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Abstract

Atmospheric levels of CO; have increased from 275-285 ppm prior to the industrial revolution,
to 400 ppm in 2013. CO; and other greenhouse gases (GHGs) have been implicated in global
warming, and climate change. Due to increasing environmental, social and economic pressures,
the release of anthropogenic CO2; must be minimised. The work described in this thesis focuses
on the development of solid carbon adsorbents and adsorbent supports for the post-combustion
capture of CO; from coal fired power plants. One of the major hurdles for the implementation of
adsorbent-based carbon capture technology is the cost of the adsorbent. With this in mind, the
objective of this research was to investigate the potential to convert inexpensive and readily
available Victorian brown coal (VBC) into activated carbons (AC) for application as CO:

adsorbents.

Three series of microporous ACs (miACs) were produced from VBC and VBC-derived chars by
either chemical or physical activation at 1073 K in a fixed-bed reactor. Physically activated
miACs were produced using mild steam gasification conditions for extended time periods to
encourage the development of micropores. Chemical activation was undertaken using KOH as
the activating agent at doping levels < 10 wt%, followed by carbonisation. A further two series of
mesoporous ACs (meACs) were prepared by catalysed steam activation using lanthanoid oxide
catalysts of the form LniO, (where Ln was Ce or La), to produce materials with larger pore
diameters amenable for subsequent amine-modification. Several of the most promising ACs

were further investigated as supports for polyethylene imine (PEI).

All the materials prepared using these methods were thoroughly characterised in terms of their
chemical composition, surface chemistry, physicochemical structure and surface morphology
using a combination of analytical techniques, including x-ray photoelectron spectroscopy (XPS),
near edge x-ray adsorption fine structure (NEXAFS) spectroscopy, Raman spectroscopy, powder
x-ray diffraction (P-XRD), gas physisorption and transmission electron microscopy (TEM). The
gas separation behaviour of the carbon adsorbents was evaluated using a thermogravimetric
analyser equipped with a gas dosing manifold to simulate the partial pressure conditions that
would occur in a vacuum swing adsorption (VSA) process. The measurements were undertaken
using gas mixtures of Ar and CO, in a procedure that is referred to as partial pressure swing

adsorption (PPSA).
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Several promising miACs were identified through the PPSA studies. Two of the miACs in
particular (AC-90 and AC-K10), outperformed a leading commercial carbon (AC-N) for CO-
adsorption at all temperature and CO- partial pressure conditions investigated, despite having
smaller pore volumes. Intensive surface chemistry studies using XPS and NEXAFS spectroscopy
revealed that the surface of AC-90 and AC-K10 possessed much higher concentrations of
hydroxyl and carboxylic acid species than AC-N, which increased the affinity of the surfaces of
these ACs for CO;. This clearly highlighted the importance that AC surface chemistry can play in
adsorption processes, a fact that is often overlooked. Importantly, PPSA studies performed in the
presence of H0, revealed very little competitive adsorption over AC-90, whilst AC-K10
exhibited significant competitive adsorption with H,0. The results for AC-90 were interesting, as
ACs that adsorb appreciable amounts of CO; also adsorb significant amounts of H20. This may
make the VBC derived carbons attractive for industrial scale CO; separation, on account of their

relatively high CO; adsorption capacity and low cost.

In an attempt to further develop the mesoporosity of the ACs, LnO, was used to catalyse partial
oxidation reactions during the gasification of VBC. However, this approach was not as successful
as had been desired. Through the development of protocol to post-synthetically remove the
LnyOy using H2S04, it was found that much of the mesoporosity of similar materials presented in
the literature was actually due to the porosity inherent to the LnOy itself. From the PPSA
studies, the Ln-meACs exhibited lower CO, adsorption relative to the miACs. This was not
surprising on account of the differences in surface chemistry and pore structure existed
between the miACs and meACs. Selected carbons were used as supports for polyethylene imine
(PEI). All of the PEI-AC composites exhibited higher CO; capacities than their corresponding
support materials. However, post-synthetic vacuum treatment of the PEI-AC composites
reduced the CO, adsorption capacity, possibly by drawing the PEI deeper into the carbon pores,

leading to stronger interactions between the PEI and the carbon such that the PEI mobility is restricted.

