have higher nitrogen
sorption. A higher nitrogen sorption hints at enhancement of porosity in the
pelletized ZTCs. Such an enhancement is particularly clear for CZYP
compared to CZY (Figure 3.11 A). It is also clear, based on the amount of
nitrogen sorbed that in both cases, direct compaction (samples C5-CZ13X
and C5-CZY) leads to a decrease in porosity. This would suggest an
advantage of the use of compacted zeolite pellets as templates over direct
compaction of already prepared ZTCs with respect to retention of high

porosity.

The textural parameters of the CVD-derived ZTCs are summarised in
Table 3.4. It is noteworthy that despite their higher packing density, the
surface area of pelletized ZTCs templated by compacted zeolite pellets
is still comparable or higher than that of analogous conventional
powder samples. The surface area of CZ13X is 1927 m? g! compared to
2038 m? g for the pelletized CZ13XP sample, while for zeolite Y templated
carbons the pelletized CZYP sample has a significantly higher surface area
(1897 m? g!) compared to 1654 m? g™! for the analogous powder ZTC (CZY).
The micropore surface area of the pelletized ZTCs is between 25% and 40%
higher than that of powder samples. Furthermore, both the total and
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micropore surface area of pelletized ZTCs is much higher than that of directly
compacted C5-ZTC samples. Similar trends in pore volume are observed with
the pelletized ZTCs exhibiting higher total and micropore volume (Table
3.4). The proportion of micropore surface area increased from ca. 60% for
powder samples to 75-80% for the pelletized ZTCs. The improvement in
both the packing density and porosity for the pelletized ZTCs means that the
surface area per unit volume increased by ca. 60% from between 1000 m?
cm3and 1100 m2 cm3 for the powder and directly compacted ZTCs to ca.

1670 m? cm™3 for pelletized samples (Table 3.4).

The PSD curves in Figure 3.10 B and Figure 3.11 B and the wide pore size
curves in Figure 3.12 and Figure 3.13, and pore size data in
Table 3.4 indicate that use of a compacted zeolite pellets as templates has

little effect on the pore size.
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3.6.2.4 CO, Uptake Measurements

3.6.2.4.1 CO2 Uptake at 25 °C

The COz uptake properties of the CVD-derived carbons explored in an effort
to illustrate the benefits that may arise from the higher packing density of
the pelletized ZTCs. The CO: uptake was determined at 25 °C and the
pressure range 0-20 bar. Figure 3.14 A and Figure 3.14 B compares the
CO2 uptake isotherms of ZTCs prepared from compacted zeolites (CZ13XP
and CZYP) to analogous samples that were directly compacted (C5-CZ13X
and C5-CZY). We note that direct compaction did not affect the gravimetric
CO:2 storage capacity under our measurement conditions. The CO2 uptake at

1 bar and 20 bar summarized in Table 3.4.

The CO2 uptake of the pelletized ZTCP carbons is at all pressures higher than
that of equivalent powder samples whether compacted or not. At 1 bar, the
CO2 uptake of sample CZ13XP is 2.8 mmol g-! compared to 1.9 mmol g for
CZ13X and C5-CZ13X, which represents a nearly 50% enhancement in
storage capacity for the pelletized ZTCP sample. For the zeolite Y templated
carbons the CO2 uptake of the ZTCP sample (CZYP) is 56% higher at 2.6
mmol g compared to 1.6 mmol g for the powdered (CZY) and directly
compacted (C5-CZY) samples. A similar trend is observed at 20 bar where
the CO2 uptake of the pelletized ZTCP samples is between 15% and 20%
higher than that of analogous powdered or directly compacted samples. We
ascribe the enhancement in CO2 uptake for the pelletized ZTC samples at 1
bar to their higher levels of micropore surface area. For example, the
micropore surface area of pelletized CZ13XP is 1601 m? g compared to
1140 m? g! for the powdered CZ13X sample, or 1197 m? g for the

compacted C5-CZ13X sample.
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Additionally, the micropore surface area as a proportion of the total surface
area is 79% for pelletized CZ13XP compared to 59% for the powdered CZ13X
sample. Likewise, for pelletized CZYP, the micropore surface area is higher
at 1413 m? g! compared to 1143 m? g for the powdered CZY sample, or
1275 m? g! for the analogous compacted C5-CZY sample. Additionally, the
micropore surface area as a proportion of the total surface area is 75% for
pelletized CZYP compared to 69% for the powdered CZY sample. This finding
is consistent with the fact that the CO2 uptake at low pressure (1 bar) is very
dependent on the pore size of the carbons.33-3° On the other hand, the
greater CO2 uptake of the pelletized samples at 20 bar may be ascribed to
their higher overall surface area and pore volume. It is known that the CO:
uptake of porous carbons at high pressure (such as 20 bar) is determined

by the total surface area.33-3°

Thus, purely on the basis of gravimetric CO2 uptake, the porosity
enhancements derived from templating with compacted zeolite pellets are
evident. However, of greater significance is the improvement in volumetric
CO2 uptake as shown in Table 3.4, Figure 3.15 A and Figure 3.15 B,
arising from the higher packing density of the pelletized ZTCs. At 1 bar, the
volumetric COz uptake of sample CZ13XP is 101 g L%, which is 130% higher
than 44 g L' for the powder sample CZ13X, and 87% higher than 54 g L
for the directly compacted C5-CZ13X carbon (Figure 3.15 A). For the ZTCs
templated by zeolite Y (Figure 3.15 B), the volumetric CO2 uptake of the
pelletized ZTCP sample (CZYP) is 97 g L%, which is 137% higher than that
of CZY (41 g L'), and nearly double that of the directly compacted C5-CzY
sample (50 g L'!). The low pressure volumetric CO2 uptake enhancements of
between 85% and 140% arise from the higher micropore surface area of the
pelletized ZTCP samples and their greater packing density. A similar trend is

observed at 20 bar although the enhancements in volumetric CO2 uptake are
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lower at between 40% and 85%. It is noteworthy that a volumetric uptake
of up to 531 g Lt is achieved for sample CZYP at 20 bar and 25 °C (Figure

3.15 B).
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3.6.3 Zeolite Templated Carbons Prepared via
Combination of Liquid Impregnation (LI)

and CVD

Zeolite templated carbons with high surface area may be prepared via a
synthesis route that combines liquid impregnation (LI) of a carbon precursor
and CVD.1823,30,3%, 54 Tn grder to fully explore our ‘templating under pressure
route’ we extended the use of compacted zeolite pellets as templates to the

synthesis of ZTCs via both LI and CVD.

3.6.3.1 Purity and Thermal Stability Analysis

Firstly, thermogravimetric analysis performed to confirm that fully
carbonaceous ZTC carbons were generated from both powder (sample

CZ13XFAET) and compacted (CZ13XFAETP) zeolites (Figure 3.16).

According to thermogravimetric analysis (Figure 3.16) both the pelletized
(CZ13XFAETP) and powder (CZ13XFAET) ZTCs are very dry and show no
mass loss below 300 °C. At higher temperature (400 °C - 600 °C), both ZTCs
show a sharp mass loss due to carbon burn-off. The sharp mass loss due to
carbon burn off suggests that the templated carbons are mainly one phase
materials, which is an indication that the carbonaceous matter of the ZTCs
is formed within the zeolite pore channels rather than both within the pores
and outside as the latter carbon would be graphitic and thus have a higher
burn-off temperature. The ZTCs show virtually no residual mass after 800
°C, confirming that they are zeolite free. The use of compacted zeolite 13X
pellets as template for the LI + CVD nanocasting route does not appear to

have any effect on the thermal properties of the ZTCs.
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Figure 3.16: Thermogravimetric analysis (TGA) curves of zeolite
13X, and zeolite templated carbons prepared via a route that
combines liquid impregnation (LI) and CVD using powder
(CZ13XFAET) or compacted pellets (CZ13XFAETP) of Zeolite 13X as
hard template. The TGA was performed under flowing air conditions.
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3.6.3.2 Structural Ordering Analysis PXRD

The nature of carbon was confirmed by powder XRD patterns shown in
Figure 3.17. The XRD pattern of the pelletized CZ13XFAETP carbon exhibits
a sharp peak at 26= 7°, which is similar to that present in zeolite 13X
(Figure 3.17). The peak suggest a d-spacing of ca. 1.4 nm, which is
comparable to that of zeolite 13X, and indicates microporous structural
ordering replicated from the zeolite template.!8 23: 30, 31, 54 The XRD pattern
also shows very broad features at 26= 25° and 44°, which, if they were sharp
would be (002) and (101) diffractions from graphitic carbon. The broad
nature of these features confirms that the carbon is amorphous in nature.
This finding is consistent with the carbon being formed (templated) within
the zeolite pore channels; given the narrow pores of zeolite 13X, it is
impossible to form stacking structures within the pores and therefore the
expectation is that the resultant carbon will comprise a single graphene sheet

without any stacking and are thus be largely non-graphitic.>”: >8
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Figure 3.17: Powder XRD patterns of zeolite 13X, zeolite 13X/carbon
composite and the final CZ13XFAETP carbon.
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3.6.3.3 Raman Spectra Analysis

PXRD analysis view is consistent with the Raman spectra of the templated
carbons (Figure 3.18). The carbons exhibit bands at ca. 1344 cm™ and 1595
cm! that are, respectively, the so-called D-peak (disordered carbon) and the
G-peak (graphitic domains). The ratio of peak area of the D-peak to G-peak
(ID/1G), based on the two-band fitting model is 0.83 for the conventional
powdered CZ13XFAET sample and 0.87 for the pelletized CZ13XFAETP

carbon.

The ID/IG ratio is in a range expected for non-graphitic carbon and also
confirms that pelletization does not affect the level of graphitisation in the
templated carbons. The absence of graphitisation means it is instead likely
that single nanographene-like sheets are formed in the zeolite 13X pores,
curved with a bucky bowl resemblance to replicate the inner-cavities of the
spherical pores of the zeolite framework.>” The presence of sharp peaks in
the pattern of the zeolite/carbon composite (Figure 3.17) is evidence that
the zeolite framework is not destroyed and its structural ordering is not
altered during the templating process despite a priori compaction of the
zeolite at 740 MPa. The filling of the carbon into the zeolite pores reduces
phase contrast scattering resulting in some zeolite peaks being lost or

reduced in intensity in the XRD pattern of the composite.
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800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Figure 3.18: Raman spectra of zeolite templated carbons prepared via a
route that combines liquid impregnation and CVD using powder
(CZ13XFAET) or compacted pellets (CZ13XFAETP) of Zeolite 13X as hard
template.
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3.6.3.4 Morphology and Surface Analysis

The replication process was explored by observing SEM micrographs images
of the powder (CZ13XFAET) and pelletized (CZ13XFAETP) samples. In both
cases (Figure 3.19), the morphology of the templated carbons is similar to
that of the zeolite particles shown in Figure 3.3 and Figure 3.4. The
morphology of the zeolite 13X template, whether in powder or pellet form,
was evidently replicated in the carbon materials, which is necessary for a
templating process wherein the carbon precursor must be transformed into
a carbon framework within the zeolite pore channels. It is also clear that the
individual particle size of the carbons is similar to that of the zeolite, an
observation that precludes excessive deposition of carbon on the external
surface of zeolites. It is noteworthy that the aggregated particles of the
compacted zeolite (Figure 3.4) are replicated in the pelletized CZ13XFAETP
sample (Figure 3.19 and Figure 3.20). This is consistent with the increase
in packing density observed not only for the compacted zeolite 13X but also

the pelletized zeolite templated carbon.
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3.6.3.5 Structural Ordering Analysis Using TEM

TEM analysis used to confirm that zeolite structural ordering was replicated
in the templated carbons as shown by the TEM micrographs images in
Figure 3.21. A high level of structural ordering is observed for both the
powder (CZ13XFAET) and pelletized (CZ13XFAETP) ZTCs. The TEM
micrographs images indicate a pore channel size of 10-15 A, which is in
agreement with porosity studies discussed in textural properties and porosity

analysis section.

The TEM micrographs images also show that there is a minor amount of
graphitic/turbostratic carbon deposited as thin layers on the surface of the
carbon particles but that the bulk of the carbons are amorphous as per their
XRD patterns (Figure 3.17). Pelletization does not, therefore, have any
significant effects on both the morphology and structural ordering of the

ZTCs.
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3.6.3.6 Textural Properties and Porosity Analysis

The nitrogen sorption isotherms for the pelletized and powder ZTCs are
shown in Figure 3.22 A. Both sorption isotherms are mainly type I, with a
high nitrogen uptake in the low relative pressure (P/Po < 0.1) region. It is
however clear that the pelletized sample has higher nitrogen sorption due to
enhanced porosity. The textural properties of the ZTCs are summarized in
Table 3.5. The powder (CZ13XFAET) ZTC has total surface area of 2702 m?
g and micropore area of 2342 m? g1, which is typical of well-ordered zeolite
templated carbons, 8 23, 30, 31, 54 The pelletized sample (CZ13XFAETP), on the
other hand, has total surface area of 3021 m? g and micropore area of 2448
m?2 g-t. Thus compaction of the zeolite prior to use as template engenders a
12% increase in total surface area, while the micropore surface area shows

a more modest rise of 5%.

PSD curves of the two high surface area ZTCs (the powder (CZ13XFAET),
and the pelletized sample (CZ13XFAETP) are presented in Figure 3.22 B,
and the pore size maxima values are summarised in Table 3.5. The average
pore width of the ZTCs is 12 &, along with a minor distribution of smaller
pores at 7.5 A. The pore channels are smaller and more sharply distributed
than those of the CVD-derived ZTCs (Table 3.4), which suggest a high level
of zeolite-like structural ordering. 18 23. 30, 31, 59, 60 Compaction of the zeolite
prior to use as a template, therefore, has no effect on the PSD, similar to
what is observed for CVD-derived ZTCs as discussed above. The high surface
area and pore volume of the pelletized CZ13XFAETP sample is very attractive
given that it has a packing density of 0.69 compared to 0.44 g cm3 for the
conventionally templated CZ13XFAET sample, which is an increase in

packing density of ca. 57%. This means that the surface area per unit volume
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rises by 75% from 1189 m?2 cm3 for powdered CZ13XFAET to 2085 m2 cm3

for the pelletized CZ13XFAETP sample.
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3.6.3.7 Hydrogen Uptake Measurements

Given the high surface area of the ZTCs prepared via the LI + CVD route,
we assessed their gas uptake for both hydrogen and CO2. The total and
excess hydrogen uptake isotherms of the powder and pelletized ZTCs are
shown in Figure 3.23 A and Figure 3.23 B and the storage capacity at 20
bar (and at -196 °C under a liquid nitrogen bath) is stated in Table 3.5. The
hydrogen uptake was corrected for buoyancy effect as previously
described.?® 3° The hydrogen uptake was calculated based on skeletal
density of 1.5 g cm™3 for the carbons, which was determined from helium

sorption data obtained using the IGA at a pressure of up to 20 bar at 0 °C.

At a pressure of 20 bar, the pelletized ZTC (CZ13XFAETP) has total hydrogen
uptake capacity of 6.6 wt% compared to 5.5 wt% for the powder CZ13XFAET
sample. The excess hydrogen uptake at 20 bar follows a similar trend; 5.5
wt% for CZ13XFAETP and 4.7 wt% for CZ13XFAET. The gravimetric
hydrogen uptake values are as expected for high surface area zeolite-
templated carbons ZTCs.?8 3054 The motivation for this work was to generate
materials with a high volumetric gas uptake. Figure 3.23 B shows both the
excess and total volumetric hydrogen uptake calculated on the basis of a
packing/bulk density of 0.44 g cm™3 for CZ13XFAET and 0.69 g cm™3 for
CZ13XFAETP. The ZTCs have total volumetric hydrogen uptake (at 20 bar
and -196 °C) of 24 g L' and 46 g L' for CZ13XFAET and CZ13XFAETP,
respectively. Thus the total volumetric hydrogen uptake (at 20 bar) of the
powdered ZTC is nearly doubled from 24 g L'! to 46 g L'! by performing the
templating process with compacted zeolite pellets as template. Such a
volumetric hydrogen uptake, at the relatively pressure of 20 bar, is amongst
the highest ever reported for any porous material, including densified

carbons and MOFs.25: 40, 44-50, 54, 61-69
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3.6.3.8 CO; Uptake Measurements

3.6.3.8.1 CO2 Uptake at 25 °C

The COz uptake isotherms, obtained at 25 °C, for the ZTCs prepared via the
CVD + LI route are shown in Figure 3.24 and the storage capacity at 1 bar

and 20 bar is given in Table 3.5.

The gravimetric uptake capacity at 25 °C and 1 bar (Figure 3.24 A) is similar
for both the powder CZ13XFAET (2.5 mmol g) and pelletized samples
CZ13XFAETP (2.6 mmol g). This is simply a reflection of the fact that low
pressure CO2 uptake is dependent on pore size and level of microporosity,
variables that are similar for the two samples (Table 3.5). The higher
surface area of the pelletized ZTC is reflected by the greater CO2 uptake
capacity at 20 bar of 22 mmol g* compared to 18.6 mmol g* for the powder
sample, which is an increase of ca. 20%. More importantly, as shown in
Figure 3.24 B, the volumetric CO2 uptake of the pelletized sample is far
superior due to higher packing density. For example at 1 bar, CZ13XFAETP
has an uptake of 79 g L1, which is 65% higher than that of CZ13XFAET (48
g L1). The superior volumetric uptake capacity of the pelletized sample
increases at higher pressure such that at 20 bar it is nearly twice that of the

powdered sample; 668 g L'! compared to 360 g L.
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3.6.3.8.2 CO2> Uptake at 0 °C

A similar trend is observed for CO2 uptake at 0 °C with slightly higher
gravimetric uptake for the pelletized sample but much higher volumetric

capacity (Table 3.6) and (Figure 3.25).

Templating of high surface area ZTCs with compacted zeolites therefore
offers advantages with respect to the gravimetric and volumetric uptake of

COa.

3.6.3.9 Working Capacity

Another critical measure of CO2 uptake capacity is the so-called working
capacity, which is especially relevant for pressure swing adsorption (PSA)
processes that enable regeneration of the storage material. Comparing the
CO2 uptake at 20 bar (charging pressure) and atmospheric pressure
(discharge/material regeneration pressure), the working capacity of the
ZTCs is 19.4 and 16.1 mmol CO2 per g for CZ13XFAETP and CZ13XFAET,
respectively. The gravimetric working capacity of 19.4 mmol g! for the
pelletized sample is comparable to the best adsorbents reported so far
(Table 3.7). However, when the packing density of the adsorbents is taken
into account to calculate the volumetric uptake, the pelletized
ZTC sample outperforms all currently available benchmark materials The
volumetric working capacity of CZ13XFAETP is 589 g L-1 (or 300 cm? cm™3),
which is higher than that of the best previously reported value of 529 g L

(269 cm? cm3) for mesophase pitch-derived activated carbon.
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Table 3.6: CO: uptake at 0 °C for zeolite templated carbons templated by
powder (CZ13XFAET) or compacted pellets (CZ13XFAETP) of Zeolite 13X.

Sample CO2 uptake @b Working capacity 2 ¢
(mmol g1) (mmol gt)
1 bar 20 bar
CZ13XFAET 4.3 (83) 23.2 (449) 18.9 (366)
CZ13XFAETP 4.5 (137) 26.0 (789) 21.5 (652)

2 CO; uptake at 0 °C and various pressures (i.e., 1 bar and 20 bar).
b The values in the parenthesis are volumetric CO; uptake in g L1,
¢ Defined as the difference of storage capacity between 20 bar and 1 bar.

202



Table 3.7: CO2 uptake at 25 °C and 20 bar and working capacity for PSA
(20 bar to 1 bar) for powder (CZ13XFAET) and pelletized (CZ13XFAETP)
ZTCs compared to top-performing materials reported in the literature.

Sample Working capacity for
PSA system ®
> 0
= (@]
c A B S >
AT B R B
gc|lseE| € | 2| E |«
8 ~— o ~— = ~—
o O
CZ13XFAETP 0.69 | 22.0 | 19.4 | 589 | 300 | M=
CZ13XFAET 044 | 18.6 | 16.1 | 312 | 159 | ;=
VR-5 16
(AC from mesophase pitch) 0.47 26.8 22.0 455 232
VR-93 16
(AC from mesophase pitch) 0.47 30.4 25.6 529 269
VR5-4:1 70
(AC from mesophase pitch) 0.47 22.0 19.4 401 204
Maxsorb 029 | 190 16.9 | 216 | 110 | 7
(commercial AC)
HPC5b2-1100 ) } ) .
(hierarchical carbon) 20.8 17.1
MOF-5 0.31¢}] 19.3 18.5 252 128 [8 6972
MOF-177 0.219] 28.1 27.1 250 127 pe 5073

@ COz uptake at 25 °C and at 20 bar.
b Defined as the difference of storage capacity between 20 bar and 1 bar.
¢ Packing (or pellet) density according to reference ¢ and reference 72.

9 Packing density according to reference °° and reference 4°.
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3.7 Conclusions

A nanocasting process that utilizes compacted zeolite pellets as hard
templates has been employed to generate pelletized zeolite template
carbons (ZTCs) with moderate to high surface area and pore volume. The
use of compacted zeolite pellets (following compression of powder forms of
zeolites at 370 MPa or 740 MPa) rather than powdered forms of zeolites
generates pelletized ZTCs with higher porosity and higher packing density.
The rise in porosity and packing density does not, however, affect the pore
size and pore size distribution. The higher porosity and packing density for
the pelletized ZTCs translates to highly enhanced volumetric gas (COz and

hydrogen) uptake.

For CVD-derived samples that exhibit moderate porosity, the pelletized ZTCs
have surface area of ca. 2000 m? g!, which is 10% higher than for powder
samples, despite an increase in packing density from ca. 0.55 g cm=3to 0.85
g cm3. This means that the surface area per unit volume rises by ca. 60%
from between 1000 m? cm=3 and 1100 m?2 cm™3 for the powder ZTCs to 1670
m?2 cm3 for pelletized samples. For the CVD-derived samples, the volumetric
CO2 uptake at 25 °C increases by 140% and 85% at 1 bar and 20 bar

respectively, to reach 101 g L*! (at 1 bar) and 531 g L*! (at 20 bar).

Pelletized ZTCs prepared via a combination of liquid impregnation and CVD
achieve much higher surface area above 3000 m? g-! (compared to 2700 m?
g! for powder samples). The increase in surface area occurs despite a
simultaneous rise in packing density from 0.44 g cm3to 0.69 g cm3. The
overall effect of this is that the surface area per unit volume rises by 75%
from 1189 m? cm™3 to 2085 m? cm3 for the pelletized sample. The high
surface area pelletized ZTCs have attractive gravimetric hydrogen uptake of

6.6 wt% (5.5 wt% for powder sample) at 20 bar and -196 °C, and due to
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their higher packing density have exceptional volumetric hydrogen storage
capacity of 46 g L't (24 g L! for powder sample). For CO2 uptake (at 25 °C
and 20 bar), the volumetric uptake of the high surface area pelletized ZTC
is close to double that of the analogous powder sample, i.e., 668 g Lt

compared to 360 g L.

In all cases, the pelletized carbon samples also have higher gravimetric and
volumetric gas uptake compared to directly compacted conventionally
templated (with powdered zeolites) ZTCs. This study, and the findings herein
described, present an entirely new route to microporous templated carbons
and also break new ground with respect to levels of volumetric hydrogen
uptake achievable for templated porous carbons. The findings add new
insights in the development of carbonaceous materials with enhanced
properties for the storage of energy related gases. The pelletized ZTCs may
also be used for storage of other gases such as methane, acetylene and

natural gas.
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Chapter 4. Polythiophene
- Derived Conventional
Activated Carbons and
Compactivated Carbons for

Gas Storage Applications
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4.1 Aim of this Chapter

The main motivation of this chapter is:

e To generate activated carbons from the polymer polythiophene as starting
material, and to study the energy related gas uptake properties of the

generated carbons.
e To study the effect of compactivation (i.e., mechanochemical synthesis

approach) on textural properties and CO: capture of resulting

compactivated polythiophene-derived carbons
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4.2 Abstract

Activated carbons derived from a sulphur-rich polymer (polythiophene, PTh)
as a carbon precursor have been successfully synthesized by one-step
chemical activation using KOH as activating agent. The activation process
was performed for 1 h under nitrogen atmosphere, KOH/PTh weight ratio of
2:1 and various reaction temperatures in the 600-800 °C range.
Conventional activated carbons obtained at 800 °C (sample PT2800) have
high surface area of up to 2035 mZ2g!, pore volume of up to 1.3 cm3g! with
micropores of size 0.7 nm - 1.1 nm, and achieve excess hydrogen uptake of
4.2 wt% at -196 °C and 20 bar. Sample PT2800 also exhibits attractive
excess CO: uptake; 21 mmol g* (at 25 °C and 40 bar), 19 mmol g* (at
25 °C and 20 bar), and 25 mmol g! (at 0 °C and at 20 bar).
On the other hand, compactivated carbons, prepared via a route that
includes compaction of the polythiophene at load of 10 tonnes equivalent to
compression pressure of 740 MPa prior to activation, exhibited higher
porosity. The compactivated carbon prepared at 800 °C (sample PT2800P)
has surface area and pore volume of 2250 m2gt and 1.6 cm3g™!, respectively
but with no change in the micropores size range of 0.7 nm - 1.1 nm. The
higher porosity resulted in an increase in gas uptake; excess hydrogen
storage capacity at -196 °C and 20 bar of 4.8 wt%, with CO2 storage capacity
of 21 mmol gt (at 25 °C and at 20 bar) and 29 mmol g at 0 °C. Their ease
of preparation and high uptake makes the polythiophene-derived carbons

attractive for hydrogen and CO:2 storage.
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4.3 Introduction

Activated carbons are solid highly porous carbonaceous microcrystalline
materials which have been intensively studied and used widely in many
applications including as adsorbents,! catalyst supports, gas storage
materials,’ 2 and for water purification.?® Activated carbons have unique
characteristic features and proprieties such as low-cost, light weight, ease of
preparation, large surface area (>3000m2g?') and pore volume
(>0.5 cm3 gt), high physical and chemical stability, wide availability,
adjustable structural (porosity), tunable surface chemistry (various
functional groups on the surface oxygen-containing/controllable heteroatom
doping).% 48

Recently, there has been interest in the functionalization of surfaces of
activated carbons materials, which have considerably influenced their
properties.®1! Heteroatom-doped materials can be prepared via simple and
effective processes that involve the introduction of atoms such as N, B, P, S
onto the carbon framework.!? 13 The introduction of such heteroatoms can
significantly affect the application of activated carbons in CO: capture,#
hydrogen storage,'®> and electrical energy storage when the carbons are
electrode in supercapacitors.'® There are many different strategies that have
been used to produce carbons with functionalized surfaces, and most of them
are based on the direct reaction between carbon and different chemical
agents. Another method is by using organic substances containing
heteroatoms as carbon precursors such as; polythiophene, polypyrrole,
acetonitrile etc. This methodology can be applied along with nanocasting
techniques to generate functionalized carbon materials.!” ¥ While N-doped
carbons has received extensive research interest, ® 10 few studies have
focused on S-doped carbonaceous materials.'®°22 Sevilla et al. reported a

one-step chemical activation of polythiophene polymer using KOH as
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activating agent to produce S-doped carbons with high surface area and
large pore volume and S content of 3 -12 wt%. The carbons had hydrogen
storage capacity of up to 5.71 wt% at 20 bar and -196 °C. The textural
properties and chemical composition (varying s content) of the carbons were
tuned by modifying the activation temperature from 600 °C to 850 °C.2° The
aim of this chapter was to generate activated carbons from the polymer
polythiophene as starting material, and to study the energy related gas
uptake properties of the generated carbons. In a departure from previous
studies, this chapter also explored the effect of compactivation (i.e.,
mechanochemical synthesis approach) on textural properties and CO:

capture of resulting compactivated polythiophene-derived carbons
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4.4 Experimental Section

This section presents a detailed description of the materials and chemicals,

experimental procedures, and approaches used in Chapter 4.

4.4.1 Materials and Chemicals

The list of chemicals/materials used in this chapter, their sources and purity

are presented in Table 4.1.

Table 4.1: List of chemical reagents/materials used in the experiment.

Chemical/Material Source Purity/Concentration
2-Thiophenemethanol Acros Organics 99+%
Iron(III)chloride (FeCls) Sigma-Aldrich 97%
Potassium Hydroxide Fisher ;

(KOH) Scientific
Acetonitrile (CH3CN) VWR 99%

N2 Compressed gas

o)
(Cylinder) BOC Ltd 100%
. . Fisher
Hydrochloric acid (HCI) Scientific 37%
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4.4.2 Material Synthesis

4.4.2.1 Chemical Polymerization of Thiophene

Using FeCl;

Polythiophene (PTh) was obtained via chemical oxidation of
2-thiophenemethanol, which is commercially available using FeClz as an
oxidant. In a typical synthesis,!8 20 3 g of 2-thiophenemethanol in 20 ml of
acetonitrile CHsCN, were slowly added, under vigorous stirring, to a solution
of FeCls (28.9 g) in 100 ml of acetonitrile CH3CN. The resulting mixture was
stirred for 15 h at room temperature. The obtained polymer (PTh) being deep
brownish-black in colour was separated by filtration, washed with distilled
water and then with acetone, and finally dried overnight at 120 °C (Figure
4.1). The PTh polymer yield before carbonization was close to 100%. Figure
4.2 shows the synthesis steps of polythiophene-based activated carbons and

structure of S-doped activated carbons.?°
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4.4.2.2 Synthesis of Polythiophene-derived

Activated Carbons

4.4.2.2.1 Conventionally Activation

Conventionally activated carbons were prepared by mixing PTh and KOH at
KOH/PTh weight ratio of 2:1. The mixture of KOH/PTh was placed into a
horizontal tube furnace flushed with N2 gas and heated up to a target
temperature in the range of 600 °C - 800 °C (ramp rate: 5 °C min!, holding
time: 1 h, under N2 flow, see Figure 4.3 and Figure 4.5. Figure 4.2 show
the steps of polythiophene-derived activated carbons synthesis and
Table 4.2 summarizes the parameters and conditions used to obtain
conventionally activated carbons. The activated carbons were then
thoroughly washed several times with HCI (10 wt%) under stirring at room
temperature to remove any excess KOH and inorganic salts formed during
the activation stage and then washed repeatedly with distilled water until
neutral pH=7 was attained. Finally, the carbons were dried at 120 °C
overnight and kept in tightly closed vials. The obtained samples were

denoted as PT2X. See Table 4.3 for sample abbreviation.

4.4.2.3 Compactivation

Compactivated carbons & 2325 were prepared via a mechanochemical
approach involving compression the KOH/PTh mixture into pellets/discs prior
to activation. The mixture of KOH/PTh was compacted for 10 minutes at load
of 10 tonnes equivalent to compression pressure of 740 MPa, in a 1.3 cm
diameter die to obtain pellets/disks. The compacted mixture in a crucible

boat was placed into a horizontal tubular furnace flushed with N2> gas and
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heated up to a target temperature in the range of 600 °C - 800 °C (ramp
rate: 5 °C/min, holding time: 1h, under N: flow, see Figure 4.4 and
Figure 4.5. Figure 4.2 show the steps of polythiophene-derived activated
carbons synthesis and Table 4.2 summarized the parameters and conditions
used to obtain compactivated carbons. The activated samples were then
thoroughly washed several times with HCI (10 wt%) at room temperature to
remove any excess of KOH and inorganic salts formed during the activation
stage and then washed repeatedly with distilled water until neutral pH=7
was attained, and finally dried at 120 °C overnight. The obtained carbons

were denoted as PT2XP. See Table 4.3 for sample abbreviation.
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Figure 4.3: Schematic diagram of conventional activation steps.
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Figure 4.4: Schematic diagram of compactivation steps.
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Figure 4.5: A plot representing the temperature programme used to
prepare conventional activated carbons and compactivated carbons
at various temperature 600 °C, 700 °C and 800 °C.

Table 4.2: Summary of Polythiophene-derived activated carbons
synthesis: parameters and conditions.

Carbon Precursor

Activating Agent

KOH/PTh Ratio

Target Temperature

Ramp Rate

Activation Holding Time

Gas/Environment

Polythiophene

KOH (powder)

2:1

600 °C or 700 °C or 800 °C

5 °C/minute

1 hour

Nitrogen gas

222



4.5 Abbreviations

4.5.1 Conventional Polythiophene Derived-
Activated Carbons
The Conventional activated carbons were denoted as PT2X, where 2

corresponds to the KOH/PTh ratio (2:1) and X is the activation temperature

(600 °C, 700 °C or 800°C), see Table 4.3.

4.5.2 Compactivated Polythiophene Derived-

Carbons

The compactivated carbons were denoted as PT2XP for the compaction for
10 min at 10 tonnes (equivalent to compression pressure of 740 MPa), in a
1.3 cm diameter die, where 2 corresponds to the KOH/PTh ratio (2:1), X is

the activation temperature (600 °C, 700 °C or 800 °C), see Table 4.3.

Table 4.3: List of activated carbons abbreviations.

Polythiophene Derived-Activated Carbons

Conventional Compactivated Carbons

Activated Carbons at 10 tonnes=740 MPa
PT2600 PT2600P
PT2700 PT2700P
PT2800 PT2800P
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4.6 Results and Discussion

4.6.1 Effects of Compaction on Polythiophene

The nature of the starting material polythiophene PTh was ascertained with
respect to morphology, structural ordering and porosity. This was achieved
by comparing polythiophene compacted at 10 tonnes (equivalent to
compression pressure of 740 MPa), designated as PThP, with the original

powder polythiophene (designated as PTh).

4.6.1.1 Morphology and Surface Analysis

Polythiophene (PTh) was investigated by scanning electron microscopy
before and after compaction. The SEM micrographs images in Figure 4.6
and Figure 4.7 show the original powdered PTh and compacted
polythiophene PThP, respectively. It can be seen that both the original
powdered PTh and compacted PThP consist of spherical particles that are
aggregated together, which is similar to what has been observed
before.18 26-28 Tt js also evident that compaction causes greater aggregation
of the particles. Nevertheless, individual particles are still observed in the
compacted PThP but mainly as part of larger aggregates. The compaction,

clearly, leads to a decrease in interparticle voids.
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Figure 4.6: SEM micrographs images of original powdered polythiophene

(PTh).
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Figure 4.7: SEM micrographs images of compacted polythiophene (PThP).
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4.6.1.2 Structural Ordering Analysis

Powder XRD patterns of polythiophene before (PTh) and after compaction
(PThP) are shown in Figure 4.8. The XRD patterns are consistent with
structurally disordered materials and are unaffected by compaction. This
means that the structural make up PTh is preserved after compaction. The
XRD patterns exhibit a very broad peak centred at 286= 22°, which is

consistent with the amorphous nature of PTh chains.?6-30

60 -
£l
S 40 4
Fin)
B
c
0
3
£
20 -
Polythiophene ariginal powder
—— Polythiophene pellet @10 tonnes
D 1 T T 1
0 20 40 60 80

260°

Figure 4.8: XRD patterns of polythiophene before and after
compaction.
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4.6.2 Polythiophene-derived Activated Carbons

4.6.2.1 Purity and Thermal Stability Analysis

Thermogravimetric analysis was performed under flowing air conditions to
confirm the complete removal of iron compounds and to ascertain thermal
stability. The TGA curves polythiophene-derived activated and
compactivated carbons are shown in Figure 4.9 A and Figure 4.9 B

respectively.

All TGA curves of conventional activated carbons (Figure 4.9 A), clearly
show three major mass loss events. The first mass loss of ca. 10 wt% below
300 °C is ascribed to removal of water or volatiles. The second mass loss
(ca. 22%) at ca. 400 °C is due to thermal decomposition of PTh.?® Further
mass loss between 400 °C and 650 °C is due to carbon burn off. The burn off
temperature range is related to the thermal stability of the carbons and
appears to be influenced by the activation temperature with sample PT2800
exhibiting the greatest thermal stability. Overall, the burn off temperature
range for all the carbons is typical for largely amorphous porous carbons (i.e.
non-graphitic). Furthermore, the TGA curves shows residual mass of <3

wt%, which indicates that they are essentially carbonaceous in nature.?®

For compactivated carbons (Figure 4.9 B), a similar trend is observed with
no much difference in thermal stability and residual mass compared to
conventional activated carbons. Thus, compactivation has no effect on both
the thermal stability and residual mass. PT2800P has the greater thermal
stability which is related to the higher activation temperature as mentioned

before.
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4.6.2.2 Structural Ordering Analysis

The XRD patterns of PTh, conventional activated carbons (PT2600, PT2700,
and PT2800) and compactivated carbons (PT2600P, PT2700P, and PT2800P)
are shown in Figure 4.10 A and Figure 4.10 B respectively. A comparison
of the activated carbons (Figure 4.10 A and Figure 4.10 B) with the
starting materials (Figure 4.8) shows that the structure of PTh has totally
changed after activation. The XRD patterns of the conventional and
compactivated carbons are similar to those of compactivated carbons, and
both are typical of activated carbons with amorphous structure. Thus,
compactivation has no effect on the level of graphitization in the activated
carbons. However the activation temperature showed a clear effect. For
conventional activated carbons PT2600 and PT2700 (Figure 4.10 A) have
two broad peaks centred at 26= 24° and 26= 45° which are, respectively,
due to the (002) and (100) diffractions/planes of poorly ordered (disordered)
graphitic carbons.?3 3! The broad nature of the peaks and their relatively low
intensity suggests that the carbons are largely amorphous. As the
temperature of activation increased from 700 °C to 800 °C in case of
conventional activated carbons and from 600 °C to 800 °C in case of
compactivated carbons (Figure 4.10 B), the intensity of peaks 26= 24° are
decreased/disappears, which indicated an increase in level of graphitization
as confirmed by TEM analysis. As the activating temperature increased, the
crystallinity degree of the carbon materials gradually increased which led to

increase the thermal stability.
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4.6.2.3 Elemental Analysis

Elemental composition analysis via C-H-N microanalysis (excluding analysis
of S) following the procedure discussed in Chapter 2 indicated the presence
of carbon, hydrogen and nitrogen content (C, H and N) in polythiophene
polymer and polythiophene-derived activated carbons. Elemental

composition values are given in Table 4.4.

Activated carbons prepared by KOH activation normally contain a variable
amount of the hetero atoms such as oxygen, nitrogen, hydrogen, sulfur,
depending on procedures used and carbon sources. According to the data in
Table 4.4, there is a clear change in the elemental composition between the
polythiophene and the activated carbons. As the temperature of activation
increased, there is a decrease in the content of Hydrogen and nitrogen. The
changes may be understood by considering that on heating, the least stable
fragments of the structure (e.g. methylene and oxygen bridges) undergo
decomposition leading to formation of side products of carbonization rich in
hydrogen and oxygen, such as water and simple hydrocarbons. As the
temperature of activation increased, there is significant increase in C content
from 52% to 79.5%, which is accompanied with decrease in the content of
H from 2.03% to 0.5. The highest carbon content was in sample PT2800,

whereas the lowest content of carbon was in sample PT2700.
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Table 4.4: Elemental analysis of starting materials PTh and polythiophene-
derived activated carbons.

Sample Chemical Composition (wt %) @

C H N O+X?
PTh 50 2.23 0.3 47.38
PT2600 57 2.03 0.3 40.5
PT2700 52 3.2 0.3 44.5
PT2800 79.5 0.5 0.2 19.8

2 Determined from CHN microanalysis.

b Oxygen concentration + X (where X are other elements) obtained by: O+X

(%)= [100 —=(C+H+N)].
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4.6.2.4 Elemental Surface Analysis

The surface elemental content (carbon, oxygen, sulfur) of the activated
carbons was investigated using XPS and the resulting values are presented
in Table 4.5. The polythiophene polymer/starting material contains 17.6
wt% of sulfur, The lower sulfur content in the polymer is due to the presence
of 24.3 wt% oxygen, which arises from the oxidative polymerization process.
When polythiophene is carbonized at 800 °C, half of the sulfur is removed,
while activation of the polymer causes a decrease in sulfur content from
17.56 wt% to 3.0 wt%. It is clear that, as the activating temperature
increase from 600 °C to 800 °C, sulphur content decrease by 30-40%. The
XPS analysis confirms the chemical composition on the surface and near
surface elemental content as surface composition is important for adsorption
processes. The elemental composition for all the activated carbons are
comparable to what was observed before by Sevilla et al.'® The elemental
composition of conventional activated carbons and compactivated carbons
indicate that there is no much difference in composition of samples prepared
using compactivation route compared to conventional activated carbons.
Thus, compactivation has no effect on elemental composition of the activated
carbons. However the activation temperature showed a clear effect. As the
temperature of activation increased from 600 °C to 800 °C the carbon content
increased significantly at the lowest activation temperature 600 °C in PT2600
which the sulfur has been reduced to 3.0 wt%, the lower sulfur content in
the polymer is due to the presence of 24.3 wt% oxygen, which arises from
the oxidative polymerization process. When polythiophene is activated at the
highest activation temperature 800 °C, about half of the sulfur is removed,
while activation of the polymer causes a decrease in sulfur content from 17.6
wt% to 3.0 wt%. There is a decrease in sulphur content as the activation
temperature increases from 600 °C to 800 °C.
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Table 4.5: Chemical composition of polythiophene-derived conventional
activated carbons and compactivated carbons.

Sample Chemical Composition (wt %) @

C o S+X 1’
PTh 58.2 24.3 17.6
PT2600 67.2 29.9 3.0
PT2600P 71.0 26.2 2.6
PT2700 73.9 24.6 1.5
PT2700P 77.4 21.2 1.2
PT2800 80.8 14.6 0.7
PT2800P 85.2 14.1 1.1

4 Obtained by XPS.

b Sulfur concentration + X (where X are other elements) obtained by: S+X

(%)= [100 -(C+0)].
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4.6.2.5 Morphology and Surface Analysis

SEM micrographs images for conventionally activated carbons are shown in
Figure 4.11, Figure 4.13, and Figure 4.15, while those of compactivated

carbons are shown in Figure 4.12, Figure 4.14, and Figure 4.16.

It is clear that the PTh spherical morphology was converted to entirely
different particle morphology, with multiple corners and edges that are not
in the PTh, which is consistent with previous reports.® 20 The resulting ACs
have a sponge-like structure with highly irregular particles shape. Moreover,
there is no significant difference in morphology between conventional

activated carbons and compactivated carbons.
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Figure 4.11: SEM micrographs images of PT2600 at high and low

magnifications.
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Figure 4.12: SEM micrographs images of PT2600P at high and low

magnifications.
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Figure 4.13: SEM micrographs images of PT2700 at high and low
magnifications.
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Figure 4.14: SEM micrographs images of PT2700P at high and low
magnifications.
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Figure 4.15: SEM micrographs images of PT2800 at high and low

magnifications.
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Figure 4.16: SEM micrographs images of PT2800P at high and low
magnifications.
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4.6.2.6 TEM Analysis

TEM micrographs images of conventional activated carbons are shown in
Figure 4.17, Figure 4.19, and Figure 4.21, and those of compactivated
carbons are shown in Figure 4.18, Figure 4.20, and Figure 4.22. Both
conventional activated carbons and compactivated carbons have wormhole
type pores that are typical for activated carbons.® 3233 [t is clear that there
is no difference in the pore channel type meaning that compactivation does
not alter the nature of the pores. The TEM images for both sets of activated
carbons show no clear evidence of the presence of graphitic domains, which

is consistent with the XRD patterns Figure 4.10.
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4.6.2.7 Textural Properties and Porosity Analysis

The nitrogen sorption isotherms and corresponding pore size distributions
(PSDs) curves for polythiophene-derived conventional activated
carbons (PT2600, PT2700, and PT2800) are presented in Figure 4.23 A and
Figure 4.23 B, respectively, and for compactivated carbons (PT2600P,
PT2700P, and PT2800P) are presented in Figure 4.24 A and
Figure 4.24 B, respectively, and the corresponding textural properties
of both polythiophene-derived conventional activated carbons and

compactivated carbons are summarized in Table 4.6.

All the isotherms of non-compacted activated carbons (Figure 4.23 A) are
mainly type I, according to the IUPAC classification,3* and reversible with no
hysteresis. They exhibit high nitrogen uptake at the low relative pressure
(P/P0<1.0) which indicates that the carbons porosity is mainly composed of
micropores and ultra-micropores. It is notable from Table 4.6, that all
carbons exhibit high surface area in the range of 1300 m2?g! - 2035 m?g™!
and high pore volumes in the range of 0.7 cm3g™ and 1.3 cm3g™. The sample
prepared at the highest temperature (PT2800) has the highest surface area
of 2035 m2g! whereas sample PT2600 which was prepared at lowest
temperature has lowest surface area of 1300 m2g! respectively. The
generated porosity measured by the amount of nitrogen adsorbed, as
activation temperature rises from 600 °C to 800 °C, is similar to what is

known to occur for activated carbons.”: 8- 23, 24,32, 33, 35-42

The nitrogen sorption isotherms for compactivated carbons displayed in
Figure 4.24 A indicate no significant change in nitrogen isotherm shapes
upon compaction. All the isotherms are reversible with no hysteresis and are
mainly type I isotherm, with high nitrogen uptake at the low relative pressure

(P/P0<1.0) which indicates that the porosity of the compactivated carbons
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mainly arises from micropores. The slight change of the isotherm shapes
when the activation temperature raised from 600 °C to 800 °C is due to pore
widening and/or in microporosity. Overall, the textural data indicate that the
surface area rises from 1300 m? g!, 1561 m? g! and 2035 m? g! for non-
compacted carbons to 2048 m? g%, 1933 m? g! and 2250 m? g, for
compactivated samples prepared at 600 °C, 700 °C and 800 °C, respectively.
In compactivated carbons, the compression of the KOH/carbon mixture into
pellets, leads to closer contact between carbon precursor (polythiophene)
and activating agent (KOH) and allow for more efficient use of the KOH and
thus generates higher porosity. In all cases compactivation generates higher

levels of porosity, which is consistent with previous studies.8 23: 24, 32, 33, 35-43

The pore size distribution curves of conventional activated carbons
are presented in Figure 4.23 B and the pore sizes are summarized in
Table 4.6. It is notable that most of the activated carbons exhibited
micropores nature with three narrow pore size in the range of microporous
and no hardly any pores = 20 A. Sample PT2600 which activated at low
temperature 600 °C has three pore systems centred at in ultra-microporous
range and super-microporous 7.33, 9 and 12 A. PT2700 has only two pore
systems in super-microporous range at 9 and 12A which are also present in
PT2600. PT2800 prepared at the highest temperature 800 °C has three pores

maxima at 6.5, 8 and 12 A.

The PSD curves of compactivated carbons in Figure 4.24 B indicate that the
samples obtained at low temperature 600 ©°C (PT2600P) and high
temperature 800 °C (PT2800P) have three pore maxima at 7, 9 and 12, while

for sample PT2700P the pore maxima are at 6.5, 9 and 12 A.

A comparison of Figure 4.23 B, Figure 4.24 B and Table 4.6, shows that;

(i) modifying the activating temperature has no significant effect on PSD
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apart from a slight broadening and shift towards larger pores as the
activation temperature increased, and (ii) Compactivation does not

significantly affect the pore size.? 23 3!
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Table 4.6: Textural properties of polythiophene-derived activated and
compactivated carbons.

Sample @ BET Surface Area®? Pore Volume ¢ Pore Size ¢
(m2gt) (cm3gt) (R)

PT2600 1300 (1164) 0.70 (0.51) 7.33/8.58/11.79
PT2600P 2048 (1825) 1.10 (0.80) 7.33/8.58/11.79
PT2700 1561 (1371) 0.80 (0.61) 8.58/11.79
PT2700P 1933 (1713) 1.00 (0.75) 6.43/8.58/11.79
PT2800 2035 (1414) 1.30 (0.65) 6.43/8.04/11.79
PT2800P 2250 (1964) 1.44 (0.90) 7.33/8.58/11.79

@ Carbons are designated as PT2X for conventional polythiophene-

derived activated carbons, and PT2XP for polythiophene-derived compactivated

carbons.

b The values in the parenthesis refer to micropore surface area.

¢ The values in the parenthesis refer to micropore volume.

9 Pore size distribution maxima obtained from NLDFT analysis, assuming slit-shaped

pores.
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4.6.2.8 CO; and H; Uptake Measurements

Surface area, pore volume and pore size distribution of porous materials
have great influence on gas uptake (CO2 and H2).% & 7. 44 45 The effect of
temperature of activation, compaction route, and S content were explored.

The samples were characterized according to the experimental procedures
given in Chapter 2, to determine CO: uptake at two different temperatures

0 °C and 25°C.

4.6.2.8.1 CO> Uptake Measurements

4.6.2.8.1.1 CO; Uptake at 0 °C and 20 bar

The CO2 sorption isotherms of non-compacted and compacted
polythiophene-derived activated carbons as measured by gravimetric
analysis (IGA), over the pressure range (of 0 — 20 bar at 0°C are presented
in Figure 4.25 A and Figure 4.25 B respectively, and Table 4.7
summarises the amount of CO2 adsorbed at various pressures (1 and 20
bar). All the COz uptake isotherms of non-compacted activated carbons are
completely reversible, with absence of hysteresis between the adsorption
and desorption process. There is a good correlation between the CO> uptake
capacities and textural properties (surface area and micropore volume).

For non-compacted activated carbons (Figure 4.25 A), the sample prepared
at high activation temperature (PT2800) has the best CO2 uptake at high
pressure (20 bar) of 109.2 wt% (24.8 mmol g!) due to its high total surface
area and micropore surface area by 2035 m?g! and 1414 m?g!, respectively.

However, the sample prepared at lower activation temperature (PT2600) has
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the lowest CO> uptake of 62.6 wt% (14.2 mmol g!) due to its low total

surface area and micropore area of 1300 m2g-! and 1164 m?g!, respectively.

For compactivated carbons, all the CO2 uptake isotherms are fully reversible
(Figure 4.25 B). Sample PT2800P has an excellent CO2 uptake of 124.7
wt% (28.3 mmol g) due to its high textural proprieties; surface area and
micropore area of 2550 m?g! and 1962 m?2g!, respectively. On the other
hand, sample PT2600P has uptake of 79.92 wt% (18.2 mmol g') at 20 bar
and 0 °C due to its lower textural proprieties: surface area and micropore

area of 2048 m2g! and 1825 m?g!, respectively.

In general, increasing the activation temperature led to increase in the CO:
uptake, while using compactivation at led to improvement in the porosity
and increase in the CO2 uptake. Figure 4.26 shows that there is no clear
influence of S content on CO2 uptake at 0 °C for both conventional and

compactivated carbons.
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Table 4.7: CO:
respectively at 0 °C and 0.15 bar, 1 bar, and 20 bar for conventional
carbons and compactivated carbons.

uptake data expressed

in wt%

and mmolg?