The ACs presented in this thesis were produced from VBC which is a readily available, easily
accessible and inexpensive starting material. Several promising carbon adsorbents for CO, were
identified and found to outperform a leading commercial carbon. Moreover, many of the ACs
that showed high CO; adsorption capacity did not undergo competitive adsorption with H,0
which may indicate their potential for industrial scale CO, capture. The viability of these
materials should be investigated further in bench scale studies. It is likely that further
improvements to both the development of the pore structure and the surface chemistry of the

ACs could be achieved through adjustments to the activation process, such as gasification rate.




Abbreviations

AC Activated carbon

AC-N Commercially available Norit R230C02 activated carbon
AS Australian Synchrotron

BET Brunauer, Emmett, Teller

BJH Barrett, Joyner, Halenda

CCS Carbon capture and storage

CH Char

CHLR Run of production char produced using a Lurgi Retort
CHRK Char produced using a Rotary Kiln
CMS Carbon molecular sieves

CO. Carbon dioxide

DETA Diethylenetriamine

DFT Density functional theory

DR Dubinin-Radushkevich

EDX Electron dispersive X-ray

ESA Electrical swing adsorption

EtOH Ethanol

GHE Greenhouse effect

GHG Greenhouse gas

GHGs Greenhouse gases

HAADF High angular annular dark field

HMS Hexagonal mesoporous silica
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HP
HRTEM
IEA

IR

IR
[IUPAC
KIT-6
Ln
Ln-meAC
LPH
MCEM
MCF
MCP
MCM-41
MCM-48
MEA
meAC
MeOH
miAC
MOF
NEXAFS
NMR
NOx
P/P,
PEHA
PEI

PEY

High precision

High resolution transmission electron microscopy
International Energy Agency

Infrared

Infrared

International Union of Pure and Applied Chemistry
Korean Advanced Institute for Science and Technology mesoporous silica
Lanthanide, La or Ce

Lanthanide catalysed physically activated mesoporous carbon
Low pressure hysteresis

Monash Centre for Electron Microscopy

Mesocellular Siliceous Foam

Microchannel plate

Mobil Composition of Matter No. 41, mesoporous silica
Mobil Composition of Matter No. 48, mesoporous silica
Monoethanolamine

Mesoporous activated carbon

Methanol

Microporous activated carbon

Metal organic framework

Near edge X-ray absorption fine structure

Nuclear magnetic resonance

Nitrogen oxides (NO or NO7)

Relative pressure

Pentaethylenehexamine

Polyethyleneimine

Partial electron yield
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PPSA Partial pressure swing adsorption

PSA Pressure swing adsorption

PSD Pore size distribution

P-XRD Powder X-ray diffraction

SBA-15 Santa Barbara Amorphous type material No.15, mesoporous silica
SBA-16 Santa Barbara Amorphous type material No.16, mesoporous silica
STEM Scanning transmission electron microscopy

STP Standard temperature and pressure

SXR Soft X-ray

TEM Transmission electron microscopy

TFY Total fluorescence yield

TGA Thermogravimetric analysis

TOs3 Silica or aluminosilicates

TSA Temperature swing adsorption

v/v Volume for volume

VBC Victorian brown coal

VBCB Victorian brown coal briquette

VSA Vacuum swing adsorption

w Micropore width

wt% Weight percent

XAS X-Ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy
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Introduction

1.1 General Introduction

The objective of this project was to develop solid carbon adsorbents and adsorbent supports for
the post-combustion capture of CO; for carbon capture and storage (CCS). Possibly the greatest
hurdle in the implementation of CCS utilising solid adsorbents has been adsorbent cost.
Compared to many other adsorbents carbons can be made in a very inexpensive manner from
waste materials. From the standpoint of local resource utilisation, brown coal in Victoria
(Australia) is cheap and readily available, and as will become clear throughout this thesis can be

used to produce high quality carbon adsorbents for CCS.