Sample CO2 Uptake at 0 °C @
0.15 bar 1 bar 20 bar

wt% mmolg wt% mmolg! wt% mmolg!
PT2600 7.6 1.74 24.3 5.53 62.6 14.2
PT2600P 7.3 1.66 25.7 5.8 79.9 18.2
PT2700 5.24 1.2 19.54 4.4 66.0 15.01
PT2700P 5.49 1.34 33 7.5 95.3 21.7
PT2800 6.12 1.4 25.33 5.8 109.2 24.8
PT2800P 5.75 1.31 25.28 5.75 124.6 28.3

2 CO; uptake at 0 °C and various pressures (i.e., 0.15 bar, 1 bar, 20 bar).
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Figure 4.26: Plot showing a relation between sulphur content
and CO:z uptake at 20 bar and 0 °C of conventional activated
carbons and compactivated carbons.
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4.6.2.8.1.2 CO: Uptake at 25 °C

The CO:2 isotherms of PTh-derived conventional and compactivated carbons
as measured by gravimetric over the pressure range 0-20 bar at 25°C are
presented in Figure 4.27 A and B respectively, and the corresponding CO2
uptake values at 25°C and at 0.15 bar, 1 bar and 20 bar are summarized in
Table 4.8. All the CO2 uptake isotherms are completely reversible, with near
absence of hysteresis between the adsorption and desorption process and
there is a good correlation between the CO2 uptake capacities and textural
properties (surface area and micropore volume). For conventional carbons
(Figure 4.27 A), the sample prepared at the highest activation temperature
(PT2800) has the best CO2 uptake at high pressure (20 bar) of 82.5 wt%
(18.8 mmol g!) due to its high surface area of 2035 m?g! and micropore
area by 1414 m2g?l. However, sample prepared at lowest activation
temperature (PT2600) has lower COz uptake of 54.4 wt% (12.4 mmol g1)
due to its low total surface area of 1300 m2g-! and micropore area of 1164
m2g-t. At low pressure <1 bar, PT2600 and PT2800 both have the highest
CO2 by 15.6 and 14.9 wt%, respectively, due to their ultra-micropores of
size <7. This is simply a reflection of the fact that low pressure CO2 uptake
is dependent on pore size and level of microporosity, and that both samples
have such pores; 7.3 to 8.6 A for PT2600, and 6.3 to 8.58 A by for PT2800,
combined with the high surface area of 1300 m2g! and 2035 mZ3g},
respectively. For compactivated carbons (Figure 4.27), at high pressure (20
bar) PT2800P has an excellent CO2 uptake of 92.7 wt% (21.1 mmol g') due
to its high textural proprieties; surface area of 2550 m2g! and micropore
area of 1962 m2g!, whereas PT2600P achieves 66.3 wt% (15.1 mmol g1)
CO2 uptake due to its low textural proprieties. For storage of CO2 onto solid
state materials at low pressure (<1 bar), the size of pores is known to be the

main factor. 38 40, 46-59
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Table 4.8: CO: uptake at 25 °C expressed in wt% and mmolg?! for
conventional and compactivated carbons derived from polythiophene.

Sample CO2 Uptake @25 °C =
0.15 bar 1 bar 20 bar
wt % mmolg! wt % mmolg! wt % mmolg!

PT2600 4.2 0.96 15.6 3.6 54.4 12.4
PT2600P 3.8 0.87 15.8 3.6 66.3 15.1
PT2700 3.2 0.72 13.2 3 58.2 13.2
PT2700P 4.1 0.93 14.7 3.1 82.6 18.9
PT2800 3.4 0.77 14.9 3.4 82.7 18.8
PT2800P 2.6 0.59 14.2 3.2 92.7 21.1

2 CO; uptake at 25 °C and various pressures (i.e., 0.15 bar, 1 bar, and 20
bar).
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4.6.2.9 H,; Uptake Measurements

The hydrogen storage capacity of polythiophene-derived conventional
activated carbons and compactivated carbons was investigated at low
temperature of -196 °C by using a Hiden Intelligent Gravimetric Analyzer
(IGA-003) in the pressure range of 0-20 bar according to the experimental
procedures given in Chapter 2. The excess hydrogen uptake isotherms of
conventional and compactivated carbons are shown in Figure 4.28 A and
Figure 4.28 B respectively, and at low pressure (0-1 bar) in Figure 4.29 A
and Figure 4.29 B. The corresponding excess hydrogen uptake at 1 bar and

20 bar is summarized in Table 4.9.

For conventional carbons (Figure 4.28 A), sample PT2800 and PT2700 both
have moderate H> uptake at 20 bar of 4.2 wt% and 3.1 wt%, which is
consistent with their surface area of 2035 and 1561 m2g™ respectively and
pore volume of 1.30 cm3g! and 1 cm3g?, respectively. However, PT2600 has
the lowest H> uptake of 2.4 wt% due to its lower surface area of 1300 m2g!
and pore volume by 0.70 cm3g. In addition, at low pressure (1 bar) sample
PT2800 has the highest H2 uptake of 2.2 wt% due to its high surface area

by 2035 m2g! as well as the presence of ultra-micropores of size 6.43 A.

For compactivated carbons (Figure 4.28 B), sample PT2800P and PT2600P
both have relatively high H2 uptake at high pressure (20 bar) of 4.8 wt%
and 3.9 wt%, respectively due to their higher surface area of 2550 m?g and
2048 m?g!, respectively, and pore volume of 1.44 cm3g* and 1.10 cm3g,
respectively while sample PT2700P has H2 uptake of 3.4 wt% due to its lower
surface area of 1933 m?g* and pore volume by 1 cm3g-t. For sample PT800P,
it is clear the effect of compactivation combined with increasing activation

temperature raises H2 uptake to 4.8 wt%.
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Figure 4.30 show a near linear relation between the BET surface area and
H> uptake at high pressure 20 bar and -196 °C of conventional and
compactivated carbons. However, Figure 4.31 and Figure 4.32 show Plot
showing no relation between sulfur content and H2 uptake at 20 bar and

-196 °C and between s contents and BET surfaces area.
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Figure 4.30: Plot showing a near linear relation between the BET
surface area and H: uptake at high pressure 20 bar and -196 °C
of conventional and compactivated carbons.
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and H> uptake at 20 bar and -196 °C of conventional and
compactivated carbons.
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Figure 4.32: Plot showing relation between sulfur content and BET
surface area of conventional and compactivated carbons.

269



Table 4.9: Excess H: uptake at -196 °C expressed in wt% of
conventional activated carbons and compactivated carbons derived from
polythiophene at various temperature 600 °C, 700 °C, and 800 °C.

Sample H2 Uptake (wt %)
1 bar 20 bar

PT2600 1.4 2.4
PT2600P 2.34 3.85
PT2700 1.8 3.1
PT2700P 2.17 3.44
PT2800 2.2 4.2
PT2800P 2.56 4.8
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4.6.2.9.1.1 Conclusions

Polythiophene-derived activated carbons have been successfully obtained
via one-step chemical activation using KOH as the activating agent and
polythiophene as a carbon precursor with low KOH/PTh ratio of 2:1 to
produce porous carbons. The choice of PTh which has been successfully
prepared via easy one-step using FeCls proves to be an excellent carbon
precursor to produce cheap adsorbents with attractive textural properties
such as high surface area of 2550 m?g! and ultra-microporous nature and
pore volume of 1.44 cm3g'. Compaction before thermochemical activation
leads to increase the porosity but without any significant changes in pore
size and PSD compare to conventional ACs. The compaction method works
for both highly activated and lowly activated carbons. The textural properties
of generated ACs were tailored by modifying temperature of activation in the
range of 600- 800 °C. Thus, an increase of temperature causes a gradual
rise of surface area. in case of conventional activated carbons, sample
PT2800 which was prepared at high activation temperature of 800 °C has
high surface area of 2035 m?g! pore volume of 1.3 cm3g ! with micropores
of size 0.7- 1.1 nm with high COz uptake of 90.1 wt%, and achieves excess
hydrogen uptake of 4.2 wt% at -196 °C and 20 bar, while PT2600 obtained
at low activation temperature (600 °C) has lower surface area by 1300 m2g-
! with low CO2 uptake by 52.4 wt%. However, in case of compactivated
activated carbons, PT2800P sample has high surface area of 2250 m?g?,
pore volume of 1.6 cm3g! with no change in the micropores size range of
0.7- 1.1 nm. The higher porosity resulted in an increase in gas uptake;
excess Ha2 storage capacity at -196 °C and 20 bar of 4.8 wt%, and CO2 uptake
of 91.8 wt%. The generated PTh-derived activated and compactivated
carbons have sulphur contents of 0.7-3 wt%, but no influence of sulphur

content on CO2 capture and Hydrogen uptake was observed.
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Chapter 5. Generalized

Mechanochemical Synthesis of
Biomass-Derived Sustainable
Carbons for High Performance

CO: Storage
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5.1 Aim of this Chapter

A main motivation of this chapter:

e To generate cheap and sustainable carbons (using biomass as starting
material) with optimum pore size and the highest possible surface area for
high performance CO:z adsorption at low pressure, which would make them
suitable absorbers in flue gas streams emitted from coal-fired power stations

wherein CO2 pressure is typically =0.15 bar.
e To study the effect of the mechanochemical synthesis approach on

textural properties and CO: capture of resulting mechanochemically

activated (i.e., compactivated) biomass-derived carbons.
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5.2 Abstract

Novel mechanochemical activation generates biomass-derived carbons
with unprecedented CO: storage capacity due to higher porosity than
analogous conventionally activated carbons but similar pore size. The
mechanochemical activation, or so-called compactivation, process involves
compression, at 740 MPa, of mixtures of activating agent (KOH) and biomass
hydrochar into pellets/disks prior to thermal activation. Despite the increase
in surface area and pore volume of between 25% and 75% compared to
conventionally activated carbons, virtually all of the porosity of the biomass
(sawdust and lignin) derived mechanochemically activated carbons is from
small micropores (5.8 A - 6.5 &), which results in a dramatic increase in CO2
storage capacity at 25 °C and low pressure (<1 bar). The ambient
temperature CO2 uptake for a carbon derived from sawdust at 600 °C and a
KOH/carbon ratio of 2, rises from 1.3 mmol g* to 2.0 mmol g at 0.15 bar,
and from 4.3 mmol g to 5.8 mmol g at 1 bar, which is the highest ever
reported for carbonaceous materials. The mechanochemically activated
carbons have a superior CO2 working capacity for pressure swing adsorption
and vacuum swing adsorption processes and, due to a high packing density,
they exhibit excellent volumetric CO2 uptake that is higher than for any

material reported to date.
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5.3 Introduction

The search for materials that can cheaply and efficiently capture and store
the CO: that is generated from anthropogenic sources is one of the most
intensely researched areas in energy materials. The CO2 produced during the
burning of fossil fuels for energy generation is considered to be a major
contributor to global warming and associated climate change.!* The
continuing reliance on fossil fuels means that it is critically important to find
avenues to diminish the level of CO2 emissions but also to more efficiently
capture and store the emitted CO2. This has spawned much research aimed
at finding and developing solid state CO: absorber-based technology that
can replace the current expertise, which is based on energy inefficient
absorption-regeneration processes with liquid amine-based absorbents;>8
the better efficiency of solid state absorbents is related to the ease (with
respect to energy penalty) of their regeneration via energy efficient pressure
or temperature swing changes. Porous solid state materials, namely,
zeolites,®2  metal organic frameworks (MOFs),!31® covalent organic
frameworks (COFs) 13-16 and carbons 17-24 are currently the most studied CO>
absorbers for post-combustion capture and storage. Of the three classes of
porous materials, carbons are attractive due to their abundance, low cost,

and rich availability in activated 17-32 or templated 33->2 form.

Activated carbons are particularly attractive as they may be prepared from
biomass via valorisation processes that convert low value waste into valuable
carbonaceous materials.?? Recent studies have shown that KOH activated
carbons, including biomass-derived examples, can achieve some of the best
CO2 uptake under conditions (i.e., 0.1-1 bar and 25°C -50 °C) relevant to
industrial post-combustion capture.>#% 17-32 1t is now well established that

pore size is the main factor that determines CO2 uptake of activated carbons
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under post-combustion capture conditions.1”-32 47-52 The critical importance
of pore size arises from the fact that the CO2-carbon interaction emanates
from short-range attractive forces which are maximized when CO:
adsorption takes place in very narrow pores where overlapping potential
fields from neighbouring walls exert a positive influence. For slit-shaped
pores, such as those present in activated carbons, enhancement of the
adsorption potential may be maximized for micropore widths that are two
times the diameter of the CO> molecule,®® which translates to an optimal
pore size of 6-7 A. Such pores can be obtained in lowly or mildly activated
carbons prepared at KOH/carbon ratio of 2 and between 600 °C and 700
°C,58, 17-32, 47-52, 54 Indeed, to date, such activated carbons are among
materials that show the highest CO2 uptake at 25 °C and low pressure (up
to 1 bar).>8 17-32,47-52 Conversely, though, such lowly activated carbons tend
to have low surface area, which limits the maximum amount of CO: that they
can store. For this reason, there appears to be a limit on the amount of CO:
that can be stored by biomass-derived or other activated carbons at 25 °C

of 1.5 mmol g! at 0.15 bar and 4.5 mmol gt at 1 bar. >8 17-32,47-52, 55-63

Increase in surface area can be achieved at higher activation levels (higher
KOH amounts or temperature), but the pore size also expands, which results
in a decrease in CO2 capture efficiency.'’-32 Thus at present the maximum
post-combustion CO2 capture capacity of activated carbons appears to be
limited by the inability to increase the surface area of carbons with the
optimum 6-7 A pores. It is likely that higher surface area activated carbons
with 6-7 A pores would perform as well as or better than the current state
of-the-art materials, namely, amine functionalized MOFs,°16: 6466 or bare
metal site containing MOFs, °16 but would have the advantage of weaker
binding of the CO2 and therefore easier and less cost-intensive regeneration

processes.
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In an attempt to address this conundrum between CO:z uptake, surface area
and pore size, this chapter considers the following questions; (i) how
efficiently is the KOH used during the activation process given that, at the
initial stages, the process relies on solid/solid interactions between the
carbon and KOH; where mechanical mixing of KOH and carbon is used, the
resulting scenario cannot exclude poor KOH/carbon contact with the
possibility that some of the KOH may be inefficiently utilized, (ii) might closer
contact between biomass carbon precursors and activating agent allow for
more efficient use of the KOH and thus generate higher surface area but
without pore size expansion, and (iii) could closer contact be engendered via
a mechanochemical approach involving compression the KOH/carbon
mixture into pellets/disks, so as to remove interparticle voids and increase
contact between the particles of the KOH and carbon precursor, prior to the

thermal activation process.

This chapter reports on the use of biomass as starting material for such a
mechanochemical synthesis approach and the effect on textural properties
and CO:2 capture of resulting mechanochemically activated (i.e.,
compactivated) biomass-derived carbons. The CO: uptake data in this study
targets post-combustion capture wherein it is assumed that flue gas streams
contain a mix of N2 (70% - 75%), CO2 (15% - 16%), and water (5% -
7%).% %7 The motivation of the study is to generate cheap and sustainable
carbons with optimum pore size and the highest possible surface area for
high performance CO: adsorption at low pressure, which would make them
suitable absorbers in flue gas streams emitted from coal-fired power stations

wherein CO: pressure is typically %0.15 bar.6 67
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5.4 Experimental Section

This section presents a detailed description of the materials and chemicals,

experimental procedures, and approach used in Chapter 5.

5.4.1 Materials and Chemicals

The list of chemicals/materials used, their sources and purity are presented

in Table 5.1.

Table 5.1: List of chemical reagents/materials used in the experiment.

Chemical/Material

Biomass

Lignin (lignin waste)

Potassium hydroxide
(KOH)

N2 Compressed gas
(Cylinder)

Hydrochloric acid (HCI)

Source

eucalyptus wood
sawdust

Borregaard
LignoTech

Fisher Scientific

BOC Ltd

Fisher Scientific

Purity/Concentration

100%

37%
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5.4.2 Materials Synthesis

5.4.2.1 Carbon Precursors

54.2.1.1 Wood Sawdust Derived Hydrochar

Wood sawdust derived hydrochar was prepared as follows; an aqueous
dispersion of sawdust at a concentration of 320 g L'! (6.4 g of sawdust in 20
ml of water) was placed in a stainless steel autoclave and heated up to 250
°C and maintained at the target temperature for 2 h (Figure 5.1). The
resulting solid (hydrochar) product was recovered by filtration and washed
thoroughly with distilled water and then dried at 120 °C for 4 h. The
elemental composition of the wood sawdust-derived hydrochar presented in

Table 5.2.

5.4.2.1.2 Lignin-Derived Carbonaceous Hydrochar

Lignin-derived carbonaceous hydrochar was obtained from hydrothermal
treatment of lignin in an autoclave in high temperature water (300 °C - 390
°C). The resulting solid hydrochar was recovered by filtration and washed
thoroughly with distilled water and then dried at 120 °C for 4 h. The
elemental composition of the lignin-derived hydrochar presented in

Table 5.2.
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Table 5.2: The elemental composition of hydrochar derived from

eucalyptus wood sawdust and lignin.

Sample

Elemental composition

(wt %)
ca Hea O+ Xb
Eucalyptus wood sawdust-derived
69.3 6.8 23.9
hydrochar
Lignin-derived hydrochar 66.6 5.1 28.3

@ Obtained from CHN analysis.

b Obtained as follows: Oxygen content + X (where X are other elements)

(%)= [100 - (C+H+N)]
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5.4.2.2 Production of KOH Activated Carbons

5.4.2.2.1 Mechanochemical Activation (MCA)

The carbon precursor was thoroughly mixed with KOH at KOH/carbon
precursor weight ratio of 2 in an agate mortar. The KOH/carbon precursor
mixtures were then compacted for 10 min at load of 10 tonnes (equivalent
to compression pressure of 740 MPa) in a 1.3 cm diameter die. The resulting
pellets were placed in an alumina boat, in a horizontal furnace and heat
treated to the target activation temperature (600 °C or 650 °C) at heating
ramp rate of 3 °C min~! under a nitrogen gas flow and held at the activation
temperature for 1 h (Figure 5.2 and Figure 4.5). The resulting
compactivated MCA carbons were then thoroughly washed several times with
10 wt% HCI to remove any inorganic salts, and then with distilled water until
neutral pH. No stirring was used during the washing step. Finally, the
carbons were dried in an oven at 120 °C for 3 h. Abbreviations are in
Table 5.4 for sawdust-derived activated carbons and Table 5.5 for lignin-
derived activated carbons. Table 5.3 summarized the parameters and

conditions used for synthesis.

5.4.2.2.2 Conventional Activation (CA)

Conventionally activated carbons were prepared as described above but
without the mechanical compaction step (Figure 5.2 and Figure 4.5) and
stirring was used during the acid washing step (HCl). Abbreviations are in
Table 5.4 for sawdust-derived activated carbons and Table 5.5 for lignin-
derived activated carbons. Table 5.3 summarized the parameters and

conditions used for synthesis.
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Table 5.3: Summary of ACs synthesis: parameters and conditions.

Carbon Precursors

Activating Agent

KOH Ratio

Activation
Temperature

Ramp Rate

Process Hold Time

Gas/Environment

Eucalyptus wood sawdust-derived hydrochar

Lignin-derived hydrochar

KOH (powder)

KOH/sawdust-derived hydrochar 2:1
KOH/lignin-derived hydrochar 2:1

600 °C or 650 °C

3 °C/min

1 hour

Nitrogen flow
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5.5 Abbreviations

5.5.1 Sawdust-Derived Activated Carbons

Sawdust-derived mechanochemically activated carbons were designated as
SD2xP and conventionally activated carbons were designated as SD2x,
where x= 600 °C or 650 °C and a KOH/Sawdust-derived hydrochar at ratio

of 2. See Table 5.4 for samples abbreviations.

Table 5.4: Abbreviations of Sawdust-derived activated carbons.

Activation Conditions Conventionally Mechanochemically
Activated Carbons Activated Carbons/
Compactivated
@10 tonnes=740 MPa

CA MCA
Activation at 600 °C
KOH/Precursor at ratio SD2600 SD2600P
of 2:1
Activation at 650 °C
KOH/Precursor at ratio SD2650 SD2650P
of 2:1

5.5.2 Lignin-Derived Activated Carbons

Mechanochemically activated carbons were designated as L2xP and
conventionally activated carbons were designated as L2x, where x= 600 °C
or 650 °C and a KOH/Lignin-derived hydrochar at ratio of 2. See for

Table 5.5 samples abbreviations.

Table 5.5: Abbreviations of Lignin-derived activated carbons.

Activation Conditions Conventionally Mechanochemically
Activated Carbons Activated Carbons
/Compactivated
@10 tonnes=740 MPa
CA MCA

Activation at 600 °C
KOH/Precursor at ratio L2600 L2600P
of 2:1
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5.6 Results and Discussion

5.6.1 Sawdust-Derived Carbons

5.6.1.1 Textural Properties and Porosity

The nitrogen sorption isotherms and corresponding pore size distribution
(PSD) curves of the sawdust-derived carbons are shown in Figure 5.3 and

Figure 5.4, respectively.

In both cases, the nitrogen sorption isotherms of the MCA carbons show
higher nitrogen adsorption compared to the equivalent CA carbons. As
expected for carbons activated at such lowly temperatures (600 - 650 °C)
and KOH/carbon ratio of 2, both pairs of carbons are highly microporous and
as such the isotherms show significant nitrogen adsorption at very low

relative pressure (P/Po< 0.01).

The textural parameters of the CA and MCA carbons in Table 5.6 confirm
the higher surface area and pore volume of the later. The surface area and
pore volume of the MCA carbons are typically 25% higher than for equivalent
CA carbons. Thus, the surface area of the sample activated at 600 °C
increases from 866 m? g'to 1066 m? g!, while at 650 °C, the increase is
from 1039 m?2 g to 1313 m? g. This means that at KOH/carbon ratio of 2,
the MCA route achieves surface area that, within our activation set up,
requires conventional activation at 650 °C. Nevertheless, it is clear in Figure
5.3 that the shape of the isotherms for the MCA carbons is similar to that of
the CA carbons despite the higher porosity of the former. This is a reflection
of the fact that there is little change in PSD and extent of microporosity
between the two pairs of samples. This is confirmed by the PSD curves in

Figure 5.4 a and Figure 5.4 b which show that the size of pore channels
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generated in the MCA and CA carbons is largely similar. Rather than pore
expansion, there is in contrast a slight contraction of the main pores for the
MCA carbons from 6.8 & to 5.9 A for 600 °C samples, and 7 A to 6.5 A for
samples activated at 650 °C (Table 5.6). This is a counterintuitive
observation given that higher porosity in activated carbons is typically

accompanied by enlargement of pore size.17-3% 54

Overall, however, the pore size distribution is comparable for both sets of
samples; in both cases there is a small proportion of pores of size
8.5 A and minor presence of 11.5 A pores (Figure 5.4 and Table 5.6) and
no other pores are observed (Figure 5.5). The MCA route, therefore,
achieves higher surface area but without any undesirable effects of pore size
expansion. Furthermore, as shown in Table 5.6, the proportion of
microporosity, according to t-plot analysis (Figure 5.6) is similar for both
sets of samples, i.e., ®94% of surface area and 85% (at 600 °C) and 80%
(at 650 °C) of pore volume. It is likely that the higher porosity for MCA
carbons arises from more efficient KOH usage due to minimizing of the

interparticle voids via compaction.
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Figure 5.5: Wide pore size distribution of mechanochemically
activated carbons (SD2600P and SD2650P) and conventionally
activated carbons (SD2600 and SD2650) derived from sawdust
(A) at 600 °C or (B) at 650 °C, and KOH/carbon ratio of 2.
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5.6.1.2 Structural Ordering Analysis

According to powder X-ray diffraction (XRD) analysis (Figure 5.7) there are
subtle differences in the nature of the MCA and CA carbons with respect to
their apparent levels of graphitization especially for samples activated at 600
°C. The peaks that indicate graphitization in a carbon are expected at
26= 22° for the (002) diffraction and at 26= 43° for the (101) diffraction.
Although the peak expected at 26 = 22° is not clearly observed due to being
masked by the gradient of the baseline, the graphitic diffraction bands are
only really observed for carbons activated at 600 °C, wherein (Figure 5.7)
the CA sample (SD2600) exhibits peaks with somewhat higher intensity
compared to the MCA sample (SD2600P). This suggests that the MCA
samples are less graphitic compared to CA samples, which is consistent with

their higher surface area and overall porosity.

For samples activated at 650 °C, the difference in graphitization between the
MCA and CA samples is less clear (Figure 5.7). Nevertheless, the graphitic
peaks are very broad, which indicates that both sets of sawdust-derived
samples mainly contain amorphous carbon but with some small amounts of

disordered turbostratic domains.
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Figure 5.7: Powder XRD patterns of mechanochemically activated
carbons (SD2600P and SD2650P) and conventionally activated

carbons (SD2600 and SD2650) derived from sawdust.
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5.6.1.3 Chemical Similarity Assessment

The chemical similarity between the MCA and CA carbons probed by
performing infra-red (IR) spectroscopy analysis. The IR spectra of both sets
of samples were found to be typical for activated carbons ©8

(Figure 5.8).

The spectra show the C-OH stretch band at #3400 cm™ and at least three
other peaks; at 1240-1250 cm™ (C-0), 1585-1600 cm™ (C=C), and =1700
cm™ (C=0), which are consistent with the fact that the activated carbons
are carbon-rich with low amounts of H. Indeed, compared to the IR spectra
of the hydrochar,®® no any C-H peaks were observed.® The IR spectra also
confirm that both the CA and MCA carbons do not possess any adventitious
organic molecules. More importantly, the IR spectra of the CA and MCA
carbons are virtually identical, which indicates that the mechanochemical

route does not alter the chemical composition of the carbons.
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Figure 5.8: FTIR spectra of mechanochemically activated carbons
(SD2600P and SD2650P) and conventionally activated carbons
(SD2600) derived from sawdust.
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5.6.1.4 Pore Channel Assessment

According to transmission electron microscopy (TEM) micrograph images
(Figure 5.9) the level of pore channel order/disorder is similar for both sets
of samples. The TEM micrograph images of sample SD2600P and SD2600
show pore channels of size 6-7 A, which is in agreement with the porosity
data (Figure 5.4 and Table 5.6). Also, despite inclusion of a compression
step for the compactivated MCA carbons, the particle morphology was similar
to that of CA carbons and comparable to other types of activated carbons
generated via KOH activation, i.e., irregular shaped particles with large
conchoidal cavities and smooth surfaces.®® Indeed, such morphology has
previously been noted to be common for activated samples regardless of the

hydrochar precursor from which they are derived.®®

The overall picture that emerges from XRD analysis, IR spectra analysis, and
TEM micrograph images is that, although the mechanochemical synthesis
route significantly increases the surface area, there are hardly any changes
to the nature and ordering of the carbon except for a slight decrease in the
apparent level of graphitization, compared to conventionally activated

carbons.
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Figure 5.9: TEM micrographimages of mechanochemically
activated carbons (SD2600P) and conventionally activated carbons
(SD2600) derived from sawdust.
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5.6.1.5 CO, Storage Measurements

5.6.1.5.1 CO: Storage at 25 °C

The CO2 uptake capacity of the sawdust-derived compactivated MCA carbons
and conventionally activated carbons CA was measured at 25 °C and
pressure range of 0-20 bars. The CO: uptake isotherms are shown in
Figure 5.10 and the storage capacity at 0.15 bar, 1 bar and 20 bars is
summarized in Table 5.6. It is quite clear that the higher surface area of
the mechanochemically activated carbons results in a dramatic increase in
CO2 uptake (Figure 5.10 and Figure 5.11). At 1 bar the uptake of
conventionally activated SD2600 sample is 4.3 mmol g, which is
comparable to the best biomass-derived carbon materials reported so far.'”-
32, 47-52, 55-63 Indeed, CO2 uptake of 4.3 mmol g!, at 25 °C and 1 bar, is
comparable to one of the highest values reported so far allowing for the
lower surface area of our sample.?3 24 On the other hand, the compactivated
or mechanochemically activated SD2600P carbon has a much higher uptake
of 5.8 mmol g!, which is a 35% increase compared to the conventional
SD2600 sample. As far as we know a CO2 uptake of 5.8 mmol g! (at 25 °C
and 1 bar) is the highest ever reported for any biomass derived carbon or

indeed any porous purely carbon material.17-32 47-52, 55-63

At 0.15 bar, a pressure that is particularly relevant for CO2 capture from
postcombustion flue gas streams, the uptake of the mechanochemically
activated SD2600P carbon is 2.0 mmol g, which is much higher than
1.3 mmol g*! for the conventionally activated SD2600 sample. This
represents a remarkable 54% increase in CO2 uptake capacity. At pressure
of 20 bars, the increase in CO2 uptake is a more modest 22% from 8.6 mmol
gl for SD2600 to 10.5 mmol g*! for SD2600P. We believe that the

remarkable increase in CO2 uptake at low pressure (0.15 bar and 1 bar) is
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due to both the slight optimization of pore size (from 6.8 A to 5.9 &) and the
increase in surface area. Similar trends in CO2 storage are observed for the
samples activated at 650 °C (Table 5.6) although the overall uptake values
achieved are lower, which is ascribed to the fact that these samples have a
slightly higher proportion of larger pores compared to those prepared at 600

°C (Figure 5.4 a and Figure 5.4 b).

At 0.15 and 1 bar the uptake increases from 1.2 mmol g! and
4.1 mmol g, respectively for SD2650 to 1.5 mmol g and 5.3 mmol g},
respectively for the mechanochemically activated SD2650P sample; the rises
are 25% and 29% at 0.15 bar and 1 bar, respectively. It is noteworthy that
the 5.3 mmol g! CO2 uptake of SD2650P at 1 bar is still higher than any
previously reported biomass or otherwise derived carbon.17-32, 47-52, 55-63
Indeed, the uptake of the mechanochemically activated SD2600P and
SD2650P samples is better than that of current benchmark template 47->2 or
activated carbons,!7-3% 5563, 70 including those derived from sawdust,?3 24
petroleum pitch ¢ and even N-doped carbons.2% 62, 7, 72 1t is interesting to
note that despite a higher surface area, the low pressure uptake of sample
SD2650P is lower than that of SD600P (Figure 5.11), which is due to the

slightly larger pore size of the former (Table 5.6).
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Figure 5.10: CO: uptake isotherms at 25 °C and pressure range
0-20 bar for sawdust-derived mechanochemically activated carbons
(SD2xP) and conventionally activated carbons (SD2x) prepared at
x= 600 °C or 650 °C and a KOH/carbon precursor ratio of 2.
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Figure 5.11: CO: uptake isotherms at 25 °C and pressure range
0-1 bar for sawdust-derived mechanochemically activated carbons (SD2xP)
and conventionally activated carbons (SD2x) prepared at x= 600 °C or 650
°C and KOH/carbon ratio of 2.
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5.6.2 Lignin-Derived Carbons

5.6.2.1 Textural Properties and Porosity Analysis

To test the general applicability of the mechanochemical activation process,
we also prepared mechanochemically activated carbons from lignin-derived
hydrochar. Lignin is one of the most abundant carbonaceous materials but

is known to exhibit low reactivity with respect to activation. 73 74

Figure 5.12 a and Figure 5.12 b show the nitrogen sorption isotherm and
the PSD distribution curves of the conventionally activated (L2600) and
mechanochemically activated (L2600P) lignin-derived samples, respectively.
Both samples present similarly shaped type I isotherms consistent with
highly microporous materials with the amount of nitrogen adsorbed being
much higher for the compactivated MCA sample (L2600P). As shown in
Table 5.6, sample L2600 has a surface area and pore volume of 1277 m? g
'and 0.59 cm? g!, respectively, while the surface area and pore volume of
the mechanochemically activated L2600P sample is 75% higher at 2224 m?
gtand 1.02 cm3 g, respectively. Despite this large increase in surface area,
the level of microporosity (Table 5.6), according to t-plot analysis (Figure
5.6) is similar for both samples, i.e., 94% of surface area and 90% of pore
volume.

There is clearly no change to the PSD distribution (Figure 5.12 b) or pore
size (Table 5.6) The pore size distribution of the two lignin-derived carbons
is identical (Figure 5.12 b and Figure 5.13) despite the much higher
surface area and pore volume of the mechanochemically activated sample.
This confirms that mechanochemical activation increases the efficiency of
the KOH in generating porosity in the lignin-derived hydrochar but without

compromising on the size of pores created.
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5.6.2.2 CO; Storage Measurements

The mechanochemically activated L2600P sample exhibits much higher CO2

storage as shown in Figure 5.14 and Table 5.6.

5.6.2.2.1 CO: Storage at 25 °C

At 25 °C (Figure 5.14 and Table 5.6) and pressure of 0.15 bar, there is a
140% increase in CO2 uptake from 0.5 mmol g for sample L2600 to 1.2
mmol g for L2600P. At 1 bar, there is a 40% increase in CO> uptake from
3.3 mmol g for sample L2600 to 4.6 mmol g! for sample L2600P. At 20
bars, the increase (23%) is less dramatic from 10.4 mmol g to 12.8

mmol g.

5.6.2.2.2 CO> Storage at 0 °C

A similar trend in increase of CO2 uptake for sample L2600P over L2600 is
observed at 0 °C (Figure 5.15 and Table 5.6). At 0.15 bar, thereisa 77%
increase from 1.3 mmol g for sample L2600 to 2.3 mmol g for L2600P.
At 1 and 20 bars, the CO:z uptake of the mechanochemically activated L2600P
is higher by 37% and 27%, respectively. The trends indicate that surface
area can play a significant role in determining CO: storage at low pressure
(£1 bar) as long as the pore size is optimized. The low pressure (<1 bar)
CO2 uptake of lignin-derived samples is lower than that of sawdust-derived
samples due to the presence of a greater proportion of larger pores in the

lignin-derived samples.
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Figure 5.14: CO: uptake isotherms at 25 °C and pressure range
0-20 bar for lignin-derived mechanochemically activated carbons
(L2600P) and conventionally activated carbons (L2600) prepared at
600 °C and a KOH/carbon precursor ratio of 2.
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Figure 5.15: CO: uptake isotherms at 0 °C and pressure range
0-20 bar for lignin-derived mechanochemically activated carbons
(L2600P) and conventionally activated carbons (L2600) prepared at
600 °C and KOH/carbon precursor ratio of 2.
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5.6.3 Working Capacity, Volumetric Uptake and

Benchmarking

The COz uptake data discussed before show that mechanochemical activation
results in a dramatic rise in gravimetric CO2 storage capacity. The biomass-
derived carbons in this study were found to have good regeneration and
recyclability in a manner similar to that previously reported for comparable
activated carbons prepared from a variety of biomass and other carbon
sources.7-32 Several considerations are of particular interest and relevance
for solid-state adsorbents, namely: (i) the mode of CO: uptake from
postcombustion flue gas streams, (ii) regeneration of the solids to sequester
the CO2 and recycle the adsorbent and (iii) volumetric uptake. Adsorption
and regeneration may be achieved through pressure swing operations via
either pressure swing adsorption (PSA) or vacuum swing adsorption (VSA)
processes.”’>’7 It is therefore of interest to assess the performance of the
mechanochemically activated carbons in typical PSA and VSA processes so
as to determine their so-called working capacity. For PSA, we postulate
adsorption at 6 bars and desorption at 1 bar, while for VSA an adsorption

pressure of 1.5 bar and evacuation at 0.05 bar.”8

5.6.3.1 Working Capacity Assessment

The assessment of working capacity was done for CO: capture in two
scenarios, namely, from a pure CO2 stream and from a flue gas stream in
which CO:z is assumed to constitute =20% of the gas flow. The later was
performed in order to assess CO> adsorption at pressures that mimic real

postcombustion flue gas stream conditions.® ¢ The gravimetric working
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capacity data are presented in Table 5.7 for sawdust-derived samples
compared to three current benchmark materials, namely, two high
performing MOFs (Mg-MOF-74 and HKUST-1),7° and zeolite NaX.8 For a pure
CO2 stream, the PSA working capacity of both mechanochemically activated
and activated carbons ranges between 3.4 mmol g* and 4.0 mmol g and
is comparable to that of Mg-MOF-74 but lower than for HKUST-1 and much
higher than for zeolite NaX. For flue gas conditions, the PSA uptake of the
carbons is between 3 mmol gt and up to 4.1 mmol g! for samples SD2600P
and SD2650P, which almost matches that of HKUST-1 (4.5 mmol g!). On
the other hand, the VSA uptake of the mechanochemically activated carbons
is very attractive; For sample SD2600P it reaches 6.0 mmol gt and 2.9 mmol
gl, under pure CO: and flue gas conditions, respectively, which is
comparable or better than that of Mg-MOF-74 and HKUST1.”° The
mechanochemical activation route clearly provides a route to lowly activated
carbons with enhanced porosity with respect to surface area and pore
volume and associated superior gravimetric CO2 uptake. Whilst the
gravimetric uptake is a good measure of performance for CO2 storage, it is
also important to assess the volumetric uptake. Knowledge of the volumetric
uptake is essential given that for CO: capture under flue gas stream
conditions, the adsorbent is packed into a column with spatial restrictions
and therefore the amount of CO: stored per given space (volume) should be

maximized.

5.6.3.2 Volumetric Uptake Calculation and Packing

Density Assessment

To calculate the volumetric uptake, firstly the packing density of the carbons

was determined using established procedures.®! The packing density of the
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mechanochemically activated and activated carbons derived from sawdust
was in the range 0.81 g cm™ - 0.95 g cm3, values of which are consistent
with previous reports for similarly treated activated carbons of comparable
porosity (i.e., surface area and pore volume).8' 8 The volumetric CO2 uptake
is shown in Figure 5.16 and the packing density values and uptakes at
various pressures are summarized in Table 5.8. The volumetric CO2 uptake
of the mechanochemically activated samples is enhanced over that of the
conventionally activated carbons, and is also superior to that of carbon
monoliths (sample Al) and activated carbon monoliths (samples A3-36),
which are the current benchmark materials.82 At 0.15 bar, which is the
uptake pressure that most closely matches conditions of postcombustion CO>
capture, the compactivated MCA sample SD2600P has volumetric CO:2
uptake of 80 g L't compared to 54 g L' for conventionally activated CA
sample SD2600 (i.e., a 48% increase). The uptake of SD2600P is also much
higher than the 30-40 g L! achieved by carbon monoliths (sample A1) and
activated carbon monoliths (samples A3-36).82 At an uptake pressure of 1
bar, sample SD2600P can capture 242 g L'! compared to 178 g L for sample
SD2600, and 130-160 g L! for carbon monoliths (sample A1) and activated
carbon monoliths (samples A3-36).82 As similar trend is observed for sample
SD2650P and SD2650 (Table 5.8). The higher CO: uptake of the
mechanochemically activated carbons at low pressure coupled with the
generally higher packing density for carbonaceous materials means that
their volumetric uptake (at pressure of <1 bar) is much higher when
compared to a high surface area metal organic framework (MOF210) which
has apparent CO:2 volumetric storage of 4 g L't and 10 g L at 0.15 bar and
1 bar, respectively.83 The higher volumetric CO: uptake of the
mechanochemically activated carbons is maintained over the pressure range

1-10 bar as shown in Figure 5.16 and Table 5.8.
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To date, the most promising porous material with respect to low pressure
(=1 bar) CO2 uptake at 25 °C is Mg-MOF-74, a magnesium-containing metal
organic framework that possess bare metal (Mg) sites.”® 84-86 It is thought
that CO: uptake in Mg-MOF-74 is enhanced due to strong Mg-O links
between the MOF surface and CO2 molecules.”® 82-86 We thus compared the
CO:2 uptake of the mechanochemically activated carbons with Mg-MOF-74
(Figure 5.17). The gravimetric CO2 uptake of Mg-MOF-74 is 5.7 and 8.0
mmol g?! at 0.15 and 1 bar, respectively, compared to 2.0 and
5.8 mmol g, respectively, for SD2600P, which is the best performing
sawdust-derived sample (Figure 5.17). On the other hand, the volumetric
uptake of SD2600P and Mg-MOF-74 are much more closely matched (Figure
5.18), as shown in Table 5.8; using the “tapped density” of 0.41 g cm™3 for
Mg-MOF-74,%> it has a volumetric uptake of 103 g L! at 0.15 bar compared
to 80 g L for sample SD2600P. However, at 1 bar, the volumetric uptake of
SD2600P (242 g L') surpasses that of Mg-MOF-74 (144 g L!). More
importantly, as shown in Table 5.7, the volumetric working capacity of the
mechanochemically activated carbons for PSA and VSA processes is
generally higher than that of the best available benchmark materials. The
packing density used for calculating the volumetric working capacity of the
mechanochemically activated carbons and Mg-MOF-74 is already stated
above, while we used packing density of 0.63 g cm™3 for zeolite NaX,”® and

0.43 g cm3 as “tapping density” for HKUST-1.8>

It is clear that the volumetric working capacity of the mechanochemically
activated carbons significantly outperforms that of zeolite NaX and the MOF
materials. For a pure CO2 stream, the PSA volumetric working capacity of
both mechanochemical activated and conventional activated carbons
ranges between 142 g L' and 153 g L' and is thus higher than for

Mg-MOF-74 (63 g L'!) and comparable to HKUST-1 (147 g L!). This is a very
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attractive performance given that HKUST-1 has recently been identified as
one of the best performing materials under those conditions.”® The best
performing carbon, SD2600P, for a pure CO2 stream, has exceptional VSA
volumetric working capacity of 251 g L' compared to 121 g L!, 70 g L't and
78 g L' for HKUST-1, Mg-MOF-74, and zeolite NaX, respectively.
A similar trend is observed for VSA under flue gas conditions (Table 5.7).
For PSA under flue gas conditions, the volumetric working capacity of
SD2600P is 171 g L't which is at least twice as much as for the acknowledged
best performer HKUST-1 (85 g L ') 7° and much higher than for zeolite NaX
(50 g L'Y) and Mg-MOF-74 (38 g L'). The porosity and COz uptake data
reveal that mechanochemical activation, or so-called compactivation, offers
benefits arising from enhanced surface area without compromising or
changing pore size. We postulate that solid-solid interactions between
carbon and KOH, during the early stages of the thermal treatment step, are
maximized by the decrease of interparticle spaces occasioned by the

compaction.

Mechanochemical activation, while offering benefits, does require a
compaction step compared to conventional activation. However, the
compaction step should not present obstacles as it can be included in a
manner similar to that of pelletisation processes used in the preparation of

granules or pellets of activated carbon.
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Figure 5.16: Volumetric CO2 uptake at 25 °C for sawdust-derived
mechanochemically activated carbons (SD2xP) and conventionally
activated carbons (SD2x) prepared at x=600 °C or 650 °C and a
KOH/carbon precursor ratio of 2, compared with benchmark carbon
and MOF materials. Data for carbons monoliths A1 and A3-36 which
are generated by pyrolysis of a Polyvinylidene chloride copolymer
(PVDC), (A1 submitted to a higher degree of activation in nitrogen than
sample A3), was obtained from reference 8. Data for MOF-210 was

obtained from reference 8.
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Table 5.7: Gravimetric and volumetric working capacity for pressure
swing adsorption (PSA) and vacuum swing adsorption (VSA) of CO2 on
sawdust-derived mechanochemically activated carbons (SD2xP) and
conventionally activated carbons (SD2x) and benchmark porous
materials at =25 °C for a pure CO:z gas stream and a 20% partial CO2
pressure flue gas. The values in parentheses are volumetric uptake

(in g LY.
Sample Pure CO2 uptake 2 Flue gas CO2 uptake ?
(O]
O
(mmol g'1) (mmol g'1) S
&
&
PSA VSA PSA VSA
SD2600 3.7 (153) 4.6 (190) [ 3.0 (124) 2.1(87) | I
SD2600P 3.4 (142) 6.0 (251) [ 4.1 (171) 2.9 (121) [ 1M
SD2650 3.8 (149) 4.6 (180) [ 3.1(121) 1.9 (74) [ 1M
SD2600P 4.0 (143) 5.7 (213) | 4.0 (143) 2.4 (86) | I
HKUST-1 7.8 (147) 6.4 (121) | 4.5(85) 1.6 (30) | 757
Mg-MOF-74 3.5(63) 3.9(70) | 2.1(38) 4.1(74) | 7
NaX 1.6 (44) 2.8(78) | 1.8(50) 2.5(69) | 7°

21 bar -6 bar for PSA; 0.05 bar -1.5 bar for VSA.
b 0.2 bar -1.2 bar for PSA; 0.01 bar - 0.3 bar for VSA.
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Table 5.8: Packing density and volumetric CO2 uptake at 25 °C for
sawdust-derived mechanochemically activated carbons (SD2xP) and
conventionally activated carbons (SD2x) prepared at x = 600 °C or 650
°C and KOH/carbon precursor ratio of 2. Uptake data for benchmark
carbon and metal organic framework (MOF) materials shown for

comparison.
Sample Packing Volumetric COz uptake
density
[gem™3] [gL!] §
t
Q
(0]
[
0.15 1 5 9
bar bar bar bar
SD2600 0.94 54 178 315 348 This work
SD2600P 0.95 80 242 370 399 This work
SD2650 0.89 47 161 294 338 This work
SD2650P 0.81 54 189 371 427 This work
Data from
Carbon A1 @ 1.00° 38 157 278 316 82
Crystal
Carbon A3-36 ¢ 0.87°¢ 27 128 302 378 density
from 82
MOF210 b 0.25¢ | 4 10 38 65 | Do from
Tapping
Mg-MOF-74 ¢ 0.41¢ 103 144 - - density
from 84,85

@ Data from reference 82,
b Data from reference 83.
¢ Crystal density of MOF210 from reference 83,
d Data from reference 4.
€ “Tapping density” of Mg-MOF-74 from reference 8>,
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Figure 5.17: CO: uptake isotherms at 25 °C and pressure range
0-20 bar for sawdust-derived mechanochemically activated carbons
(SD2xP) and conventionally activated carbons (SD2x) prepared at
x= 600 or 650 °C and KOH/carbon ratio of 2 compared to
Mg-MOF-74. Data for Mg- MOF-74 was obtained from reference 8.
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Figure 5.18: CO:2 volumetric uptake at 25 °C and pressure range
0-1 bar for sawdust-derived mechanochemically activated carbons
(SD2xP) prepared at x= 600 °C or 650 °C and KOH/carbon precursor
ratio of 2 compared to benchmark carbons (Al and A3-36) and
Mg-MOF-74. Data for carbons Al and A3-36 was obtained from
reference 8 while data for Mg-MOF-74 is from reference 84,
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5.7 Conclusions

The work reported in this chapter describes a mechanochemical activation
route that enables the production of lowly compactivated biomass derived
carbons that exhibit enhanced surface area and pore volume compared to
conventionally activated carbons prepared under similar conditions (i.e.,
temperature and KOH/carbon ratio) but without compromising the pore size
or pore size distribution. The mechanochemical activation process is based
on compaction, at 740 MPa, of powder mixtures of activating agent (KOH)
and biomass hydrochar (at KOH/hydrochar ratio of 2) into pellets/disks prior
to thermal activation at 600 °C or 650 °C. The surface area and pore volume
of the biomass (wood sawdust and lignin) derived mechanochemically
activated carbons is higher by between 25% and 75% compared to
conventionally activated carbons. Despite their higher porosity, the
mechanochemically activated carbons possess mainly small micropores
(5.8 & - 6.5 R) similar to those of equivalent conventionally activated
samples that nevertheless have lower surface area and pore volume. The
increase in surface area arising from such small micropores results in a
dramatic increase in CO2 storage capacity at 25 °C and low pressure (<1
bar). For sawdust-derived mechanochemically activated carbons prepared at
600 °C and KOH/carbon ratio of 2, the CO2 uptake at 25 °C rises from 1.3
mmol g' to 2.0 mmol g* at 0.15 bar, and from 4.3 mmol g to 5.8 mmol
gt at 1 bar, which is the highest reported for carbonaceous materials. Also,
due to their lowly activated nature, they have high packing density and
therefore exhibit excellent volumetric CO2 uptake (80 g L't and 242 g Lt at
0.15 bar and 1 bar, respectively) that is higher than for any material reported

to date. Furthermore, the mechanochemically activated carbons exhibit
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superior CO2 working capacity (both gravimetric and volumetric) for PSA and

VSA processes.
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Chapter 6. Biomass to
Porous Carbon in One Step:
Directly Activated Biomass
for High Performance CO>

Storage
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6.1 Aim of this Chapter

A main motivation of this chapter is:

To demonstrate a general route for the direct conversion of biomass to
activated forms of carbon. The chapter explores the direct activation of
Eucalyptus sawdust biomass and seeks to establish whether such a direct,
simpler and cheaper process offers advantages with respect to carbon
yield, textural properties and application as energy materials for gas (CO2)
storage. The characteristics of directly activated biomass-derived carbons
and their CO2 uptake properties are compared to those generated via a
conventional two-step (hydrothermal carbonisation HTC + activation)

process.
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6.2 Abstract

This chapter explores the direct conversion of biomass to activated carbons
in one step. The work reported herein demonstrates the successful
conversion of biomass, namely; sawdust, to activated carbons via a direct
activation process that negates the need for hydrothermal carbonisation or
pyrolysis. This is a departure from established practice that requires that
biomass source (Eucalyptus sawdust) to be first enriched to carbonaceous
matter via hydrothermal carbonisation or pyrolysis prior to activation. The
direct activation, with KOH as activating agent, generated activated carbon
at yields that are comparable or higher than those of conventional activation
routes. The directly activated carbons, whilst offering the advantage of
simplicity, lower cost and a greener more sustainable synthesis route, have
properties that are similar or superior to analogous carbons prepared via
conventional methods. In particular the textural properties, surface
functionality and level of graphitic ordering were found to be similar to that
of conventionally generated activated carbons. Depending on the activation
conditions, the porosity of the directly activated carbons may be tailored
towards pore channels of size 5 A = 7 &, which favour post-combustion CO2
uptake and thus the carbons capture up to 1.3 mmol g! and 4.6 mmol g
of CO2 at 0.15 bar and 1 bar, respectively and 25 °C with high selectivity. On
the other hand, at higher levels of activation, the directly activated carbons
can be tailored towards possessing a greater proportion of larger micropores
(10 R - 20 A pores) and small mesopores (20 & - 30 A pores) so as to
optimize CO: uptake at moderate to high pressure, for example up to 22

mmol g! (at 20 bar and at 25 °C) and 31 mmol g (at 20 bar and at 0 °C).
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6.3 Introduction

The discovery of new materials is a central requirement in many anticipated
advances in the energy and sustainability arena.'3 For new materials to be
interesting they need to fit into one of three categories; (i) exhibit new or
improved desirable properties, (ii) be easier or cheaper to prepare, and (iii)
be sustainable. Improved or new properties may be achieved by careful
material design based on deep understanding of underlying phenomena,
while lower cost and ease of preparation may be possible by the use of new
starting (raw) materials or simple reduction of the number of steps required.
In this regard, nanostructured carbons prepared via simple processes and
which use readily available and low cost precursors are now considered as
key materials for the generation and storage of sustainable energy and for
environmental remediation.* > This is typified by the broad class of
nanostructured carbons that are currently under intense study for use as,
amongst other applications, gas (hydrogen, CO2, methane, etc.) storage
materials 4 ¢ 7 and as electrode materials for supercapacitors.* 8 For the next
generation of nanostructured carbons, the drive is towards materials that
are simple to prepare via cost effective routes, and which may involve use
of renewable resources as precursors wherein there is the possibility of
valorisation of the starting (raw) materials. Amongst nanostructured
carbons, activated carbons are attracting a great deal of interest due to their
tuneable pore size, porosity and good chemical stability.*® A particular
attraction of activated carbons is that their ‘green’ credentials may be
enhanced if they are prepared from sustainable biomass resources that

would normally be considered as waste.

Recently, Mokaya and co-workers have reported on new synthesis routes to
activated carbons generated from sustainable precursors or renewable

biomass.®!> The carbons have improved gas (CO2 and hydrogen) storage
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capacity 2% and are excellent electrode materials for supercapacitors.!® In
general, activated carbons are traditionally synthesized via physical or
chemical activation.*® The former involves gasification of a carbon precursor
with oxidizing gases such as steam or air at high temperature (800 °C - 1100
°C), while for the later, the carbon precursor is thermally treated under inert

conditions in the presence of an activating agent (KOH, NaOH or ZnClz, etc.).

For conversion of biomass to activated carbons, the conventional process is
to first convert the biomass into carbon-rich carbonaceous matter, which is
then activated.*!> The two main processes for the conversion of biomass to
activateable carbonaceous matter are; (i) hydrothermal carbonisation (HTC)
16-20 and (ii) pyrolysis.?1?24 Hydrothermal carbonization proceeds via
thermochemical decomposition of biomass into so-called hydrochar in the
presence of superheated water,16-20 while pyrolysis occurs via processes that
increase the carbon content of biomass precursors during heating in the
absence of oxygen.?'-2* In the search for sustainable and cheaper biomass-
derived activated carbons it is desirable to simplify the synthesis process and
in particular to negate the need for hydrothermal carbonisation or pyrolysis
prior to activation. In other words, it is desirable to directly activate biomass
to activated carbons that have similar or improved yield and/or properties
compared to those that are prepared via the conventional, and longer, two-
step route incorporating HTC or pyrolysis prior to activation. There are hardly
any reports of such direct activation of biomass and no comprehensive data
exists on how the resulting carbons compare to conventionally activated

carbons.
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6.4 Experimental Section

This section presents a detailed description of the materials and chemicals,

experimental procedures, and approach used in Chapter 6.

6.4.1 Materials and Chemicals

The list of chemicals/materials used in this chapter, their sources and purity

are presented in Table 6.1.