1.2 Climate Change

Over the last 200 years since the beginning of the industrial revolution anthropogenic CO; has
been released into the Earth’s atmosphere at ever increasing amounts. Atmospheric levels of

CO; have increased from 275-285 ppm prior to the industrial revolution, to 400 ppm in 2013
[1].

The first indications of the greenhouse effect (GHE) were noted by French mathematician
Joseph Fourier in 1827 [2]. There he noted that the Earth was warmer than expected due to the

radiation from the Sun alone, though he did not attempt to give a reason a why this might be.

In the 1850s an Irish physicist by the name of John Tyndall [3] wrote a series of papers on the
absorption of infrared (IR) radiation by water vapour, CO; and other gases; now collectively
referred to as greenhouse gases (GHGs). He also noted that these gases were predominately
transparent to the ultraviolet radiation from the Sun, and that these two phenomena could
cause increases in the Earth’s temperature. Tyndall is generally accepted as being the first

person to propose the concept of the GHE, shown in Figure 1-1. In the late 1890s Svante

-11-



Arrhenius published further work on the GHE elaborating on the work of Tyndall and on the
potential effects the GHE would have on the overall climate of the planet [4]. A great deal more
work was also carried out by numerous scientists in a multitude of fields throughout the 1900s
[5-14], most of which; like those of the 1800s were generally ignored and indeed forgotten
about. Thus the GHE and human involvement, leading to global warming is by no means a new

concept.

It is for this reason that the release of GHGs must be brought under control. Of the proposed CO>
mitigation strategies that will be discussed herein the capture aspects of carbon capture and
storage (CCS) will be the primary focus. The storage aspects will be discussed only in passing as

they are of no particular relevance to this proposal.

There is much conjecture over whether or not climate change is caused by human action or
merely a naturally occurring cycle of the planet. The purpose of the work entailed herein is not
to convince anyone that the present climate changes being observed are in fact human caused, it
will simply treat climate change as a matter of fact. Where reference is made to increases in
atmospheric CO; or other GHGs throughout this document, unless otherwise stated are with

respect to anthropogenic increases only and not those due to natural phenomena.

The greenhouse effect
e most escapes to

outer space, allowing the
Earth to cool...

o ... but some infrared

Infrared radiation is trapped by gases in
radiation (IR) the air (including CO,),
is given off by keeping the earth warm
the Earth... enough to sustain life.

0 Sunlight

passes through
the atmosphere
and warms the
earth.

9 ENHANCED
GREENHOUSE EFFECT
Increasing levels of CO,
increase the amount of
heat retained, causing the
atmosphere and Earth’s
surface to heat up.

@ CO2CRC

Figure 1-1 ~ The Greenhouse Effect

(Reproduced with permission from the CO2CRC Ltd)
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1.3 CO: Mitigation Strategies

There are many strategies for the mitigation of anthropogenic CO, these being as varied as the
situations in which they are to be applied. Such strategies fall into one of three categories as

outlined below:

1. Alternative Fuels - the use of fuels with a low or neutral carbon footprint. Nuclear fission itself
produces little CO itself, but does produce some in ancillary processes such as fuel and waste
transport [15]. Renewable fuels are fuels with biomass feedstock’s, that are processed via many
different means to obtain the final fuel, such as gasification for H, production [16], pyrolysis for
oil production [17, 18]. Through the production of the biomass (plant growth, CO, negative) and
processing (i.e. fermentation, CO, negative) a fuel can be prepared for use with conventional
technologies, producing CO; as has been done since the industrial revolution, but with a low

carbon footprint.

2. Process Engineering - Through the use of alterations to already existing industrial processes,
reduction in anthropogenic CO, can be achieved [19, 20]. This can be achieved, for example,
through the use of heat integration [21] and, waste stream recycling [21] to improve the

efficiency of energy recovery [19].

3. Carbon Capture and Storage - Carbon capture and storage (CCS) is a group of technologies
used for the separation and sequestration of CO; produced by industrial processes [22-27].
Carbon capture is the primary focus of this thesis and will be elaborated on in the following
section. The sequestration of CO; is proposed to be undertaken in empty gas wells), marine

aquifers and abandoned oil wells or those in the end-stages of use (enhanced oil recovery, EOR)

[28].

As mentioned, of the three categories mentioned above, carbon capture and storage is the

primary focus of this thesis and as such the following discussion will cover this is more detail.

1.4 Carbon Capture & Storage (CCS)

Carbon capture and storage (CCS) is presently thought to be a suitable means to mitigate
anthropogenic CO, emissions from point sources. Rather than a single technology, CCS is
composed of a number of technologies that must be integrated to facilitate the capture,
transport and storage of CO,. A diagram that clearly illustrates how these technologies can fit
together is shown in Figure 1-2. As this project has been aimed at capture, storage will not be

discussed, as it is beyond the scope of this thesis.
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As indicated in Figure 1-2, CCS processes focus on the capture of CO; from point sources such as
power plants. In Victoria (Australia), coal-fired power plants are the major source of electricity
generation. Flue gases generated from the combustion of coal contain between 15-16% CO; and
are a major contributor to greenhouse gas emissions in the State. There are four main groups of

technologies that show potential for CO, capture are:

Cryogenic Separation [26, 27, 29]
Solvent Absorption [26, 27, 29-34]
Solid Adsorption [26, 27, 29, 35-37]

B W bR

Membrane Separation [26, 27, 29, 36, 38]

The work contained herein focuses on the adsorption of CO, by solid adsorbents. However
absorption by solvents will also be discussed briefly, as the chemical reactions between CO, and
amine-based solvents are relevant to understanding the CO, capture properties of certain

amine-modified adsorbents (discussed later).

® COZCRC

Figure 1-2 ~ General Process of Carbon Capture and Storage (CCS)

(Reproduced with permission from the CO2CRC Ltd)
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1.5 Gas Adsorption and Separation

Adsorption from solution has been known since ancient Egyptian times, but it was not until the
late 1700’s that a scientific understanding of adsorption began to be developed [39]. Although a
scientific understanding had started to be developed it was not until 1918 that Irving Langmuir
published his groundbreaking work on monolayer adsorption [40]. This was the first time a
fully realised theory had been developed that was able to unify experimental observations with
theoretical predictions. For this and other works in surface chemistry Langmuir was awarded
the 1932 Nobel Prize in chemistry [39]. Over the subsequent decades a great deal of
development in both the theoretical and practical aspects of adsorption was achieved [41, 42].
Brunauer, Emmett and Teller developed the first mathematical model to explain pore
condensation, allowing for the first accurate determination of surface area using the now
famous and widely used BET equation (section 6.6.3.2.1, equation 6-1)[43]. The BET equation
and the subsequent models developed to explain adsorption phenomena have allowed for the
determination and quantification of characteristics important in adsorbent development and
deployment. Textural characteristics such as the pore volume, shape and diameter that are
important in predicting adsorption behaviour; are important in part due to the development of
such theories. An integral part of the theoretical understanding of adsorption is grounded in the
thermodynamic quantities used to explain the adsorption phenomena, such as the heat of
adsorption (AHags). The most prominent thermodynamic description being given by the Gibbs

[44, 45] free energy equation (equation 1-1) shown below:

AG = AH —TAS 1-1

where AG is the change in free energy, AH is the change in enthalpy or heat (in this case the heat of

adsorption), T is the absolute temperature (K), and AS is the change in entropy.

The Gibbs free energy equation describes how the free energy of a system relates to the
entropy, enthalpy and temperature [44]. For a process to be thermodynamically favourable, the
change in the free energy of the system must be negative. When using equation 1-1 to describe
an adsorption process at constant temperature, it tells us that there is a decrease in entropy. As
the gas molecules in the gas phase possess three degrees of freedom, upon adsorption they lose
a degree of freedom, hence the decrease in entropy. This makes sense as the change in enthalpy

is negative and for adsorption to occur the free energy changes must also be negative [46].