Table 6.1: List of chemical reagents/materials used in experiment.

Chemical/Material Source Purity/Concentration

Biomass sawdust eucalyptus wood -
sawdust

Potassium Hydroxide

(KOH) Fisher Scientific -

N2 Compressed gas

0,
(cylinder) BOC Ltd 100%

Hydrochloric acid (HCI) Fisher Scientific 37%
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6.4.2 Material Synthesis

6.4.2.1 Direct Activation

The required amount of KOH was added to sawdust. The resulting
KOH/sawdust mixture was placed in a ceramic boat and inserted into a
tubular furnace and heated (at a ramp rate of 5 °C min!) to between
600 °C and 800 °C and held at the target temperature (600 °C, 700 °C or 800
°C) for 1 h (Figure 4.5 and Table 6.2). The resulting carbonaceous matter
was recovered and washed with 2M HCl at room temperature until all
inorganic impurities were removed as confirmed by thermogravimetric
analysis. The directly prepared activated carbons were then filtered, washed
with deionised water and dried in an oven at 120 °C for 6 h. The directly
activated carbons were designated as SDXTD (from sawdust) where X is the
KOH/sawdust ratio (2 or 4) and T is the activation temperature (600 °C, 700

°C or 800 °C). See Table 6.3 for abbreviations.

6.4.2.2 Conventional Activation

The sawdust was first converted to hydrochar via hydrothermal carbonisation
as follows; an aqueous dispersion of biomass (sawdust) at a concentration
of 320 gL (6.4 g of sawdust in 20 ml of water) was placed in a stainless
steel autoclave and heated up to 250 °C and the temperature was held for
2 h. The resulting solid (the hydrochar) was recovered by filtration and
washed thoroughly with distilled water and then dried at 120 °C for 4 h. The
hydrochar was then activated as described above. The hydrochar-derived
activated carbons were designated as SDXT (from sawdust) where X is the
KOH/hydrochar ratio (2 or 4) and T the activation temperature (600 °C, 700

°C or 800 °C). See Table 6.3 for abbreviations.
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Table 6.2: Summary of ACs synthesis: parameters and conditions.

Carbon Precursor

Activating Agent

KOH ratio

Activation Temperature

Ramp Rate

Process Hold Time

Environment/Gas

Eucalyptus wood sawdust
Eucalyptus wood sawdust hydrochar

KOH (powder)

KOH/sawdust 2:1or4:1
KOH/hydrochar 2:1 or 4:1

600 °C or 700 °C or 800 °C

5 °C/min

1 hour

Nitrogen flow
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6.5 Abbreviations

Table 6.3 summarized the samples abbreviations of directly activated

carbons and conventionally

carbonisation HTC.

Table 6.3: Abbreviations
conventionally activated carbons.

activated

carbons via hydrothermal

list for directly activated carbons and

Direct Activation
Sawdust-Derived Activated
Carbons

Conventional Activation
Hydrochar-Derived Activated
Carbons

Directly activated carbons
prepared from sawdust at various
KOH/sawdust ratio and at various
temperatures.

SDXTD

Where;

X is the KOH/sawdust ratio

(2:1 0r 4:1).

T is the activation temperature
(600, 700 or 800 °C).

SD2600D

SD2700D

SD2800D

SD4800D

Conventionally activated carbons
prepared from hydrochar at various
KOH/hydrochar ratio and at various
temperatures.

SDXT

Where;

X is the KOH/hydrochar ratio

(2:1 0r 4:1).

T is the activation temperature
(600, 700 or 800 °C).

SD2600

SD2700

SD2800

SD4800
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6.6 Results and Discussion

6.6.1 Thermal Stability Analysis

The activated carbons prepared directly were fully carbonaceous which
confirmed by performing thermogravimetric analysis (TGA) following the

procedure mentioned in Chapter 2.

The TGA curves of the directly synthesised (SD2800D and SD4800D) and
analogous conventionally prepared (SD2800 and SD4800) activated carbons
are very similar and both show virtually no residual mass at 700 °C
(Figure 6.1 A and Figure 6.1 B). Additionally both the directly and
conventionally synthesised activated carbons have a similar level of thermal
stability which suggests similar levels of graphitisation. Furthermore, in both
cases the carbons prepared at higher activation temperature show greater
resistance to combustion as expected. It appears therefore that direct
activation does not have any effect on the nature of the carbon. This was
confirmed by both powder XRD patterns (Figure 6.2) and elemental analysis

data (Table 6.4).
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6.6.2 Structural Ordering Analysis PXRD

Powder X-ray diffraction (XRD) used to confirm the nature and purity of
activated carbons prepared directly (SD2600D, SD2700D, SD2800D and
SD4800D), and activated carbons conventionally prepared (SD2600,
SD2700, SD2800 and SD4800). The XRD patterns (Figure 6.2 A, B) suggest
a similar level of graphitic ordering for the conventional samples and directly

synthesised samples.
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6.6.3

Elemental Composition Analysis

The elemental analysis data in Table 6.4 shows that the C, H and O contents

are very similar and that for all sample sets, the C content in the activated

carbons increases for samples prepared at higher activation temperature.

Table 6.4: Elemental composition of sawdust SD, SD-derived hydrochar

and activated carbons (directly and conventionally).

Sample Chemical composition

C H O+X (0/C)¢ (H/C)¢

[%]° [%]° [%]?

Sawdust 46.4 5.8 47.8 0.773 1.500
SD hydrochar 57.4 5.6 37.0 0.483 1.171
SD2600D 71.4 0.7 27.9 0.293 0.118
SD2600 72.3 0.7 27.0 0.280 0.116
SD2700D 75.6 0.3 24.1 0.239 0.048
SD2700 72.4 0.3 28.3 0.293 0.049
SD2800D 85.6 0.4 14.0 0.123 0.056
SD2800 85.2 0.1 14.8 0.130 0.014
SD4800D 85.8 0.3 13.9 0.122 0.042
SD4800 89.7 0.1 10.3 0.086 0.013

2 Determined from CHN microanalysis.

b Obtained by difference as follows: Oxygen content + X (where X any other
elements (%) =[100-(C+H+N)].

¢ Atomic ratio.
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6.6.4 The Inorganic Metal Content K, Na, Ca, Fe,

Mn, Ba and Mg Analysis

The metal content of the carbons determined via ICP-OES analysis using a
Perkin Elmer Optima 2000 DV ICPOES with an S10 autosampler following

the procedure discussed in Chapter 2.

The carbons analysed for K, Na, Ca, Fe, Mn, Ba and Mg, and found only trace
amounts of Ca (ca. 0.2 wt%), and hardly detected amounts of K, Mg and Na,
all of which were typically less than 0.1 wt%. The amounts were similar to
those of analogous directly and conventionally activated carbons. It appears
therefore that direct activation does not have any effect on the nature of the
carbons (Table 6.5). This was confirmed by both powder XRD patterns

(Figure 6.2) and elemental analysis data (Table 6.4).

Table 6.5: Showing detected amounts of Ca, K, Mg and Na in
analogous directly activated carbons and conventionally activated

carbons.
Metal Metal content/amount (wt %)
Ca 0.2
K less than 0.1
Mg less than 0.1
Na less than 0.1
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6.6.5 Yield of Activated Carbons

The overall yield of activated carbons obtained to ascertain whether
the direct activation route offered any disadvantages or otherwise (

Table 6.6). For conventional activation via HTC, the carbon yield from
sawdust to hydrochar was ca. 43%, which is similar to what has previously
been reported. 1% 2527 The yield of activated carbons from the hydrochar (at
KOH/carbon ratio of 2) varied between 32% (at 800 °C) and 47% (at 600
°C), which is in agreement with previous studies. ° 4 28-31 Thus the yield of
activated carbon with respect to the sawdust was between 14% (at 800 °C)
and 20% (at 600 °C). On the other hand the carbon yield via the direct
activation route (at KOH/carbon ratio of 2) was between 22% (at 800 °C)
and 30% (at 600 °C). Thus the activated carbon yields (with respect to
sawdust biomass) are higher for direct activation than for the conventional

route that includes HTC.

Table 6.6: Showing the yield of activated carbons obtained by
direct activation route and conventional activation via HTC.

Sample Yield @
Hydrochar 43%
SD2600D 22%
SD2600 20% (47% )
SD2800D 30%
SD2800 14% (32% )

@ The yields values are based on biomass.
b The yields values are based on the hydrochar.
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6.6.6 Raman Analysis

Raman analysis performed to further ascertain the similarity between the
directly activated carbons and conventionally activated carbons. The Raman
spectra obtained following the procedure discussed in Chapter 2. The
Raman spectra are shown in Figure 6.3. And the values of Ip/Is ratio

summarized in Table 6.7.

The carbons exhibit bands at 1340 cm™ - 1350 cm™ and 1586 cm™ - 1590
cm! that are the D peak (disordered carbon) and the G-peak (graphitic
domains), respectively.32 The spectra show no discernible differences
between the two sets of samples at all activation conditions. The ratio of
peak intensity (i.e., area) of the D-peak to G-peak (Ip/Is), based on the
two-band fitting model is very similar for the two sets of samples
(Table 6.7). The Ip/Is ratio is 0.78 and 0.79 for SD2600 and SD2600D,
respectively, increases to 0.81 and 0.83 for SD2700 and SD2700D,
respectively, is similar (0.84) for samples prepared at 800 °C and
KOH/carbon ratio of 2 (SD2800 and SD2800D) and highest at 0.86 and 0.87
for SD4800 and SD4800D, respectively. The similar Ip/Ic ratio confirms that
direct activation does not alter the nature of or level of graphitisation in
activated carbons, which is consistent with the XRD patterns (Figure 6.2).
Ip/Ic ratio of 0.78 - 0.87 is consistent with the amorphous (i.e., non-
graphitic) nature of the carbons.3? The ratio increases for carbons prepared
at higher temperature, suggesting that greater activation disrupt any

graphitic domains that are present.
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Table 6.7: The ratio of peak intensity of the D-peak to G-peak
(In/Ic) of directly activated carbons or conventionally activated

carbons derived from sawdust biomass.

Sample Ipn/Ic ratio
SD2600D 0.79
SD2600 0.78
SD2700D 0.83
SD2700 0.81
SD2800D 0.84
SD2800 0.84
SD4800D 0.87
SD4800 0.86
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6.6.7 IR Spectroscopy Analysis

IR spectroscopy used to probe the nature and similarity of functional groups
on the conventionally and directly prepared activated carbons. The IR
spectra of both sets of carbons (Figure 6.4) show the C-OH stretching band
at ca. 3430 cm™, and the C-OH bending band at ca. 1630 cm™. 2 1% 22 The
IR spectra also exhibit peaks attributable to C-O vibrations at ca.

1385 cm! (sharp peak), and a C=0 peak at 1710 cm*t. 91929

For both sets of samples, the intensity of the peaks decreases at higher
activation temperatures and at higher KOH/carbon ratios, i.e., at higher
levels of activation. This decrease in peak intensity, which signifies a
decrease in O-functional groups, is consistent with the trend in elemental
composition (i.e., reduction in O content) as shown in Table 6.4. Thus the
IR spectra of samples SD2600D and SD2600, which are prepared at 600 °C
and a KOH/carbon ratio of 2 have an O content of 27-28 wt% (Table 6.4),
exhibit the most prominent peaks (Figure 6.4 A). The intensity of the
O-functional groups decreases for samples SD2800D and SD2800
(Figure 6.4 B), which are prepared at 800 °C and a KOH/carbon ratio of 2
and have a lower O content of 14-15 wt% (Table 6.4). This decreasing
trend of the intensity of IR peaks continues for the most activated samples
SD4800D and SD4800 (Figure 6.4 C), which have the lowest O content of
10-14 wt%. It is, however, noteworthy that there is no difference in the IR
spectra of the directly prepared carbons when compared to the conventional
samples. This confirms that direct activation does not alter the surface

functionality of activated carbons.
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6.6.8 Morphology Analysis

The direct activation process was explored further by observing the SEM
micrographs images of directly activated carbons and comparing them to
those prepared via the conventional route (Figure 6.13). For sawdust
derived carbons, we first note that the morphology of the raw eucalyptus
wood sawdust and its respective hydrochar (Figure 6.5 and Figure 6.6,

respectively) are similar to what has previously been reported.33

The morphology of both directly activated carbons (Figure 6.7, Figure 6.9,
Figure 6.11 and Figure 6.13), and conventionally activated carbons
(Figure 6.8, Figure 6.10, Figure 6.12 and Figure 6.13), is radically
different from the fibrous nature of the sawdust (Figure 6.5). In both cases
the morphology of the activated carbons is dominated by particles with
smooth surfaces and large conchoidal cavities, which is consistent with what
has previously been reported for hydrochar-derived activated carbons.”: °: 33
However, there is an important difference between the two sets of carbons
wherein the directly activated carbons show much greater connectivity giving
the impression of larger monolith-like particles. This greater connectivity in
the directly activated carbons (Figure 6.13) may be a preserved
characteristic from the sawdust particles as opposed to the conventionally
prepared samples that are derived from hydrochar that has a significant

proportion of stand-alone spherical particles.®: 33
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Figure 6.5: SEM micrographs images of raw eucalyptus wood sawdust SD

(biomass).
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Figure 6.6: SEM micrographs images of hydrochar produced by
hydrothermal process of eucalyptus wood sawdust (H).
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Figure 6.7: SEM micrographs images of SD2600D. See Table 6.3 for
samples abbreviations.
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Figure 6.8: SEM micrographs images of SD2600. See Table 6.3
for samples abbreviations.
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Figure 6.9: Representative SEM micrographs images of SD2700D. (See
Table 6.3 for samples abbreviations).
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Figure 6.10: Representative SEM micrographs images
of SD2700. See Table 6.3 for samples abbreviations.
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Figure 6.11: Representative SEM micrographs images of SD2800D. See
Table 6.3 samples abbreviations.
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Figure 6.12: Representative SEM micrographs images of SD4800. See
Table 6.3 for samples abbreviations.
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Figure 6.13: For comparison SEM micrographs images of activated
carbons; directly activated carbons (sawdust-derived, SDXTD) and
conventionally activated carbons (hydrochar-derived, SDXT). See
Table 6.3 for samples abbreviations.
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6.6.9 Structural Ordering Analysis TEM

The pore channel ordering of both sets of activated carbons was observed
by TEM analysis as shown in Figure 6.14 and Figure 6.15, following the

procedure mentioned in Chapter 2.

Both sets of samples have wormhole type pores that are typical for activated
carbons.3* 3> From the TEM micrographs images it is clear that there is no
difference in the pore channel type meaning that direct activation does not
alter the nature of the pores. The TEM micrographs images for both sets of
activated carbons show no evidence of the presence of graphitic domains,

which is consistent with the XRD patterns (Figure 6.2).
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Figure 6.14: TEM micrographs images of directly activated carbons
(sawdust-derived, SDXTD) and conventionally activated carbons
(hydrochar-derived SDXT). See Table 6.3 for samples abbreviations.
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Figure 6.15: TEM micrographs images of directly activated carbons
(sawdust-derived, SDXTD) and conventionally activated carbons
(hydrochar-derived, SDXT). See Table 6.3 for samples abbreviations.
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6.6.10 Textural Proprieties and Porosity Analysis

The nitrogen sorption isotherms of sawdust-derived directly activated and
conventionally synthesised carbons, prepared at KOH/carbon ratio of 2, are
shown in Figure 6.16 and the corresponding pore size distribution (PSD)
curves are given in Figure 6.17. At any given activation temperature (600,
700 or 800 °C), the isotherms of the two sets of samples are generally similar
implying that comparable levels of porosity are generated via either direct
or conventional synthesis. Only at 800 °C does the conventional sample
(SD2800) appear to adsorb more nitrogen at higher relative pressures (P/Po
>0.3) compared to the equivalent directly activated carbon (SD2800D). In
all cases, however, both sets of carbons have similar adsorption at low
relative pressure (P/Po < 0.2). It is interesting to observe from the PSD
curves in Figure 6.17 that, at any given activation temperature, the two
sets of samples have very similar micropore pore size distribution.
Furthermore, the mesopore and macropore pore size distribution (20-4000
A) of both sets of samples prepared under identical conditions is also similar
as shown by wide pore size distribution plots (Figure 6.19). This confirms
that the size of pores and the overall pore channel system generated via
direct activation are virtually identical to those from conventional synthesis.
Overall, therefore, direct activation causes no disadvantages with respect to

the nature of the porosity in the carbons.

The textural parameters of the two sets of carbon (directly and
conventionally synthesised) are summarised in Table 6.8. In general, the
surface area and pore volume of the directly activated carbons are
comparable to those of equivalent conventional samples. This is an important
observation, which confirms that porosity is not compromised when

activation is performed via the more environmentally friendly direct route.

364



Indeed, in some cases the surface area and the level of microporosity (i.e.,
micropore surface area and pore volume) are higher for the directly activated

carbons.

The pore size data in Table 6.8 confirm that there is virtually no change in
the size of pores generated in directly activated carbons when compared to
equivalent conventional samples. All samples possess small micropores
along with some larger micropores wherein the proportion of the latter
increases at higher activation temperature. Similar trends that confirm
comparable porosity are observed for samples prepared at 800 °C and
KOH/carbon ratio of 4 either via the direct (SD4800D) or conventional
(SD4800) route (Figure 6.18 and Table 6.8). It is worth noting that for
both synthesis routes, activation of the carbonaceous matter using KOH first

proceeds according to the following equation:

KOH + C —» 2K + 3H2 + 2K:CO3 Equation 6.1

The generated K is intercalated within the carbon layers, while K2COs3
decomposes at high temperature yielding K20 + CO2. Porosity in the
activated carbon is generated via C etching according to the equation given
above, and also via the generated CO: escaping through the carbon
substrate during the activation process. Furthermore, the carbon substrate
reacts with the CO2, yielding CO whilst generating microporosity. After
activation, washing with water to remove any inorganic salts and residues

generates or releases further porosity in the activated carbon.
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Figure 6.16: Nitrogen sorption isotherms of directly activated
carbons (sawdust-derived, SD2TD) and conventionally activated

carbons (hydrochar-derived, SD2T) prepared at KOH/carbon ratio
of 2 and various temperatures (T); 600 °C, 700 °C and 800 °C.
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Figure 6.19: Wide pore size distribution of directly activated carbons
(sawdust-derived, SD2TD) and conventionally activated carbons (hydrochar-
derived, SD2T): (A) at 600 °C and at KOH/carbon ratio of 2 (B) at 800 °C
and at KOH/carbon ratio of 2 and (C) at 800 °C and at KOH/carbon ratio of
4 and 800 °C.
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Table 6.8: Textural properties of directly activated carbons derived from
sawdust biomass or conventionally activated carbons derived from
hydrochar of sawdust biomass.

Sample Surface area @ Pore volume ? Pore size ¢
(m?g) (cm? g1) (R)

SD2600D 1281 (1119) 0.57 (0.45) 6/7/9
SD2600 1202 (1133) 0.65 (0.49) 5/7/9
SD2700D 1575 (1535) 0.80 (0.70) 8/9/12
SD2700 1557 (1294) 0.75 (0.53) 6/8/12
SD2800D 2274 (1923) 1.20 (0.90) 7/12/20
SD2800 2377 (1512) 1.40 (0.70) 7/12/25
SD4800D 2980 (478) 2.10 (0.30) 8/12/30
SD4800 2783 (694) 1.80 (0.36) 8/12/30

2 The values in the parentheses refer to micropore surface area.

bThe values in the parentheses refer to micropore volume

¢ Pore size distribution maxima obtained from NLDFT analysis.
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6.6.11 CO, Uptake Measurements

Activated carbons derived from biomass have recently attracted a great deal
of attention as solid state storage materials for energy related gases such as
CO2 and H2.* °12 However, in previous studies, the activated carbons have
been prepared via routes that include either hydrothermal carbonisation or
pyrolysis prior to the activation step.* °-12 Given that the textural properties
of the directly activated carbons are similar to those of samples prepared via
the longer hydrothermal carbonisation route, we determined their CO:
uptake and compared it to that of analogous conventionally activated
samples. The capacity for CO2 capture and storage was measured at room

temperature (25 °C) and at 0 °C and a pressure range of 0 to 20 bar.

6.6.11.1 CO; Uptake Measurements at 25 °C

The CO2 uptake isotherms at high pressure range of 0-20 bar and at
low pressure range of 0-1 bar of directly activated carbons (SDXTD)
and conventionally synthesised activated carbons (SDXT) are shown in
Figure 6.20 and Figure 6.21, and the storage capacity at various pressures

(0.15 bar, 1 bar and 20 bar) is stated in Table 6.9.

For SD2 samples prepared at a KOH/carbon ratio of 2, the storage capacity
at 1 bar (Figure 6.20 B) ranges from 3.6 mmol g for samples prepared at
800 °C (SD2800 and SD2800D), to between 4.4 mmol g*! and 4.6 mmol g!
for samples prepared at 600 °C and 700 °C. It is also clear that the uptake
of the directly activated samples very closely matches that of analogous
conventionally activated carbons. Thus despite being prepared via a simpler,
cheaper and more direct route, the directly activated carbons are able to

achieve very high gravimetric CO2 uptake that is amongst the highest ever
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reported for porous carbons (Table 6.10).°-12. 3448 A similar trend is observed
for SD4 samples (Figure 6.21 B and Table 6.9), which however show lower
CO2 uptake at 1 bar due to their more mesoporous nature (i.e., possess

lower levels of microporosity).

Also in Table 6.9 the CO> uptake at 0.15 bar so as to mimic post-combustion
flue gas streams from power stations which typically consist of ca. 15% CO2
with the remainder being mainly N2 (70-75%) and water (5-7%).4% °° The
CO2 uptake at 0.15 bar ranges between 0.8 mmol g and 1.3 mmol g for
SD2 samples and is ca. 0.6 mmol g for SD4 samples. The uptake of 1.3
mmol g at such low pressure is at the high end of what has previously been
observed and correlates well with the microporosity of the samples.®-12/ 34-48
On the other hand, at 20 bar (Figure 6.21 A), the CO2 uptake correlates
with the total surface area, which means that for sawdust derived carbons,
the directly activated samples generally have greater storage capacity

(Table 6.9) that reaches a high of ca. 22 mmol g! for SD4 carbons.
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Table 6.9: CO: uptake at 25 °C of directly activated carbons or
conventionally activated carbons derived from sawdust biomass.

Sample CO2 Uptake 2
(mmol g1)

0.15 bar 1 bar 20 bar
SD2600D 1.3 4.5 10.3
SD2600 1.3 4.4 9.7
SD2700D 1.3 4.6 12.3
SD2700 1.3 4.6 12.1
SD2800D 0.8 3.6 17.5
SD2800 0.8 3.6 18.1
SD4800D 0.5 2.7 21.8
SD4800 0.6 3.0 21.7

2 CO; uptake at 25 °C and various pressures (i.e., 0.15 bar, 1 bar and 20 bar).
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Table 6.10: CO2 uptake of various porous carbons at 25 °C and 0.15

bar or 1 bar (Table adapted from reference 1)

Sample

CO2 uptake

(mmol gt)

1 bar 0.15 bar

Ref.

Sawdust-derived activated carbon
KOH-activated templated carbons

Hierarchical porous carbon (HPC)

Petroleum pitch-derived activated carbon

Activated carbon spheres

Phenolic resin activated carbon spheres

Poly(benzoxazine-co-resol)-derived carbon

Fungi-derived activated carbon
Chitosan-derived activated carbon

Polypyrrole derived activated carbon

Soya bean derived N-doped activated
carbon

N-doped ZTCs

Activated templated N-doped carbon
Polyaniline derived activated carbon
N-doped activated carbon monoliths
Activated N-doped carbon

Activated hierarchical N-doped carbon

Activated N-doped carbon from algae

4.8 1.2
3.4 ~1.0
3.0 ~0.9
4.55 ~1.0
4.55 ~1.1
4.5 ~1.2
3.3 1.0
3.5 ~1.0
3.86 ~1.1
3.9 ~1.0
4.24 1.2
4.4 ~1.0
4.5 1.4
4.3 1.38
5.14 1.25
3.2 1.5
4.8 1.4
4.5 ~1.1

51

52

53

46

37

38

54

55

42

56

57

43

58

36

40

59

45

60
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6.6.11.2 CO, Uptake Measurements at 0 °C

The CO2 uptake of the carbons at 0 °C and a pressure of up to 20 bar also
determined. The CO: uptake isotherms are shown in Figure 6.22 and
Figure 6.23, and the storage capacities at various pressures (0.15, 1 and

20 bar) are summarised in Table 6.11.

The storage capacity at 1 bar (Figure 6.22 B) ranges from 5.8 mmol g™ to
7.3 mmol g, with samples prepared at 700 °C showing the highest capacity.
The uptake of the directly activated samples is very similar to that of
analogous conventionally activated carbons. The level of uptake at 1 bar of
up to 7.3 mmol g places the directly synthesised samples at the high end
of what has been reported for carbons (Table 6.12) despite their being

prepared via a simpler, cheaper and more direct route,®-12 34-48

At 20 bar (Figure 6.22 A), the CO: uptake correlates with the total surface
area, and thus the directly activated samples generally have greater storage
capacity (Table 6.11) with the highest uptake of 30.7 mmol g! exhibited
by sample SD4800D (Figure 6.23 A). The CO: uptake of the directly
prepared samples is much higher than that of previously reported carbons

Table 6.12.
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Table 6.11: CO: uptake at 0 °C of directly activated carbons or

conventionally activated carbons derived from sawdust biomass.

Sample CO2 Uptake 2
(mmol g1)
0.15 bar 1 bar 20 bar

SD2600D 2.4 6.1 10.4
SD2600 2.5 6.6 11.2
SD2700D 2.6 7.3 13.4
SD2700 2.2 6.8 13.8
SD2800D 1.7 6.1 23.8
SD2800 1.5 5.8 21.7
SD4800D 1.1 4.8 30.3
SD4800 0.9 4.1 30.7

@ CO; uptake at 0 °C and various pressure (i.e., 0.15 bar,1 bar and 20 bar).
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Table 6.12: CO; uptake at 0 °C and 1 bar of various carbons compared
to study carbons.