-15-



1.5.1 Adsorption: physisorption vs. chemisorption

The two major types of adsorption process that can occur are physisorption and chemisorption.
As they names imply physisorption is an entirely physical process, that is no chemical reaction
occurs; whilst for chemisorption a chemical reaction is taking place between a component of the
gas/vapour phase and the surface of the adsorbent [47, 48]. That is to say that in chemisorption
there is a sharing of electrons between the adsorbent and adsorbate, however, for physisorption
no such sharing of electrons takes place [47]. The two processes often occur concurrently and
can be differentiated by the heat of adsorption (AHags), with the AHags of a physisorption process
being between 20-40 k]J/mol and that of a chemisorption process being in the range 40-400
k] /mol [49]. The energies involved in a chemisorption process are clearly much higher than that
of physisorption, but this arises from the highly specific process occurring. As such the
selectivity of chemisorption towards a particular adsorbate or type of adsorbate is high [47, 48].
It is for this reason that chemisorbants have received a great deal of attention in recent years, as

shall be elaborated on later when amine functionalised adsorbents is discussed (section 1.7.3).

1.5.2 Gas Separation Mechanisms

Separation by adsorbents is achieved via one of three mechanisms, equilibrium, kinetic and

steric separation [50, 51].

Steric separation is a process involving the separation of gases according to their molecular size
and is a property intricately associated with the size of the adsorbent pores. Steric separation
has been demonstrated using zeolites, carbon molecular sieves (CMSs) and some other

adsorbents with molecular sieving properties [50].

Kinetic separation is achieved on the basis of differences in the rate of diffusion of the different
components of the gas mixture. Few industrially significant processes rely on kinetic over

equilibrium separation, however one that is well known is air separation [50, 51].

Equilibrium separation is based on an adsorbent surface affinity for different adsorbates in a
mixture. This strongly relies on interaction between the adsorbent and adsorbate such as
electrostatic interactions [50]. For example in the separation of an N,/CHs mixture over a
zeolite, the zeolite will have a higher affinity for N, compared to CHs as N; has a small
quadrupole moment that will allow it to have a higher affinity for the charged zeolite surface
through its cation. Similarly for an AC that the surface functional groups will play a significant

role in the interaction of the activated carbons (ACs) with the adsorbates [52, 53].
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1.6 Carbon Capture Technologies

1.6.1 CO: Capture by Absorption

The solvents used in CO, capture are commonly amine based due to the basic nature of the
amine groups reacting with the acidic nature of CO; gas. The mechanism of CO; capture is via
absorption rather than adsorption, as with adsorbent and membrane capture technologies.
With respect to CO; capture from a power plant, flue gas passes through a column (absorber)
containing the solvent (Figure 1-3). The pressure in the absorber is generally atmospheric, and
typically the working temperatures are in the range 263-353 K depending on both the
separation being undertaken and the solvent being used [27]. The CO; rich solution then flows
into a subsequent column (desorber) where the solvent is regenerated at increased
temperatures (up to 393 K), causing the release of the CO; from the solution [27]. The
mechanism of solvent regeneration is via increasing the temperature of the regenerator column,
whilst decreasing the pressure [26]. The most traditional solvent used has been
monoethanolamine (MEA) having been used in the chemical industry for over 60 years for CO;
removal from natural gas [54]. Furthermore, due to its long period of use the mechanisms
process issues for solvent based absorption are understood to a greater extent than for other

CO; capture technologies.

Other gases Captured CO,

DESORBER

«— Reboiler

«+— Lean solvent

CO,rich solvent —»

Figure 1-3 ~ Process of CO; capture via solvent absorption

(Reproduced with permission from the CO2CRC Ltd)
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Aqueous ammonia has also shown promise in several investigations for separation of CO; from
flue gas [34, 55-58]. The products of the reaction between CO, and ammonia are either
ammonium mono- or bicarbonate. The ammonium bicarbonate is the preferred product for the
Chinese fertiliser industry [56]. This unique method of fertiliser production was developed in

the 1950s by Dr. Dapong He, and uses coal steam gasification as a source of CO; [56].

Bai and Yeh (1997) investigated the potential of using ammonia scrubbing, already in place for
NOx removal from flue gas as a potential method for CO; removal [57]. For the 28% (w/w)
ammonia solution the CO; capacity was 0.9 Kg CO./g solution, which was well above the upper

limit of MEA of 0.36 kg CO2/kg solution (20% w/w MEA solution) [55, 59, 60].

Li et al (2003) investigated the use of aqueous ammonia not for absorption based capture of
COg, but as a novel method for fertilizer production [61]. Instead of regenerating the ammonia
solution, the ammonia bicarbonate precipitate was removed from the ammonia solution. The
emphasis of this work was on the solid material obtained, and much less on the CO; absorbed.

The best result obtained was ~50% capture from the CO; in the gas stream [61].

In a subsequent investigation Yeh et al (2005) showed that CO absorption using aqueous
ammonia of 7, 10.5 and 14% (w/w) resulted in CO; capacities (0.40, 0.53 and 0.68 kg CO;/kg
solution) comparable to those of MEA (0.36 kg CO2/kg solution, 20 vol.% MEA solution [55, 59,
60]). The heat of regeneration for aqueous ammonia has been shown to be 45% that of MEA.
However, the heat of formation for aqueous ammonia is much higher than that of MEA, so

recovery of the aqueous ammonia vapour is more energy intensive than it is for MEA [55].

However, alkanolamines and ammonia do not only react with the CO is solution, but also other
acid gases. It has been shown particularly in the case of MEA that acidic gases (e.g. SOx) must be

kept at levels below 10 ppm, as they form stable salts with the amine solvents [26].

1.6.2 CO: Capture by Adsorbents

Unlike absorption based capture by solvents the adsorption based capture of CO; by solid
adsorbents involves the physical adsorption of CO; onto the material. The identification of the
most desirable properties for such a material has been the subject of many investigations. These
are most commonly considered to be high surface area materials with a high degree of porosity.
Material porosity is divided into three classes, on the basis of pore diameter. The guidelines
generally accepted worldwide are those of the International Union of Pure and Applied
Chemistry (IUPAC). In the IUPAC Compendium of Chemical Terminology [62] the three classes
of porous material are microporous (<2 nm), mesoporous (2-50 nm) and macroporous (=50

nm).
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1.6.2.1 Mechanisms of Separation using Adsorbents

The mechanisms involved in adsorbent-based CO; capture are usually either temperature or
pressure driven, or a combination of these. These are referred to as “swing adsorption”
processes, on account of the temperature or pressure swing (abrupt change) which drives the
adsorption/desorption of the component of interest from the gas stream. There are other
variables that affect the adsorption/desorption of components of a mixed gas, but these are
functions of the material itself, such as pore size and structure, as well as diffusion through the

material, and are not covered here [42].

1.6.2.1.1 Pressure Swing Adsorption (PSA)

One of the first studies involving PSA as a form of carbon capture for CCS applications was
performed by the International Energy Agency (IEA, SR2 report, 1994)[63]. There it was found
that pressure swing adsorption (PSA) was not economically viable due to the high costs of gas
compression. This report was a major setback to PSA as a potential technology for CCS [42, 63,
64]. As stated one of the main drawback to the economic use of PSA is the cost of gas
compression, this is where VSA has shown to be superior to PSA, from a cost perspective [65]. In
PSA the gas being compressed is diluted by the components of the gas from which it must be
separated [42, 64, 65].

With respect to CO capture either the zeolite 13X [66-73] or activated carbon [66, 74-79] have
been the most commonly used adsorbents for PSA. With respect to equilibrium separation
(opposed to kinetic), it has been shown that zeolite 13X is a better sorbent than activated
carbon for CO; sorption [67].

In PSA the adsorption is carried out at greater than atmospheric pressure, the subsequent
desorption step is then carried out at atmospheric pressure. The pressure change being the
driving force for the separation of the components of the gas. The first and simplest example of
the industrial use of a PSA process was invented by Skarstrom in 1960, and later patented by
Exxon. This method was aimed primarily at the separation of N from air [80]. A typical PSA

cycle for the separation of CO; from flue gas consists of four main steps:

1. Pressurization
2. Adsorption
3. Depressurization/Blowdown

4. Desorption/Regeneration/Purge
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The PSA process is further outlined in Figure 1-4A. This is however far more advanced than the
simple two bed method of Skarstrom, but is commonly used as an example in order to allow

clarity of the steps in the PSA process.