Sample CO2 uptake Reference
(mmol gt) @
SD2600D 6.1 This work
SD2600 6.6 This work
SD2700D 7.3 This work
SD2700 6.8 This work
SD2800 6.1 This work
SD2800D 5.8 This work
SD4800 4.8 This work
SD4800D 4.1 This work
N-Doped microporous carbon 2.7 @il
Microporous carbon 2.3 62
Microporous organic polymer 3.5 oS
Covalent organic framework 4.0 64
Hollow octahedral carbon cage 4.0 oS
Hierarchically porous carbon 4.6 66
N-Doped carbon monolith 4.2 4
Porous carbon sheets 4.3 68
NPCNS carbon 4.4 o3

2 COz uptake at 0 °C and 1 bar.
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6.6.12 Selectivity

The selectivity of one of the better performing directly synthesised samples
(SD2700D) for CO2 uptake assessed by comparing the relative amounts of

CO2 and Nz stored at 25 °C and 1 bar as shown in Figure 6.24.

At 1 bar, sample SD2700 has a CO: storage capacity of 4.6 mmol g-!, which
is far greater than the N2 uptake of 0.22 mmol g! (Figure 6.24), which
translates to an equilibrium CO2/N2 adsorption ratio of 21. The CO2/N:
adsorption ratio of 21 for sample SD2700D is higher than values of between
5 and 11 that are typically observed for carbon materials, 26 43 51, 56 gnd
comparable to that of heavily doped N-rich carbons,”? or highly microporous
organic salt-derived carbons.*! We also estimated the selectivity for CO2
adsorption from simulated post-combustion flue gas streams in which the
proportion of CO2 is ca. 15% with the remainder being mainly nitrogen by
considering the relative uptake of CO2 at 0.15 bar and N2 uptake at 0.85 bar.
This is based on the fact that flue gas streams from fossil fuel power stations
contain only ca. 15% CO2, with the rest being mainly N2, and thus
comparison of the CO2 uptake of the carbons at 0.15 bar with their N2 uptake

at 0.85 bar gives a realistic estimation of selectivity for CO-.

Selectivity analysis was performed using the ideal adsorbed solution theory
(IAST) model, which is often used to estimate the relative uptake (or
selectivity) of adsorbents for any two gases in a binary gas mixture.”t The
selectivity for CO2 from the IAST model was derived from the following

equation:

S = n(CO2) p(N2)/n(N2) p(CO2) Equation 6.2

Where
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S the selectivity for CO-.

n(COz2) the uptake of CO2 in mmol gtat 0.15 bar.
n(N2) the uptake of N2 in mmol g! at 0.85 bar.
P(N2) 0.85 bar.

p(CO2) 0.15 bar.

This comparison yielded high to very high selectivity factors (Table 6.13) of

between 23 and 47, with the selectivity decreasing at higher levels of

activation and therefore larger pore size. The selectivity of the directly

synthesised samples was similar to that of analogous conventional samples.

Overall, therefore, the present directly activated carbons are at the top end

of carbon materials with respect to selectivity for CO2 uptake under post-

combustion conditions. The direct synthesis does not compromise the

selectivity for CO2 uptake. The data presented above demonstrate a clear

advantage for our more direct and simple synthesis routes, which is

generally desirable in materials synthesis.”?7>

383



N w 4
1 1 I

Gas uptake (mmol/g)

—_
1

N

Y W—

2

e : :
0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar)

0

Figure 6.24: Comparison of CO2 and N2 uptake at room
temperature for sample SD2700D. The CO2/Nz adsorption
ratio is 21 at 1 bar.
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Table 6.13: Selectivity (S) for CO2 of directly activated carbons or
conventionally activated carbons derived from sawdust biomass
calculated using the IAST model.

Sample IAST selectivity (S)
SD2600D 46

SD2600 47
SD2700D 42

SD2700 41
SD2800D 30

SD2800 29
SD4800D 23

SD4800 25

Selectivity (S) was calculated according to the equation;
S = n(CO2) p(N2)/n(N2) p(CO2)
Where; S is selectivity for CO,
n(COy) is uptake of CO; in mmol g at 0.15 bar.
n(Nz) is uptake of N2 in mmol gt at 0.85 bar.
p(N2) is 0.85.
p(COy) is 0.15.
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6.7 Conclusions

Activated carbons were successfully produced from eucalyptus sawdust
wood biomass via direct activation that negates the need for hydrothermal
carbonisation or pyrolysis. The direct carbonisation, with KOH as activating
agent, generated activated carbon yields that are comparable or higher than
those of conventional activation routes. A range of characterisation
techniques confirmed that the directly activated carbons, whilst offering the
advantage of simplicity, lower cost and a greener route, have properties that
are similar to those prepared via conventional methods. In particular the
textural properties and level of graphitic ordering was found to be similar to
that of conventionally generated activated carbons. The nature of the direct
activation, however, generated carbons with a monolith-like particle
morphology. Depending of the activation conditions, the porosity of the
directly activated carbons can be tailored to arise primarily from pore
channels of size 5 - 7 A pores, which favour post-combustion CO2 uptake
and thus the carbons capture up to 1.3 mmol g* and 4.6 mmol g at 0.15
bar and 1 bar, respectively, and 25 °C. At higher levels of activation, directly
activated carbons with greater proportion of larger micropores
(10 A - 20 A pores) and small mesopores (20 A - 30 R pores) can be
generated that have optimized CO2 uptake at moderate to high pressure, for
example up to 22 mmol g at 20 bar and 25 °C or 31 mmol g at 20 bar and

0°C.
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Chapter 7. Pre-mixed
Precursors for Mediating the
Porosity of Activated Carbons
for Gas Storage (CO2 and H>)
Applications
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7.1 The Aim of this Chapter

A main motivation of this chapter is:

e To prepare high and ultrahigh surface area activated carbons by using a
variety of carbon precursors (namely; polypyrrole (PPY) and/or eucalyptus
wood sawdust) via two ways; (i) direct activation of mixtures of polypyrrole
and sawdust, and (ii) conversion of sawdust to hydrochar followed by

activation of sawdust/polypyrrole mixtures.

e To vary activation conditions (i.e., amount of activating agent KOH, ratio
of polypyrrole to sawdust or sawdust hydrochar and activating temperature),
as a means of targeting porosity and elemental compositions (i.e., N content)

that is suitable for CO2 or hydrogen uptake.
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7.2 Abstract

High to very high surface area activated carbons were successfully prepared
from premixed precursors containing polypyrrole and sawdust or sawdust
derived hydrochar. The premixed precursors offer carbon materials with
ultrahigh surface area (up to 3815 m? g') and pore volume (up to ~2.6
cm?3 g!) comprising of mainly two pore systems; one pore size system in the
micropore range (6 - 12 R) and the other in the mesopore range (22 - 35 A).
The mix of mesoporosity and microporosity is such that some samples are
predominantly mesoporous. Carbons prepared from polypyrrole and sawdust
have greater porosity (higher surface area and pore volume) than those
generated from polypyrrole and sawdust hydrochar, and higher amounts of
polypyrrole favour greater mesoporosity. On the other hand, the highest
proportion of microporosity is generated for samples with greatest amount of
sawdust hydrochar in the precursor mix. The best performing carbons for CO2
uptake at moderate pressure (20 — 40 bar) and room temperature are those
that have a near total absence of micropores; microporosity appears to limit high
pressure COz uptake. The gravimetric (mmol g*) CO2 uptake capacities obtained
for the carbons are among the highest ever reported for porous carbons. The
carbons also exhibit excellent excess hydrogen uptake of up to 3.6 wt% and 6.3
wt% (at -196 °C and 1 or 20 bar, respectively), which translates to total uptake
of 7.5 wt% (at -196 °C and 20 bar). The best performing carbons achieve up to
9.4 wt% total hydrogen storage at 40 bar, which is much higher than that of

many currently available benchmark materials.
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7.3 Introduction

One of the possible solutions to control the increase in level of CO2 emissions
to the atmosphere is material based CO. capture and storage.!> Such
materials need to be efficient for the capture and storage of CO.! > 6
Recently, a wide range of materials have extensively studied, including, porous
carbons,”1® metal organic frameworks (MOFs),!t 12 and zeolites.!3-15
Carbon-based materials, in particular, are attractive and increasingly
receiving attention as solid state materials for CO2 and H: storage. More
specifically, activated carbons are one of the most studied carbon-based porous
materials that have been investigated and widely used 1622 in many applications
dependent on their porosity such as water treatment, 2328 as catalysts, 2° gas
separation,3 and energy related gas storage.!’-1% 21 22 Thijs is because activated
carbons offer several attractive features such as high surface area with well-
developed porosity (micropores and mesopores), controllable pore structure
(structural flexibility), low cost, availability, stability (chemical and
mechanical), ease of preparation and handling.l» 2% 3135 The unique
structural features of activated carbons are dependent the type and nature
of carbon precursor used, activation method and activation conditions.

Activated carbons may be obtained from a wide range of carbonaceous
matter such as coal, wood, sawdust, fruit, nutshells, bones, carbon rich
polymers etc. via activation processes, which generate pore channels and
constrained spaces (i.e., porosity) thereby transforming enhancing
porosity.16-1% 21, 22, 36 Qne of the most commonly used activating agents is
KOH due to its ability to generate activated carbons from precursors such as
hydrothermally carbonized carbonaceous matter,'” 2% 22 carbon rich
polymers such as polythiophene,?° and polypyrrole,?!: 37-40 zeolite-templated

carbon ZTCs %! and graphene.*?
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Recently, biomass-derived activated carbons have received a great deal of
attention due to their being environment-friendly, cheap, readily available,
and renewable.*3*® However, recently, due to the heterogeneity and low
carbon yield of biomass precursors, there have been moves to use so-called
hydrochar which is enriched carbonaceous matter that is produced via the
relatively simple process of hydrothermal carbonisation involving heating an
aqueous solution of biomass at relatively low temperature (typically up to
250 °C) at autogenous pressure.*® Mokaya et. al. have successfully obtained
activated carbons with a range of surface areas (1048 to 3537 m? gt), and
pore volume (0.51 to 1.85 cm?3 g!') via a simple and green method of
hydrothermal carbonization followed by KOH-chemical activation using
renewable, available and low cost biomass precursors such as Jujun grass
and Camellia japonica.*® On the other hand, Fuertes et. al.>® successfully
produced N-doped carbons using polypyrrole as a carbon precursor. More
recently, Mokaya et. al.3® successfully produced ultra-high surface area
(2800- 4000 m? g') mesoporous carbons with extremely high mesopore
volume with hardly any micropores present using either polypyrrole or

eucalyptus wood sawdust as carbon precursors.

This chapter explores the preparation of activated carbons from polypyrrole
and/or eucalyptus wood sawdust via two ways, namely (i) direct activation
of mixtures of polypyrrole and sawdust, and (ii) conversion of sawdust to
hydrochar followed by activation of sawdust/polypyrrole mixtures. The
activation conditions (i.e., amount of activating agent KOH, ratio of
polypyrrole to sawdust or sawdust hydrochar and activating temperature)
were varied as a means of targeting porosity and elemental compositions
(i.e., N content) in an attempt to generate materials that are suitable for CO2

or hydrogen uptake.
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7.4 Experimental Section

This section presents a detailed description of the materials and chemicals,

experimental procedures, and approach used in Chapter 7.

7.4.1 Materials and Chemicals

The list of chemicals and materials used in this chapter, and their sources

and purity are presented in Table 7.1.

Table 7.1: List of chemical reagents/materials used in the experiment.

Chemical/Material Source Purity/Concentration

Biomass sawdust Eucalyptus )
wood sawdust

Eucalyptus wood sawdust- Eucalyptus )

derived hydrochar wood sawdust

Pyrrole Sigma-Aldrich reagent grade 98%
Iron Chloride (FeCl3) Sigma-Aldrich reagent grade 97%

Potassium Hydroxide (KOH)  Fisher Scientific -

N2 Compressed gas

(Cylinder) BOC Ltd 100%

Hydrochloric acid (HCI) Fisher Scientific 37%
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7.4.2 Materials Synthesis

7.4.2.1 Carbon Precursors

7.4.2.1.1 Eucalyptus Wood Sawdust

Eucalyptus wood sawdust was firstly washed with distilled water to remove
impurities then filtered under vacuum. After being dried in an oven at 120 °C
overnight the sawdust was sieved to obtain a homogenous product
designated as SD. The elemental composition (wt%) of the eucalyptus wood

sawdust is given in Table 7.3.

7.4.2.1.2 Sawdust-Derived Hydrochar

Eucalyptus wood sawdust was converted to hydrochar via hydrothermal
carbonization as previously reported.#> 47 51-53 An aqueous dispersion of
eucalyptus wood sawdust at a concentration of 320 gL (6.4 g of eucalyptus
wood sawdust in 20 ml of water) was placed in a stainless steel autoclave
and heated, at a ramp rate of 5 °C min, to 250 °C for 2 h. The resulting
carbon-rich brown solid product (hydrochar) was recovered by filtration
under vacuum, washed thoroughly with distilled water and then dried in an
oven at 120 °C. The elemental composition (wt%) of the resulting hydrochar

is presented in Table 7.3.
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7.4.2.1.3 Polypyrrole

Polypyrrole (designated as PPY) may be readily prepared, 2! 37, 38 40, 50, 54
which means it is a good precursor for activated carbons.?! 37: 38 PpPY was
prepared as follows;?2!: 37,38 40 3 g of pyrrole was added to 200 mL of 0.5 M
FeCls solution and the mixture was magnetically stirred continuously for 2 h
at room temperature until the color changed gradually from yellow to thick
black (Figure 7.1 and Figure 7.2). The generated polypyrrole was
recovered by filtration under vacuum, thoroughly washed with distilled water
several times to remove any impurities and non-reacted/excess FeClz and
other by-products. Finally, the resulting black solid product was dried in an
oven at 120 °C. The elemental composition (wt%) of the polypyrrole is

presented in Table 7.3.
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7.4.2.2 Production of Activated Carbons

7.4.2.2.1 Polypyrrole/Sawdust Derived Activated

Carbons

A mixture of PPY:SD:KOH, where SD is the sawdust, at weight ratio of 1:1:3,
1:1:4 or 1:1:5 was activated at 800 °C or 900 °C, while a PPY:SD:KOH
mixture at weight ratio of 1:2:4, 1:3:4, 2:1:4 or 3:1:4 was activated at 800
°C. The mixtures were placed in a crucible and activated for 1 h at target
temperatures (800 or 900 °C) under nitrogen flow for 1 h following a heating
ramp rate of 3 °C/min (Figure 4.5). After cooling, the activated carbons
were thoroughly washed with 10 wt% HCI to remove any inorganic salts,
followed by washing with distilled water until neutral pH was achieved for
the filtrate. The activated carbons were dried overnight in an oven 120 °C

(See Table 7.2 for sample abbreviations).

7.4.2.2.2 Polypyrrole/Hydrochar Derived Activated

Carbons

A mixture of PPY:H:KOH, where H is the hydrochar, at weight ratio of 1:1:3,
1:1:4 or 1:1:5 was activated at 800 °C and 900 °C, while for weight ratio of
1:2:4, 1:3:4, 2:1:4, 3:1:4, the activation was performed at 800 °C. The
mixtures were placed in a crucible and activated for 1 h at target
temperatures (800 ©°C or 900 ©C) under nitrogen flow following a
temperature ramp rate of 3 °C/min (Figure 4.5). After cooling, the activated
carbons were thoroughly washed with 10 wt% HCI to remove any inorganic
salts, and then with distilled water until neutral pH. Finally, the carbons were
dried overnight in an oven at 120 °C (See Table 7.2 for samples

abbreviations).
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7.5 Abbreviations

7.5.1 Polypyrrole/Sawdust Derived Carbons

Polypyrrole/sawdust derived carbons were designated as PPYSDxyzt where;
x= PPY ratio (1, 2, or 3), y= sawdust ratio (1, 2, or 3), z= KOH ratio
(3, 4, or 5), t= temperature of activation (800 °C or 900 °C). See Table 7.2

for samples abbreviations.

7.5.2 Polypyrrole/Hydrochar Derived Carbons

Polypyrrole/hydrochar derived carbons were designated as PPYHxyzt where;
x= PPY ratio (1, 2, or 3), y= hydrochar ratio (1, 2, or 3), z= KOH ratio (3,
4, or 5), t= temperature of activation (800 °C or 900 °C). See Table 7.2 for

samples abbreviations.

Table 7.2: Summary of activated carbons abbreviations.

Polypyrrole/sawdust derived Polypyrrole/hydrochar derived
carbons carbons
(PPYSDxyzt) (PPYHxyzt)
PPYSD114800 PPYH114800
PPYSD115800 PPYH115800
PPYSD214800 PPYH214800
PPYSD314800 PPYH314800
PPYSD124800 PPYH124800
PPYSD134800 PPYH134800
PPYSD113900 PPYH113900
PPYSD114900 PPYH114900
PPYSD115900 PPYH115900

401



7.6 Results and Discussion

7.6.1 Carbon Precursors

7.6.1.1 Structural Ordering

Typical X-ray diffraction patterns of starting materials (carbon precursors)
namely; polypyrrole (PPY), eucalyptus wood sawdust (SD) and its respective

hydrochar (H) are shown in Figure 7.3.

For polypyrrole, the XRD pattern shows a broad peak in the region of
20= 22°-26°, revealing that the polypyrrole is amorphous in nature which
agrees well with the structure reported in literature >°-38 as well as with data

discussed in SEM analysis (Figure 7.4).

For eucalyptus wood sawdust, three peaks were detected at 26 of 16° (101
diffraction), 22° (002 diffraction), both of which correspond to the
arrangement of cellulose crystallites,*®%2 and a broad peak at 42° (004
diffraction) related to hemicelluloses and lignin are both are largely

amorphous in nature.

The hydrochar exhibited similar XRD patterns to that of the sawdust which
suggests no change in crystallinity of cellulosic components. At 286= 42°,
there is a broad peak similar to that in raw SD arising from the amorphous
nature of the carbon in the hydrochar.63 8 The XRD analysis results, are
consistent with SEM analysis (Figure 7.6) where the original morphology of
the particles is mainly preserved after the HTC treatment at 250 °C.
However, a study by Kang et. al.,%? suggested that HTC of biomass at 245
°C for 20 h generated hydrochar with no crystalline cellulosic sharp peaks.
It is however, noteworthy that in the present study, HTC was performed for
a much shorter duration of 2 h (compared to 20 h for Kang’s study), which
may act to preserve the cellulosic order within the hydrochar.6?
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Figure 7.3: Powder XRD patterns of starting materials; polypyrrole

(PPY), sawdust (SD) and its respective hydrochar (H).
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7.6.1.2 Morphology and Surface Analysis

The changes in surface structure and morphology of the carbon precursors;
polypyrrole, the eucalyptus wood sawdust and its respective hydrochar, were
investigated using scanning electron microscopy (SEM), and the micrographs

images are shown in Figure 7.4, Figure 7.5 and Figure 7.6, respectively.

The morphology of polypyrrole (Figure 7.4) consists of larger particles
loosely aggregated with globular structure and spherical shapes, which is
similar to what has previously been observed.37 39 50,5557, 65 However, on
activation to sample PPY14800 (Figure 7.10), the original morphology is
altered completely to irregular shaped particles with large voids that are

typical for activated carbons.37: 3% 47

Both the eucalyptus wood sawdust and its respective hydrochar (Figure 7.5
and Figure 7.6, respectively) show well-defined cellular surface fibre-like
particles with honeycomb holes/voids, typical of lignocellulosic biomass

materials and char particles formed from lignocellulosic biomass.43: 47, 51, 66-69

The morphology of hydrochar (Figure 7.6) clearly shows the effect of
hydrothermal treatment; the hydrochar particles appear uneven and with
rougher surface topology, which may be ascribed to decomposition of
hemicellulose as well as the depolymerisation of cellulose and partial

degradation of lignin.”0-74

404



W magH st WD 0 Ml 7'—71(]0[@ —

000KV 1184x |30 | 101 mm 1000k 916 | 20 [11.3mm

£

2x |30 |

WD W | magE spot e || —————

10.00 kY | 6952 x 111 mm 1000kV | 11268x 3.0 | 10.1mm

Figure 7.4: SEM micrographs images of Polypyrrole (PPY).
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Figure 7.5: SEM micrographs images of eucalyptus wood sawdust (SD).
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Figure 7.6: SEM micrographs images of hydrochar derived from eucalyptus
wood sawdust (H).
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7.6.1.3 Elemental Composition

The chemical composition of the carbon precursors is presented in
Table 7.3. As expected, for the sawdust to hydrochar transformation, the
carbon vyield increased from 46.4 wt% to 57.7 wt% a trend similar to that
observed by Mokaya et. al.>* On the other hand, the hydrogen and oxygen
content decreased from 6.0 wt% to 5.4 wt% and from 47.5 wt% to 36.9
wt%, respectively. This trend is consistent and generally comparable with
that of other biomass-derived chars previously reported >3 as shown in
Table 7.4. The elemental composition of the polypyrrole, is comparable to
what has been reported previously; 3738 carbon content of 44.5%, nitrogen

at 3.0% and oxygen content of 12.6%.

Table 7.3: Chemical composition of starting materials.

Sample Elemental Composition
[%]
C H N O+X2@
Eucalyptus Wood Sawdust (SD) 46.4 6.0 0.10 47.5
Hydrochar (H) 57.7 5.4 0.0 36.9
Polypyrrole (PPY) 44.5 3.0 12.6 39.9

a Oxygen content + X (where X represent the presence of other
elements) is estimated as O + X (wt%) = [100-(C+H+N)].
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Table 7.4: Elemental composition of hydrochar from other biomass

precursors.
Sample Carbonisation Elemental Composition
Conditions [wt%]
o
e | g
Q >
£ © 8
5 g > o
- -l g
L ﬁ (@] I =2 (@] (a4
Sawdust Water | 250 | 57.7 | 5.4 0 36.9 | This
hydrochar work
CNL1 carbon Air - 77.7 3.1 0 19.2 67
Air-carbonized
sawdust- N2
. then 400 72.4 3.2 0 24.2 47
derived carbon Air
ACSD
Rice husk char N2 400 71.5 - - 25.5 75
Cherry stone Ar | 400 | 776 | 46 | 08 | 169 | 76
char
Beech pellet Ar | 800 | 82.7 | 20 | 04 | 149 | 77
char
Tire char 02 450 | 72.5 | 4.7 4.8 | 15.3 78
Free
Lignite char N2 475 65.0 2.4 0.9 18.2 79
Lignin Water | 390 | 66.6 | 5.1 o | 283 | 80
hydrochar
Saw-dust water | 250 | 69.3 | 6.8 0 | 230 | 2
hydrochar

a2 Oxygen content + X (where X represent the presence of other
elements) is estimated as O + X (wt%) = [100-(C+H+N)].
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7.6.2 Activated Carbons

7.6.2.1 Purity and Thermal Stability

Thermogravimetric analysis was performed under flowing air conditions
following the procedure discussed in Chapter 2. Figure 7.7 A shows TGA
curves of PPY/SD derived activated carbons while Figure 7.7 B shows TGA

curves for PPY/H derived activated carbons.

For all TGA curves there is an initial mass loss of ca. 20 wt% below 300 °C,
which is attributable to loss of water or volatiles. This is followed by further
mass loss event, due to carbon burn off, between ca. 500 °C and 600 °C for
PPY/SD samples, and between ca. 400 °C and 600 °C for PPY/H samples.
According to the TGA curves, the activated carbons derived from a
combination of PPY and sawdust show better thermal stability (as indicated
by carbon burn off maxima) than PPY/hydrochar-derived samples. The
carbon burn off temperature ranges from 500 °C to 600 °C for PPY/SD
samples. In contrast, activated carbons derived from PPY/hydrochar show
carbon burn off between 400 °C and 600 °C. Activated carbons prepared at
higher activation temperature (900 °C) are more thermally stable and show
greater resistance to combustion (Figure 7.7 A and Figure 7.7 B), which
may be related to the level of graphitisation due to exposure to higher
temperature. However, the overall level of graphitisation in the samples was

generally low as indicated by powder XRD analysis.32

Generally, for activated carbons derived from PPY/hydrochar, increase in the
hydrochar content (i.e., PPYH124800 vs PPYH134800) results in decrease in
thermal stability. All the activated carbons had very low residual matter after
thermal treatment in air, which confirms their carbonaceous nature. If a

significant amount of non-carbonized wood (e.g., lignocellulosic matter) had
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been present, the mass loss due to burn-off would not have occurred in a
single event, as the main components of wood (lignin, cellulose, and

hemicellulose) decompose at different temperatures.®’: 8t
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7.6.2.2 Structural Ordering

Powder XRD patterns for both sets of activated carbons are shown in

Figure 7.8 for PPY/SD and Figure 7.9 for PPY/H.

For both sets, there are no clear differences in the nature of the carbons
prepared at different activation level (i.e. KOH ratio, activation temperature)
and different ratio of precursors with respect to their apparent levels of
graphitisation. The peaks that indicate graphitization in a carbon are
expected at 28 = 22° for the (002) diffraction and at 26 = 43° for the (101)
diffraction.#’ Both sets have a very board peak at ca. 26=44°. The peak
expected at 26= 22° is not clearly observed due to being masked by the
gradient of the baseline. As the level of activation increases (i.e. temperature
of activation and KOH ratio) from 800°C and ratio of 4 (in PPYSD114800
and PPYSD115800) to 900°C and ratio of 5 (in PPYSD114900 and
PPYSD115900), the graphitic peaks normally present at 26= 22-26° and 44°
are diminished 38 Overall, the graphitic peaks are very broad, which indicates
that both sets of activated carbons mainly contain amorphous carbon but
with some small amounts of disordered turbostratic domains. The XRD
patterns of the PPY/SD carbons are very similar to those of PPY/H analogues.
The powder XRD pattern of PPYSD113900, PPYSD114900 and PPYSD115900
(Figure 7.8) have small sharp peaks suggesting the presence of minor
inorganic impurities, which are likely related to potassium compounds that

survived from HCl-washing step.

413



'su0QJed pajeAllde AS/Add JO sutanied Qyx Jepmod :8°Z @4nbi4

08¢
08 09 ob 0z
1 1 1 o
L 002
008¥LAdd - 00
00651 LOSAdd ——
006¥L LASAdd —— 009
006ELLASAdd ——
008+ELaSAdd —— 008
008bZ1aSAdd ——
00BPLEASAAA —— | |qpmytbesemmemtremmommsingporoysmray
008¥12aSAdd —— 000t
00851 LASAdd — S Pt fiﬂ.ll..! A ]
008¥L LOSAdd ...J 0021
001

0091

414

(‘'n"e) Aysusyu|



'SU0QJed paleAlde H/Add JO sutaned gyX Jopmod :6°Z a4nbi4

08

0L

08¢

(01>

0c

006SL L HAdd
006%1 L HAdd
006€L LHAdd
008t€ L HAdd
008¥C1 HAdd
008vLEHAdd
008¥LZHAdd
0085l L HAdd
008%1L L HAdd

(‘'n'e) Aysuayu|

415



7.6.2.3 Elemental Composition

The elemental composition of the two sets of activated carbons PPY/SD and

PPY/H is presented in Table 7.5.

The C content of the activated carbons increases for samples prepared at
higher level of activation, accompanied with decrease in the N, H and O
content. When polypyrrole is subjected to KOH activation (sample PPY14800),
the carbon content (wt%) increases from 44.5 to 87.0. In contrast, the N-
content (wt%) and H-content (wt%) decreases to 0.92 and by 0.24,
respectively. In general, as expected, there is an increases in the carbon
content at higher levels of activation (i.e. activation temperature= 900 °C
and KOH ratio of 5) accompanied by a decrease in the N, H and O content
which is in agreement with the fact that the N-content of activated carbons
prepared from N-containing precursors such as polypyrrole generally
reduces at high levels of activation.3”- 38 52 It is noteworthy that for any given
activation temperature, a higher PPY content in the activation mixture results
in greater amount of N in the activated carbons; PPYSD214800 vs

PPYSD314800, and PPYH214800 vs PPYH314800.
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7.6.2.4 Morphology and Surface Analysis

SEM micrographs images of all the carbons PPY/SD and PPY/H are shown in

Figure 7.10 to Figure 7.28.

In general, the morphology of the activated carbons is completely different
from the nature of the starting materials meaning that the morphology of
the precursors is not retained in the activated. The morphology of all the
activated carbons is similar to that typically observed for activated
carbons.37 47,50, 51,82 GEM micrographs images show that the carbons have
particles with sharp corners/edges and large conchoidal cavities depending

on level of activation.

PPY/SD activated carbons (Figure 7.11, Figure 7.13, Figure 7.15, Figure
7.17,Figure 7.19, Figure 7.21, Figure 7.23, Figure 7.25, and Figure
7.27), exhibit morphology characterized by irregular shaped particles and
smooth surfaces and show much greater connectivity and larger monolith-
like particles which may be a preserved characteristic from the sawdust

particles.46: 83

On the other hand, for PPY/H activated carbons (Figure 7.12, Figure 7.14,
Figure 7.16, Figure 7.18, Figure 7.20, Figure 7.22, Figure 7.24,
Figure 7.26, and Figure 7.28) the morphology exhibited irregular shaped
particles with less smooth uneven and rougher surfaces morphology with
large conchoidal cavities, which is consistent with what has previously been

observed for hydrochar-derived activated carbons.° 83
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Figure 7.10: SEM micrographs images of PPY14800.
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Figure 7.11: SEM micrographs images of PPYSD114800.
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Figure 7.12: SEM micrographs images of PPYH114800.
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Figure 7.13: SEM micrographs images of PPYSD214800.
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Figure 7.14: SEM micrographs images of PPYH214800.
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Figure 7.15: SEM micrographs images of PPYSD314800.
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Figure 7.16: SEM micrographs images of PPYH314800
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Figure 7.17: SEM micrographs images of PPYSD124800.
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Figure 7.19: SEM micrographs images of PPYSD134800.
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Figure 7.20: SEM micrographs images of PPYH134800.
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Figure 7.21: SEM micrographs images of PPYSD113900
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Figure 7.22: SEM micrographs images of PPYH113900.
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Figure 7.23: SEM micrographs images of PPYSD114900
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Figure 7.24: SEM micrographs images of PPYH114900
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Figure 7.25: SEM micrographs images of PPYSD115800.
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Figure 7.26: SEM micrographs images of PPYH115800.
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Figure 7.28: SEM micrographs images of PPYH115900.
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7.6.2.5 Pore Channel Ordering

The pore channel ordering of both sets of carbons is shown in Figure 7.29

to Figure 7.47.

PPY14800 (Figure 7.29) and both sets of carbons; PPY/SD activated
carbons (Figure 7.30, Figure 7.32, Figure 7.34, Figure 7.36, Figure
7.38, Figure 7.40, Figure 7.42, Figure 7.44, and Figure 7.46)
and PPY/SD activated carbons (Figure 7.31, Figure 7.33, Figure 7.35,
Figure 7.37, Figure 7.39, Figure 7.41, Figure 7.43, Figure 7.45, and
Figure 7.47) exhibit pore channel ordering that is typical of activated
carbons, 46 53: 67 of a highly disordered microstructure.8487 All the carbons
exhibit wormhole type pores 37: 30 which is consistent with generation of
porosity. The TEM micrographs images for both sets of activated carbons
show no significant evidence of the presence of graphitic domains, which is

consistent with the XRD patterns (Figure 7.8 and Figure 7.9).
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TEM micrographs images of PPYSD115800.

Figure 7.32
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7.6.2.6 Textural Properties and Porosity

The nitrogen sorption isotherms and corresponding pore size distribution
(PSD) curves for PPY/SD and PPY/H are shown in Figure 7.48 A, B and
Figure 7.49 A, B, respectively. The corresponding textural properties for
both sets of activated carbons PPY/SD and PPY/H are summarized in
Table 7.6. Polypyrrole has been previously used by many groups as a
carbon precursor to fabricate porous carbons by means of nanocasting
techniques.88-90 while lignocellulosic biomass can also generate activated

carbons with large surface areas.?8 47, 91-97

7.6.2.6.1 Polypyrrole/Sawdust Derived Activated

Carbons

The nitrogen sorption isotherms of all PPY/SD carbons are shown in
Figure 7.48 A, and the corresponding pore size distribution (PSD)
curves and the wide pore size distribution (PSD) curves are shown in

Figure 7.48 B and Figure 7.50, respectively.

It is noteworthy that the PPY-only derived sample (PPY14800) exhibits an
isotherm that is typical of a mesoporous material (Figure 7.48 A), which is
consistent with previous reports. Given that all the other mixed precursor
samples (PPY/SD and PPY/H) were prepared under similar or harsher
conditions, the expectation was that they would all exhibit mesoporous
characteristics similar to those of PPY14800. It is therefore interesting to
note that not all the isotherms in Figure 7.48 A are indicative of
mesoporosity. In particular, samples made from 1:3 or 3:1 mixtures of
PPY/SD (i.e., samples PPYSD134800 and PPYSD314800) tend towards being
microporous with relatively sharp adsorption knee. This clearly indicates that

the nature of the precursor mix can significantly affect the micropore/
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mesopore mix in the activated carbons. Samples prepared from 1:1, 1:2 and
2:1 PPY/SD mixtures (PPYSD114800, PPYSD124800, and PPYSD214800)
show only moderate mesoporosity but which is higher than that for samples
derived from 1:3 and 3:1 PPY/SD mixtures. It therefore appears that, for
activation at 800 °C and KOH/precursor ratio of 4, the addition of sawdust
to the precursor mix (i.e., ratios 1:1, 1:2. 2:1, 1:3 and 3:1) reduces the

level of mesoporosity achieved but not in any systematic manner.

For samples activated at 900 °C (all at PPY/SD ratio of 1:1), the nature of
the isotherm is determined the KOH/precursor ratio; mesoporosity increases
as the KOH/precursor ratio rises from 3 to 4 and then decreases at a ratio
of 5. Indeed sample PPYSD114900 appears to exhibit the highest
mesoporosity that even surpasses that of the PPY-only sample. A comparison
between sample PPYSD115800 and PPYSD115900 shows that the former has
higher mesoporosity perhaps due to over-activation of the later arising from
both a high KOH/precursor ratio of 5 and high activation temperature of 900

°C.

The pore size distribution of the PPY/SD carbons is shown in Figure 7.48B,
and the pore size maxima values obtained from the curves are given in
Table 7.6. The PPY-only derived sample (PPY14800) exhibits what may be
described as a bimodal pore size distribution that is dominated by large
micropores and small mesopores. The PPY14800 has small micropores
centred at 6 to 7 /3\, large micropores of size 12 5\, and small mesopores
centered at 28 and 35 A. Similar to the PPY14800 sample, all the PPY/SD
carbons also exhibit the micropores centered at 6 to 9 /3\, and 12 A. However,
the size of mesopores varies depending on the PPY:SD ratio, amount of
activating agent used and activation temperatures. The mesopores size
distribution of samples prepared at 900 °C is comparable to that of

PPY14800, i.e., small mesopores centered at 28 A and 35 A. Samples made
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from 1:3 or 3:1 mixtures of PPY and SD (i.e., samples PPYSD134800 and
PPYSD314800) have a relatively small proportion of the smallest mesopores
centred at 22 A, which is consistent with the observation that these samples
tend towards being microporous. Indeed, only a small proportion of these
two samples, and also samples PPYSD214800 and PPYSD124800, are larger
than 20 A. This confirms that the nature of the precursor mix significantly
affected the size of pores generated in the activated carbons. Therefore, for
activation at 800 °C and KOH/precursor ratio of 4, the addition of sawdust
to the precursor mix (i.e., ratios 1:1, 1:2. 2:1, 1:3 and 3:1) reduces the size

of pores generated towards being predominantly in the micropore range.

The textural parameters of the PPY/SD activated carbons are summarised in
Table 7.6. All the carbons possess high or ultra-high surface area, which
ranges between 2450 and 3600 mZ2g!, and pore volume in the range
1.3 - 2.60 cm3gt. The PPY-only derived sample (PPY14800) has surface area
of 2965 m2g! and pore volume of 2.34 cm3g. The highest surface area for
a PPY/SD sample is for PPYSD114900 (3563 m?2g!) followed closely by
PPYSD115800 (3458 m2g!) and PPYSD124800 (3477 m?g), while sample
PPYSD114900 also has the highest pore volume of 2.54 cm3g. For PPYSD
carbons activated at 800 °C and KOH/precursor ratio of 4, the addition of
sawdust to the precursor mix (i.e., ratios 1:1, 1:2. 2:1, 1:3 and 3:1) does
not appear to have a significant effect of the total surface area except for
sample PPYSD124800. However, in all cases the addition of sawdust to the
precursor mix acts to reduce to achievable pore volume, with the greatest
reductions being for samples prepared from 3:1 or 1:3 PPY:SD ratios
(samples PPYSD314800 and PPYSD134800, respectively). Increase in the
KOH/precursor ratio to 5, for activation at 800 °C, increases both the surface
area and pore volume (PPYSD114800 vs PPYSD115800). For samples

activated at 900 °C (all at PPY/SD ratio of 1:1), the surface area and pore
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volume increase as the KOH/precursor ratio rises from 3 to 4 and then
decreases at a ratio of 5. Thus sample PPYSD114900 has both the highest
surface area and pore volume for the PPYSD set of carbons, while sample
PPYSD115900 has a much lower surface area. The surface and pore volume
of PPYSD115800 are much higher than for PPYSD115900, which may be
ascribed to over-activation of the later occasioned by both a high
KOH/precursor ratio of 5 and activation temperature (900 °C). The PPY/SD
carbons have moderate to very low levels of microporosity. The highest
microporosity (ca. 50% of both pore volume and surface area) is exhibited
by sample PPYSD134800. Samples prepared at PPY:SD ratio of 3:1 and 1:2
also exhibit considerable microporosity. The proportion of volume arising
from mesopores (referred to as mesoporosity) for some of the PPY/SD
carbons is above 90% and up to 98% (Table 7.7). Many of the PPY/SD
carbons, especially those prepared at KOH/precursor ratio of 5 and/or 900

°C are highly mesoporous in character.

7.6.2.6.2 Polypyrrole/Hydrochar Derived Activated

Carbons

The nitrogen sorption isotherms of all PPY/H carbons are shown in
Figure 7.49 A, and the corresponding pore size distribution (PSD)
curves and the wide pore size distribution (PSD) curves are shown in

Figure 7.49 B and Figure 7.51, respectively.

The nitrogen sorption isotherms suggest that overall, the porosity of the
PPY/SD carbons is generally lower than that of their PPY/SD analogues. The
isotherms in show great variability between the samples. However, there are
also some apparent trends. For carbons activated at 800 °C and KOH/

precursor ratio of 4, the amount of nitrogen adsorbed appears to be related
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to the amount of PPY present in the precursor mix, i.e., decreases in the
order PPYH314800 > PPYH214800 > PPYH124800 > PPYH134800. It appears
therefore that the addition of sawdust to the precursor mix reduces the
extent of porosity/mesoporosity generated to the extent that sample
PPYH134800 has an isotherm that suggests significant microporosity while
the isotherm of PPY314800 tends towards mesoporosity. This trend confirms
that the nature of the precursor significantly affects the micropore/mesopore
mix in the activated carbons. Despite not appearing to follow this trend,
sample PPYH114800 exhibits an isotherms that suggests the presence of
considerable microporosity. 0 51, 80, 98-106 For samples prepared at 1:1 ratio
of PPY:H, the amount of porosity generated is related to the activation
conditions and thus increases in the order PPYH114800 < PPYH113900 <
PPYH115900 < PPYH115800 ~ PPYH114900. For samples activated at 900
°C (all at PPY/H ratio of 1:1), the nature of the isotherm is determined the
KOH/precursor ratio; mesoporosity increases as the KOH/precursor ratio
rises from 3 to 4 and then decreases at a ratio of 5. Indeed sample
PPYH114900 exhibits the highest mesoporosity for the PPY/H set of carbons.
A comparison between sample PPYH115800 and PPYH115900 shows that the
former has higher mesoporosity, which may be ascribed to slight over-
activation of the later arising from both a high KOH/precursor ratio of 5 and

activation temperature of 900 °C.

The pore size distribution of the PPY/H carbons is shown in Figure 7.49 B,
and the pore size maxima values obtained from the curves are given in
Table 7.6. Most of the PPY/H carbons exhibit a bimodal pore size distribution
with small micropores centred at 6 to 9 A&, large micropores of size 11 - 12
A, and small mesopores centered at 22 - 28 and, for samples PPYH114900
and PPYH115900, at 36 A. The pore size of samples prepared from a

precursor mix ratio of 1:2. 2:1, 1:3 or 3:1 is dominated by micropores with
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hardly any pores larger than 20 &; the presence of mesopores can be related
to the amount of PPY in the precursor mix. However, the size of mesopores
varies depending on the PPY:SD ratio, amount of activating agent used and
activation temperatures. The mesopores size distribution of samples
prepared at 900 °C is comparable to that of PPY14800, i.e., small mesopores
centered at 28 and 35 A. Samples. This confirms that the nature of the
precursor mix significantly affected the size of pores generated in the
activated carbons. Therefore, for activation at 800 °C and KOH/precursor
ratio of 4, the addition of sawdust hydrochar to the precursor mix (i.e., ratios
1:1, 1:2. 2:1, 1:3 and 3:1) reduces the size of pores generated towards
being predominantly in the micropore range. Samples prepared at 900 °C
and or KOH/precursor mix ratio of 5 have the highest proportion of

mesopores.

The textural parameters of the PPY/H carbons are summarised in
Table 7.6. All the carbons possess moderate, high or ultra-high surface
area, which ranges between 1800 and 36815 m?g!, and pore volume in the
range 0.8 - 2.3 cm3gl. The highest surface area for a PPY/H sample is for
PPYH114800 (33815 m2g!) followed by PPYH214800 (3583 m3g!) and
PPYH14900 (3592 m?2g), which also has the highest pore volume of 2.25
cm3gl. For PPYH carbons activated at 800 °C and KOH/precursor ratio of 4,
the addition of sawdust hydrochar to the precursor mix at non equal amounts
(i.e., ratios 1:2. 2:1, 1:3 and 3:1) has a significant effect of the total surface
area except for sample PPYH214800. However, in general, the addition of
sawdust hydrochar to the precursor mix reduces the pore volume, with the
greatest reductions being for samples prepared from 1:2 or 1:3 PPY:H ratios
(samples PPYH124800 and PPYH134800, respectively). Increase in the
KOH/precursor ratio to 5, for activation at 800 °C, decreases both the surface

area and pore volume (PPYH114800 vs PPYH115800). For samples activated
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at 900 °C (all at PPY/H ratio of 1:1), the surface area and pore volume
increase as the KOH/precursor ratio rises from 3 to 4 and then decreases at
a ratio of 5. Thus sample PPYH114900 has both the highest surface area and
pore volume for the PPY/H set of carbons, while sample PPYH115900 has a
lower surface area. The PPY/H carbons exhibit a wide variability with regard
to levels of microporosity. The highest microporosity (ca. 71% of both pore
volume and surface area) is exhibited by sample PPYH134800. Samples
prepared at PPY:H ratio of 3:1 and 1:2 also exhibit considerable
microporosity. The proportion of mesoporosity for some of the PPY/H carbons
is above 90% (Table 1.8); carbons prepared at KOH/precursor ratio of 5
and/or 900 °C are highly mesoporous in character. Overall, however, the
PPY/H carbons exhibit lower levels of mesoporosity (and consequently higher

microporosity) compared to the PPY/SD set of samples.
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Table 7.7: Microporosity and mesoporosity of PPY/SD and PPY/H carbons.

Sample? T-plot Total Pore | Microporosity # 2 | Mesoporosity ¢ ¢

Micropore Volume

Volume

(cm3 g?) | (cm3g™t) (%) (%)
PPY14800 0.29 2.34 13 87
PPYSD114800 0.39 1.70 23 77
PPYSD115800 0.05 1.95 2 98
PPYSD214800 0.18 1.76 10 90
PPYSD314800 0.39 1.30 30 70
PPYSD124800 0.53 1.78 30 70
PPYSD134800 0.62 1.31 47 53
PPYSD113900 0.03 1.70 2 98
PPYSD114900 0.13 2.54 5 95
PPYSD115900 0.03 1.75 2 98
PPYH114800 0.16 2.18 7 93
PPYH115800 0.52 1.46 35 65
PPYH214800 0.35 1.97 18 82
PPYH314800 0.45 1.24 37 63
PPYH124800 0.62 1.04 60 40
PPYH134800 0.59 0.83 71 29
PPYH113900 0.21 1.70 12 88
PPYH114900 0.15 2.25 7 93
PPYH115900 0.18 2.01 8 92

2 Proportion of pore volume arising from micropores.
b Calculated as (Micropore volume/Total pore volume) X100%.
¢ Proportion of pore volume arising from mesopores.
9 Calculated as Mesoporosity (%) = 100 - Microporosity (%).
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7.6.2.7 CO;Uptake Measurements

Recently, activated carbons derived from polypyrrole or biomass have
received a great deal of attention as solid state storage materials for energy
related gases such as CO2 and H».l7: 38 45 47, 51-53, 67, 63, 80 The CO; uptake
capacity of the carbons was measured at room temperature (25 °C) and
pressure range of 0-40 bars using a XEMIS gravimetric analyser following
the procedure discussed in Chapter 2. The focus was the CO2 uptake at low
to moderate pressure under conditions that attempt to mimic pre or post
combustion CCS. The high pressure (up to 40 bar) gravimetric CO2 uptake
isotherms of all the carbons are shown in and Figure 7.52 for PPY/SD and
Figure 7.53 for PPY/H samples. Low pressure (up to 1 bar) gravimetric CO2
uptake isotherms are shown in Table 7.8 and Figure 7.54 A for PPY/SD

and Figure 7.54 B for PPY/H samples.

For all samples the CO2 uptake was found to be fully reversible and no
hysteresis was observed. Furthermore, none of the carbons appear to attain
saturation in the 0-40 bar pressure range except for sample PPYH134800.
Table 7.8 and summarizes the amount of CO: adsorbed at various

pressures.

7.6.2.7.1 Polypyrrole/Sawdust Activated Carbons

At 1 bar (Figure 7.54 and Table 7.9), the CO2 uptake for PPY/SD carbons
is in the range 2.1 - 3.41 mmol g, which is moderate capacity compared
to benchmark Carbon materials. 7-13, 15, 21, 40, 43, 45, 51, 52, 67, 80, 98-102, 104, 105, 107-
109 The storage capacity at 1 bar is very clearly related to the level of

microporosity in the PPY/SD samples as discussed above. The PPY/SD
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sample with the highest microporosity (i.e., PPYSD134800) has the best
performance for CO. uptake at 1 bar (3.41 mmol g1!). The next most
microporous samples, PPYSD314800 and PPYSD124800 are the next best

performers with uptake of 3.25 mmol g'and 3.1 mmol g, respectively.

On the other hand, the most mesoporous samples, PPYSD113900,
PPYSD114900 and PPYSD115900, have the lowest uptake of between
2.1 mmol gtand 2.3 mmol g'. The uptake at 0.15 bar follows a generally
similar trend to that observed at 1 bar. The trends observed are consistent
with the well-established fact that it is not the total surface area or pore

volume, but the pore size that determines the CO2 uptake at low pressure.”

10-15, 21, 40, 43, 45, 51, 52, 67, 80, 98-102, 104, 105, 107-111

On the other hand, the CO: uptake of the PPY/SD samples increases
continuously at higher pressures to reach very high levels of storage at
40 bar. At 20 bar the PPY/SD samples have excess storage capacity of
between 16.8 and 21.5 mmol g'. The uptake of close to 22 mmol g-tis much
higher than that previously reported for most carbon materials. 7-15 21, 40, 43,
45,51, 52,67, 80, 98-102, 104, 105, 107-109 Tt j5 glso noteworthy that some of the PPY/SD
samples surpass the uptake of the PPY-only carbon (PPY14800). At 30 bar
the CO: storage capacity rises to between 19.0 and 26.2 mmol g!, which is
comparable to that of benchmark carbons such as polyaniline cross-linked
polymer networks (SU-AC-400) that store 28.3 mmol g under similar
conditions (i.e., 25 °C and 30 bar).!'2 At 40 bar, which is the highest pressure
used in this study, the PPY/SD carbons have very high CO:z storage capacity
of up to 31 mmol g'. It is clear that the more microporous samples (e.g.,
PPYSD314800 and PPYSD134800) have relatively lower CO2 uptake at high
pressures (< 10 bar), which is the reverse of their performance at low
pressure (> 1 bar). It appears, therefore, that the gravimetric CO2 uptake

at high pressure (10 - 40 bar) follows the trend in mesoporosity and total
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pore volume such that the best performing PPY/SD samples at high pressure

have both the highest pore volume and highest levels of mesoporosity.

7.6.2.7.2 Polypyrrole/Hydrochar Activated Carbons

For the PPY/H set of samples, at 1 bar (Figure 7.54 and Table 7.9), the
CO:z uptake is in the range 2.1 - 4.02 mmol g*. Three of the PPY/H samples,
namely, PPYH134800, PPYH124800 and PPYH134800, achieve uptake higher
than 3.5 mmol g%, which is comparable to some of the best benchmark
carbon materia|s_7-12, 40, 43, 45, 46, 52, 67, 80, 98-102, 104, 105, 107, 109 The Storage
capacity at 1 bar is closely matched related with the level of microporosity
in the PPY/H samples. Indeed, the PPY/H sample with the highest
microporosity (i.e., 70% for PPYH134800) has the best performance for CO2
uptake at 1 bar (4.02 mmol g'). The next most microporous sample
(PPYH124800) are the next best uptake of 3.78 mmol g™. On the other hand,
the most mesoporous samples, PPYH113900, PPYH114900 and
PPYH115900, have the lowest uptake of between 2.1 and 2.7 mmol g. The
uptake at 0.15 bar follows a generally similar trend to that observed at 1 bar
and confirm the well-established fact that it is not the total surface area or
pore volume, but the pore size that determines the CO: uptake at low
pressure,”’-15 21, 40, 43, 45, 51, 52, 67, 80, 98-102, 104, 105, 107-109 Tt g glso noteworthy
that, at pressure of up to 1 bar, the best PPY/H samples outperform the top
PPY/SD carbons due to the fact that the former are relatively more

microporous as discussed above.

As expected, the CO: uptake of the PPY/H samples increases at higher
pressures. At 20 bar the PPY/SD samples have excess storage capacity of
between 13 and 21 mmol g'. The most microporous sample (PPYH134800)

has uptake of only 13.4 mmol g! compared to ~ 20 mmol g for the more
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mesoporous materials (PPYH115800 and PPYH115900). At 30 bar the CO2
storage capacity rises to between 14 and 25 mmol g, with the more
mesoporous materials storing almost double the capacity of the more
microporous PPYH134800 sample. At 40 bar, the PPY/H carbons have excess
CO:2 storage capacity of up to 28 mmol g!, which is somewhat lower than
that achieved by the best PPY/SD carbons. The relatively lower performance
of the PPY/H carbons may be attributed to the fact that they achieve lower
levels of total pore volume, and in particular mesopore volume. It is
noteworthy that sample PPYH134800, which is the most microporous,
appears to attain CO2 uptake saturation at 40 bar. Considering that this is
the best performing sample at low pressure (< 1 bar), this observation
further emphasizes the important role played by the micro/mesopore mix

and pore size in determining uptake under various pressure conditions.

Pore size is known to be the main factor in determining physisorption-based
CO2 uptake onto solid state materials under conditions that low pressure
conditions that mimic post-combustion flue gas streams.!s 43, 98, 101, 113, 114 1¢
has been shown that pores of size 6-7 A are the most efficient in CO2 capture
and storage under low pressure conditions (0.1 - 1 bar).l 43, 98, 101, 113, 114
Presser et al.'> and Hu et. al.''® have shown that CO> uptake on microporous
carbons at low pressure (1 bar) is related to the presence of pores of size <1
nm. It should be pointed out that the trends in CO2 uptake observed in this
chapter may not be attributed to N-doping as the carbons have low amounts
of N. Furthermore, it has previously been shown that N-doping does not play

a significant role in CO2 uptake.

In the case of the present PPY/SD and PPY/H carbons, it is evident that the
porosity is the main factor in determining the CO2 uptake. The findings show
that the use of a mix of precursors, namely, polypyrrole, sawdust or sawdust

hydrochar, is a very effective way of varying the porosity of the carbons
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whist retaining similar or relatively similar activation conditions. It is
noteworthy that the addition of raw sawdust rather than sawdust hydrochar
to polypyrrole offers carbons with significantly different porosity and

consequently CO2 uptake properties.
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Table 7.8: Gravimetric CO2 uptake (in wt%) at 25 °C and various
pressures for PPY/SD activated carbons, and PPY/H activated carbons.

Sample CO2 uptake (wt%)
0.15 1 10 20 30 40
bar bar bar bar bar bar
PPY14800 2.0 9.9 58.3 89.8 | 114.6 H 135.3
PPYSD114800 0.2 12.6 63.4 89.7 | 105.1  112.6
PPYSD115800 2.7 11.6 63.9 94.7 115.3 | 127.8
PPYSD214800 3.2 12.6 61.9 88.2 | 105.4 | 116.5
PPYSD314800 3.3 14.3 55.9 74.0 84.1 89.4
PPYSD124800 2.7 13.5 63.4 86.8 99.8 | 106.5
PPYSD134800 3.3 15.0 62.4 81.5 90.6 94.3
PPYSD113900 2.2 10.1 52.6 77.3 95.3 | 109.9
PPYSD114900 2.0 9.4 44.9 64.2 77.5 87.0
PPYSD115900 2.3 9.6 44.2 62.4 74.6 83.0
PPYH114800 2.2 14.3 63.2 91.6 | 110.3  121.4
PPYH115800 3.5 14.1 63.8 86.4 98.1 | 103.3
PPYH214800 3.5 13.2 59.9 83.0 97.1 | 105.1
PPYH314800 4.6 15.6 58.5 76.6 86.5 91.6
PPYH124800 4.1 16.6 57.2 70.6 76.0 77.6
PPYH134800 4.8 17.7 50.6 59.1 61.8 61.8
PPYH113900 2.9 12.0 57.8 81.8 97.3 | 107.6
PPYH114900 2.3 11.5 60.6 88.4 107.2 | 120.3
PPYH115900 1.9 9.4 53.9 81.9 103.5 | 121.4
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Table 7.9: Gravimetric CO2 uptake (in mmolg?) at 25 °C and various
pressures for PPY/SD activated carbons, and PPY/H activated carbons.

Sample CO:z uptake # (mmol g1)
0.15 1 10 20 30 40
bar bar bar bar bar bar
PPY14800 0.5 2.3 13.2 20.4 26.1 30.8
PPYSD114800 0.04 2.9 14.4 20.4 23.9 25.6
PPYSD115800 0.6 2.6 14.5 21.5 26.2 29.1
PPYSD214800 0.7 2.9 14.1 20 24 26.5
PPYSD314800 0.7 3.3 13 16.8 19.1 20.3
PPYSD124800 0.6 3.1 14.4 20 22.7 24.2
PPYSD134800 0.8 3.41 14.2 19 20.6 21.4
PPYSD113900 0.5 2.3 12 18 21.7 25.0
PPYSD114900 0.5 2.1 10.2 15 17.6 19.8
PPYSD115900 0.5 2.2 10.1 14.2 17 18.9
PPYH114800 0.5 3.3 14.1 20.8 25.1 27.6
PPYH115800 0.8 3.2 14.5 19.6 22.3 23.5
PPYH214800 0.8 3 13.6 18.9 22.1 23.9
PPYH314800 1 3.6 13.3 17.4 19.7 20.8
PPYH124800 1 3.8 13 16.1 17.3 17.6
PPYH134800 1.1 4.02 11.5 13.4 14 14.05
PPYH113900 0.7 2.7 13.4 18.6 22.1 24.5
PPYH114900 0.5 2.6 13.8 20.1 24.1 27.4
PPYH115900 0.4 2.1 12.2 18.6 23.5 27.6
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7.6.2.8 Hydrogen Capacity

To date, the best performing carbon-based hydrogen storage materials are
zeolite-templated carbons,® 117-120 carbide-derived carbons (CDCs)!?! and
activated carbons.!’, 21, 80, 122, 123 The highest reported values of hydrogen
uptake, at -196 °C and 20 bar, are between 7 and 8 wt%.2% 118, 122, 123
Hydrogen storage capacities of the PPY/SD and PPY/H carbons was
determined at -196 °C and in the pressure range 0 - 100 bar using a
gravimetric method on a Hiden XEMIS sorption analyser following the
procedure discussed in Chapter 2. The assessment conditions (at -196 °C
and 0 - 100 bar) were chosen due to the fact that cryo-storage has recently
received strong consideration as being viable for low-pressure vehicular

hydrogen storage.24-127

The hydrogen uptake isotherms of the present PPY/SD and PPY/H carbons
are presented in Figure 7.55 and Figure 7.56, respectively, and Table
7.10 summarises the hydrogen storage capacities for both sets of carbons
(PPY/SD and PPY/H). The hydrogen uptake isotherms are completely
reversible with no hysteresis in the pressure range 0 -100 bar. For porous
materials, it is known that the cryogenic hydrogen storage capacity requires high
surface area and that narrow micropores (~0.7 nm) are the most efficient
hydrogen storage spaces.3”: 117 119, 128-135 Therefore, in order to improve the
hydrogen adsorption capacity, activated carbons with ultrahigh surface area and
appropriately sized pores are required. Thus, in this study, only PPY/SD and
PPY/H samples with high surface area = 3000 m? g-! have been investigated for

hydrogen storage.

The hydrogen storage capacity at 1 bar ranges between 2.7 wt% and 3.6 wt%
for PPY/SD samples, while for the PPY/H samples it is somewhat lower at 2.3 to

2.8 wt%. An uptake of 3.6 wt% at 1 bar for sample PPYSD124800 is very high
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and one of the highest ever reported for carbons. 18 21, 69, 80, 98, 101, 122, 123, 130, 136-143
The uptake at between 20 bar and 40 bar is an often used measure of a carbons
efficiency for hydrogen storage under low to moderate pressure. As shown in
Table 7.10, at 20 bar, the excess hydrogen uptake of the selected carbons
varies between 5.3 and 6.3 wt% for PPY/SD carbons, and 5.0 to 5.6 wt% for the
PPY/H set. For PPY/SD carbons activated at 800 °C and KOH/precursor ratio of
4, the excess hydrogen uptake at 20 bar appears to be determined by several
factors; (i) the total surface area with uptake of 6.3 wt% for the highest surface
area sample (PPYSD124800), followed (according to the trend in decreasing
surface area) by PPYSD114800 with 5.4 wt% and PPYSD214800 with 5.3 wt%;
(ii) the trend in micropore surface area, which decreases in the same manner as
the hydrogen uptake, and (iii) the PPY:SD ratio in the precursor mix with greater
amounts of sawdust appearing to favour higher hydrogen uptake. This may
simply be due to the fact that greater amounts of sawdust in the precursor mix
lead to higher levels of microporosity, but may also be related to the amount of
N in the final activated carbons. Furthermore, by considering the isosteric heat
of hydrogen adsorption and excess hydrogen uptake on N-free or N-doped
carbons, it is shown that N-doping can be beneficial at lower coverage (low
hydrogen uptake) but is detrimental at higher coverage (higher hydrogen
uptake). The findings are consistent with previous theoretical predictions on the
effect of N-doping of carbon on hydrogen uptake. The findings, therefore, add
new insights that are useful for the development of carbon materials with

enhanced hydrogen storage capacity.!'”

A comparison between sample PPYSD114900 and PPYSD114800 shows that a
rise in the activation temperature from 800 °C to 900 °C (at PPY:SD ratio of 1:1)
improves the excess hydrogen uptake at 20 bar due presumably to higher total
surface area of the sample activated at 900 °C. In the same manner, a

comparison between sample PPYSD115800 and PPYSD114800 shows that a rise

482



in the KOH/precursor mix ratio from 4 to 5 (at PPY:SD ratio of 1:1) also improves
the excess hydrogen uptake at 20 bar due to the higher total surface area of
PPYSD115800. These trends emphasise the importance of total surface area
rather than just micropore area, in determining the excess hydrogen uptake of
the carbons at 20 bar. The importance of total surface area is underlined by
considering the trends in hydrogen uptake at 20 bar for the PPY/H set of carbons
wherein the uptake follows the trend in total surface area, i.e., sample
PPYH114800, which has the highest surface area (3815 m? g!) exhibits the
largest uptake (5.6 wt%), while PPYH214800 and PPYH114900 with comparable
surface area (3583 m? g! and 3592 m? g, respectively) have similar uptake of

5.0 wt%.

As shown in Figure 7.55 and Figure 7.56, the carbons achieve their
maximum excess uptake at ca. 4 bar. The excess uptake at 40 bar is
summarised in Table 7.10 and generally follows the trends discussed above for
uptake at 20 bar. The highest excess uptake at 40 bar is 6.6 wt for sample
PPYSD124800, while the lowest is 5.2 wt% for PPYH214800. The total hydrogen
uptake of the carbons, which is a key measure of the efficiency of hydrogen
storage, has also been determined as described in Chapter 2 and reported in

Table 7.10.

For PPY/SD carbons, the total hydrogen uptake at 20 bar is in the range 6.3 to
7.5 wt%. For PPY/H carbons, the total hydrogen uptake at 20 bar is in the range
6.0 to 76.6 wt%. Uptake of 7.5 wt% for sample PPYSD124800 is very impressive
and compares favourably with the best carbons reported so far. For context, we
note that amongst the best reported hydrogen uptake values under such
conditions (-196 °C and 20 bar) are; 7.03 wt%,3” and 7.3 wt%,?! for polypyrrole-
only derived activated and compactivated carbons, respectively, 7.08 wt% for a
carbon that was both physically and chemically activated,'?® 7.1 wt%, for a

sawdust-derived compactivated carbon,?! and 7.3 wt% for a zeolite templated
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carbon.'** It is therefore clear that the use of mixed precursors offers carbons
with hydrogen uptake that outperforms all previously reported materials
generated singly from polypyrrole or sawdust. At 40 bar, for PPY/SD carbons,
the total hydrogen uptake is in the range 7.8 to 9.4 wt%, while for PPY/H
samples it is 7.7 wt% to 8.7 wt%. A total hydrogen uptake of up to 9.4 wt% at
40 bar is all round very impressive and outperforms that of materials prepared

singly from polypyrrole or sawdust.
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range of 0-100 bar for PPY/hydrochar-derived activated carbons.
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Table 7.10: Excess and Total H2 uptake at -196 °C and various pressures

for selected ultrahigh surface area activated carbos.

Sample @ Surface Area ®? H> Uptake ¢
(m2gt) (Wt%)

1 bar 20 bar9 40 bar?
PPYSD214800 3085 (452) 2.7 5.3 (6.3) 5.5 (7.8)
PPYSD114800 3279 (1015) 2.7 5.4 (6.4) 5.6 (7.8)
PPYSD124800 3477 (1356) 3.6 6.3 (7.5) 6.6 (8.9)
PPYSD114900 3563 2.7 5.8 (6.8) 6.2 (9.4)
PPYSD115800 3458 (125) 2.9 5.6 (6.6) 5.8(8.3)
PPYH214800 3583 (887) 2.5 5.0 (6.0) 5.2 (7.7)
PPYH114800 3815 (377) 2.8 5.6 (6.6) 5.9 (8.7)
PPYH114900 3592 (355) 2.3 5.0 (6.0) 5.3(8.2)

@ Activated carbons with highest surface area.
bThe values in the parenthesis refer to micropore surface area.

¢ Excess H; uptake (in wt%) at -196 °C.

9The values in the parenthesis refer to Total H, uptake.
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7.7 Conclusions

Homogeneous activated carbons were successfully prepared from premixed
precursors containing polypyrrole and sawdust or sawdust derived hydrochar.
The sawdust was either added to the polypyrrole directly or following conversion
(via hydrothermal carbonisation) to hydrochar. The properties of the carbons
prepared from premixed precursors were compared to those of carbons
generated singly from each of the precursors under similar activation conditions.
The premixed precursors offer carbon materials with ultrahigh surface area (up
to 3815 m? g1) and pore volume (up to ~2.6 cm?3 g') comprising of mainly two
pore systems; one pore size system in the micropore range (6 - 12 A) and the
other in the mesopore range (22 - 35 A). The mix of mesoporosity and
microporosity is such that some samples are predominantly mesoporous
depending on the composition of the premixed precursor and activation
conditions. Firstly, in general, carbons prepared from polypyrrole and sawdust
have greater porosity with higher surface area and pore volume than those
generated from polypyrrole and sawdust hydrochar. Secondly, in general, higher
amounts of polypyrrole favour greater mesoporosity. Thirdly, the highest
proportion of microporosity is generated for samples with greatest amount of
sawdust hydrochar in the precursor mix. The choice of precursor mix is therefore
key to tailoring the porosity of the carbons. The N-content of the carbons was
found to be dependent on the amount of polypyrrole in the precursor mix.
However, the N-content was generally low to very low and did not appear to

have any direct influence of the gas uptake properties of the carbons.

The mesoporosity of the carbons is found to be ideal for CO2 uptake under
conditions that closely mimic pre combustion carbon capture and storage, i.e.,
25 °C and pressure of 20 to 40 bar. The best performing carbons are found to

be those that have a near total absence of micropores; microporosity appears to
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limit high pressure CO> uptake. The gravimetric (mmol g*) CO> uptake capacities
obtained for the carbons are among the highest ever reported for porous
carbons. The carbons also exhibit excellent excess hydrogen uptake of up to 3.6
wt% and 6.3 wt% (at -196 °C and 1 or 20 bar, respectively), which translates
to total uptake of 7.5 wt% (at -196 °C and 20 bar). The best performing carbons
achieve up to 9.4 wt% total hydrogen storage at 40 bar, which is much higher

than that of many currently available benchmark materials.
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Chapter 8. Conclusion and
Further Work

8.1 Conclusion

In summary, in this thesis, the development of nanostructured carbonaceous
materials (activated carbons or zeolite templated carbons), with high and
ultrahigh surface area, tuneable porosity, and promising CO2 and H2 storage

capacities, have been successfully obtained and investigated.

Synthesis Routes

Porous nanostructured carbon materials have been synthesised using three

synthesis routes;

1. Zeolite templated carbons (ZTCs), via a nanocasting technique using
zeolite 13X and zeolite Y as hard templates. The effects of zeolite
compaction before use as hard templates was investigated through the
compression of powder forms of zeolites at 370 MPa (equivalent to 5
tonnes) or 740 MPa (equivalent to 10 tonnes) prior to their use as

templates.

2. Activated carbons using KOH as activating agent with a variety of carbon
precursors, including Eucalyptus wood sawdust biomass, polythiophene

and polypyrrole. The activated carbons prepared via two different routes;
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The properties of generated carbon materials (activated carbons or zeolite
templated carbons) was effected by many factors, which were examined by

many characterization techniques as shown in Figure 8.1.

CHN
XPS
ICP-OES

Synthesized
Carbon
Materials

COz uptake
Hz uptake

Figure 8.1: Schematic of investigation steps of synthesised carbon
materials

Chapter 3, explores the use of zeolite Y and zeolite 13X compacted at 370
MPa or 740 MPa as hard templates for the preparation of pelletized zeolite
templated carbons (ZTCs). The templating process involved liquid
impregnation of zeolite 13X with furfuryl alcohol followed by chemical vapour
deposition (CVD) of ethylene at variable CVD temperatures. The use of

compacted zeolite pellets results in pelletized ZTCs that simultaneously
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exhibit higher porosity and higher packing density, which translates to highly

enhanced volumetric gas (H2 uptake and CO:2 capture).

In Chapter 4, activated carbons derived from a sulphur-rich polymer
(polythiophene. PTh) as a carbon precursor have been successfully
synthesized by one-step chemical activation using KOH as activating agent.
The activation process was performed for 1 h under nitrogen atmosphere,
KOH/PTh weight ratio of 2:1 and various reaction temperatures in the 600-
800 °C range. Conventional activated carbons obtained at 800 °C (sample
PT2800) have high surface area of up to 2035 m2g!, pore volume of up to
1.3 cm3g! with micropores of size 0.7 nm - 1.1 nm, and achieve excess
hydrogen uptake of 4.2 wt% at -196 °C and 20 bar. Sample PT2800 also
exhibits attractive excess CO2 uptake; 21 mmol gt (at 25 °C and 40 bar),
19 mmol g (at 25 °C and 20 bar), and 25 mmol g! (at 0 °C and at 20 bar).
On the other hand, compactivated carbons, prepared via a route that
includes compaction of the polythiophene at load of 10 tonnes equivalent to
compression pressure of 740 MPa prior to activation, exhibited higher
porosity. The compactivated carbon prepared at 800 °C (sample PT2800P)
has surface area and pore volume of 2250 m2gt and 1.6 cm3g!, respectively
but with no change in the micropores size range of 0.7 nm - 1.1 nm. The
higher porosity resulted in an increase in gas uptake; excess hydrogen
storage capacity at -196 °C and 20 bar of 4.8 wt%, with CO2 storage capacity
of 21 mmol gt (at 25 °C and at 20 bar) and 29 mmol g at 0 °C. Their ease
of preparation and high uptake makes the polythiophene-derived carbons

attractive for hydrogen and CO: storage.

In Chapter 5, novel mechanochemical activation generates biomass-
derived carbons with unprecedented CO: storage capacity due to higher

porosity than analogous conventionally activated carbons. The
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mechanochemical activation, or so-called compactivation, process involves
compression, at 740 MPa, of mixtures of activating agent (KOH) and biomass
hydrochar into pellets/disks prior to thermal activation. Despite the increase
in surface area and pore volume of between 25% and 75% compared to
conventionally activated carbons, virtually all of the porosity of the biomass
(sawdust and lignin) derived mechanochemically activated carbons is from
small micropores (5.8-6.5 A), which results in a dramatic increase in CO:
storage capacity at 25 °C and low pressure (<1 bar). The ambient
temperature CO2 uptake for a carbon derived from sawdust at 600 °C and a
KOH/carbon ratio of 2, rises from 1.3 to 2.0 mmol g at 0.15 bar, and from
4.3 to 5.8 mmol g —1 at 1 bar, which is the highest ever reported for
carbonaceous materials. The mechanochemically activated carbons have a
superior CO2 working capacity for pressure swing adsorption and vacuum
swing adsorption processes and, due to a high packing density, they exhibit
excellent volumetric COz uptake that is higher than for any material reported

to date.

In Chapter 6, activated carbons were successfully produced from
eucalyptus sawdust wood biomass using KOH as activating agent at different
ratio (2 or 4) and different activation temperature (600 °C, 700 °C, or 800
°C) via direct activation offering the advantages of simplicity, lower cost and
a greener more sustainable synthesis route, and have properties that are
similar or superior to analogous carbons prepared via conventional methods
which negates the need for hydrothermal carbonisation or pyrolysis. In
particular the textural properties and level of graphitic ordering was found
to be similar to that of conventionally generated activated carbons. The
nature of the direct activation, however, generated carbons with a monolith-
like particle morphology. Depending of the activation conditions, the porosity

of the directly activated carbons can be tailored to primarily arises from pore
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channels of size 5 & - 7 & pores, which favour post-combustion CO2 uptake
and thus the carbons capture up to 1.3 mmol g and 4.6 mmol g! at 0.15
bar and 1 bar, respectively, and 25 °C. At higher levels of activation, directly
activated carbons with greater proportion of larger micropores (10 & - 20 A
pores) and small mesopores (20 A - 30 A pores) can be generated that have
optimized CO2 uptake at moderate to high pressure, for example up to 22

mmol g at 20 bar and 25 °C or 31 mmol g at 20 bar and 0°C.

Chapter 7, reports the preparation of high to very high surface area activated
carbons (up to 3815 m? g!) and pore volume (up to ~2.6 cm? g') comprising
of mainly two pore systems; one pore size system in the micropore range
(6 - 12 A) and the other in the mesopore range (22 - 35 &), from premixed
precursors containing polypyrrole and sawdust or sawdust derived hydrochar.
The carbons were prepared via two ways, namely (i) direct activation of
mixtures of polypyrrole and sawdust, or (ii) conversion of sawdust to
hydrochar followed by activation of polypyrrole/hydrochar mixtures. The
activation conditions (i.e., amount of activating agent KOH, ratio of
polypyrrole to sawdust or sawdust hydrochar and activating temperature)
were varied as a means of targeting porosity and elemental compositions
(i.e., N content) in an attempt to generate materials that are suitable for CO2
or hydrogen uptake. The mix of mesoporosity and microporosity is such that
some samples are predominantly mesoporous. Carbons prepared from
polypyrrole and sawdust have greater porosity (higher surface area and pore
volume) than those generated from polypyrrole and sawdust hydrochar, and
higher amounts of polypyrrole favour greater mesoporosity. On the other hand,
the highest proportion of microporosity is generated for samples with greatest
amount of sawdust hydrochar in the precursor mix. The best performing carbons
for CO2 uptake at moderate pressure (20 — 40 bar) and room temperature are

those that have a near total absence of micropores; microporosity appears to
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limit high pressure CO> uptake. The gravimetric (mmol g*) CO> uptake capacities
obtained for the carbons are among the highest ever reported for porous
carbons. The carbons also exhibit excellent excess hydrogen uptake of up to 3.6
wt% and 6.3 wt% (at -196 °C and 1 or 20 bar, respectively), which translates
to total uptake of 7.5 wt% (at -196 °C and 20 bar). The best performing carbons
achieve up to 9.4 wt% total hydrogen storage at 40 bar, which is much higher

than that of many currently available benchmark materials.

502



= (09)0°S 1°0C 9'C og/gz/er/8/s | (s1°0) sz'z | (ss€) zese - 006¥TTHAdd juabe uoneanoe

se HOM pue siosindaid

= (979) 9°¢ 8°0¢ ¢ 8¢/c1/8/9 (91°0) 8T°C | (££€) S18€ - 008+ TTHAdd uogJed se djoi1AdAjod

pue JeydoipAy aAi3dadsal

= (979) 9 G'1C 9'C 8¢/t1/8/9 (s0°0)s6'T | (SeT) 8sve - 008STTASAdd S)I pue jsnpmes Buisn

sSuoqgaed paleAl}d

- |wavs| soz 6C ce/en/g/o | (6£70)0r'1 | (stom) 6zze | - | oospriasadd Qe

- - L'1T 0°€ 0£/21/8 (9c70) 08'T | (¥69) €842 - pospas |  Hudbe uoneAnde se HOX

pue s10sindaud uoqued

- - 8'1¢C LT 0£/21/8 (oc0) o1’z | (84%) 086C - aoos+as se TeUP0IpAY aAIadsal

= ” a . 3 . B e S} pue i3snpmes bBuisn

1°8T 9°¢ se/er/L (0z0) ov'1T | (21ST) £££C 0082¢as A Y

- - G/T 9°¢ 0c/zt/L (06°0) 0T'T | (€26T) PLEC - aooszas 9 1oxdey)

jusbe uonealde

- - 8°CT Sy 21/6/L/9 (16°0) z0'T | (6807) PTee - dJoogz1 se HOM pue Josindaid

uogJed se 7 ujubj|

pue @s 3snpmes buisn

- - 91T €q G'8/S°9 (09°0) 20 | (8S2T) €TET - d0s9¢as suoq.ed pajeAndedwo)

G 191dey)

juabe uoneAloe se

- 8y T'1¢ 48> 8'11/9'8/¢£ | (06°0) v¥'T | (¥96T) 0SCT - d008c¢1d | HOM pue Josinda.d uogied

e se suaydoiyiAjod buisn

suoq.ed pajeArpedwo)

- 44 88T P'E 6L 11/8/v'9 | (69°0) 0€'T | (41#T) SE0T - 00871d pue pajeAldy 102117

¥ 1odey)

(8€) 9v | (5°5) 9'9 | (899) 0'zz | (64) 9C er/se| (00°T) 9s°T | (8vve)TeoE | vv'0 dIEVAXETZD (501

(T ve | () ss | (09€) 98T | (8¥) ST er/s L | (s60)0eT | (Tvee) 2oL | 69°0 13V4XETZD uonpedwo)d) seje|dwsa)

B B . T 5 = S . ——= | piey se Az pue Xg1Z buisn

(re8) 21 | (L6) ST ve/s'11/8 | (99°0) 62°T | (ET¥T)L68T | 880 | e e e o

- - (e4v) T°€T | (TOT) 8°C ve/er/s e | (620)cet | (109T) 8502 | 280 IXETZD T odep)

7_@ 0pIM deq 0¢ deq 1

(5.6 joww) (-6 joww) (v) (-6 cu0) (z-6 ;w) (¢-wd B)
Ausua@

aeydn zH axe1dnzod 9zIS a10d 3WN|OA 310d ealy soeuns | Gupped s|dwes Jlaquinp J9ydey)d

‘sanaldold J19yy yum sojdwes buiwaoyiad 3s9q ayy pazilewwns 1 g8 a|qel

503



8.2 Further Work

There are several areas that are worthy of additional investigation in this
thesis such as; the effect of varying the experiment parameters on the
produced carbons, applying additional techniques and exploring other

possible applications.

The experiment parameters that might be explored include; KOH was used
as activating agent, but there is scope to investigate other possible activators
that may be milder and more amenable to generating targeted pores. The
environmental impacts of the activation agent can be minimized by choice
of a less corrosive substitute. It may also be interesting to study the effect
of non-carbon impurities before HCI washing on CO2 and H2 adsorption, and

also to study the effect of heating ramp rate of activation process.

Additional techniques that could be used to investigate the produced carbons
include SEM combined with EDX to study the non-carbon residues. Copley
Tapped Density Tester could be used to study the Tapped Density. Bulk
density measurements by using a Micromeritics AutoPore IV. X-ray
fluorescence analytical technique (XRF) could be used to determine the

elemental composition of the carbons materials.

Several possible applications of activated carbons and zeolite templated
carbons can be highlighted for future research such as; pelletized ZTCs which
possess very high surface area and excellent mechanical stability, which can
be used for storage of other gases such as methane, acetylene and natural
gas, and separation of CO2 and methane. Using high surface area;
nanostructured activated carbons ACs, as electrode materials for
supercapacitors, due to their properties such as; large surface area, good

electrical conductivity and low manufacturing costs due to their synthesise
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from readily available, cheap and renewable waste materials. Furthermore,
the influence of porous structure on the electrochemical capacitive
performance could be investigated. The carbons can be studied as air filters
to remove undesired compounds or as odour reduction from the breathable

air.
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