NZ N2 N2
1 2 3 4 1 2 3 4
Feed Feed Co, CO3/N; Feed CO, CO;
Gas Gas Gas
(A) (B)

Figure 1-4 ~ Schematic Representation of the PSA & VSA Processes.(A) PSA Process, (1) Feed gas flows onto
column, (2) CO; is retained, N product flows through and out of the column, (3) CO; product is recovered
from the, (4) N, purge helps remove remaining CO; from column. (B) VSA Process, (1) Flue gas feeds onto the
column, (2) N; product flows through and out of the column, (3) CO; is recovered from the column, (4)
Column repressurisation (with CO;).

PSA that utilises the sorbent material in the form of packed beds of pellets or beads can suffer
from pressure drops across the column and are subject to substantial heat and mass transfer
limitations [81, 82]. By using monoliths the pressure drops associated with packed beds can be
avoided. In a comparison of gas separation by packed beds and monoliths in a PSA system,
Mosca et al (2008) compared zeolite 13X loaded onto the surface of a monolith and found the
CO; capacity was 23 times less than that of the pure 13X beads [81]. Thus in order to equal the
capacity of the beads, one would require 67 fold more material to obtain a comparable result,
this would easily counteract the economic losses from pressure drop across a packed bed
column. One way around this issue proposed by the author was to produce films 67 times

thicker, or by making the cycle time 39 fold less [81].

1.6.2.1.2 Vacuum Swing Adsorption (VSA)

Vacuum swing adsorption (VSA) is generally referred to as a subset of PSA. Like PSA, the driving
force of separation in VSA is pressure based. The major difference between PSA and VSA is that

instead of pressurizing in order to drive the adsorption of the desired compound, adsorption is
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carried out at atmospheric pressure or slightly above atmospheric pressure. The desorption of
CO; is carried out at sub-atmospheric pressures. However in some cases, in order to adsorb the
compound of interest the adsorption pressure is increased, such that it is above atmospheric
pressure. The VSA process is outlined briefly in Figure 1-4B along with the PSA process (Figure
1-4A). Depending on whether the column is initially pressurized, there are two desorption
steps, one down to atmospheric pressure, and another to sub-atmospheric pressure [37, 83, 84].
For CO; capture utilizing the VSA process the most commonly used adsorbent material has been
zeolite 13X [67, 70, 71, 73, 84-88]. Chou et al (2004) undertook CO; separation from a CO;/N;
mixture (20% CO2, 80% N3) using VSA over zeolite 13X, resulting in a CO; recovery of 87% and
CO2 purity of 48%, for a 6 step cycle.

Li et al (2008) investigated the effect of the presence of water during CO; capture via VSA using
zeolite 13X. They found that the presence of water greatly inhibited CO; adsorption, decreasing
the amount of CO; captured by 99% [87]. Cyclic VSA experiments were undertaken utilizing the
same conditions with dry flue gas, resulting in CO recovery of 78.5% and CO; purity of 69%, a
substantial improvement on earlier work, such as that by Chou et al (2004)[88].

Since the pressure shift in VSA is achieved by evacuation of the column to sub-atmospheric
pressure once the unbound gases have passed through the column, the work done is only on the
desired product. Therefore, as less work is required in VSA it is more economical to run as

compared to PSA, where the work is undertaken on the entire influent gas stream [42].

1.6.2.1.3 Temperature Swing Adsorption (TSA)

Another method of swing adsorption is temperature swing adsorption (TSA, also referred to as
thermal swing adsorption). In TSA, the adsorption step is carried out at a particular
temperature suitable to the system in question (as low as is possible). In order to desorb the
desired compound from the adsorbent, the temperature is increased. The temperature shifts in
TSA are controlled by heating the influent gas [42]. Due to its energy intensive requirements,
TSA is less likely to be used as a standalone method for CO; capture. There have been several
investigations into pressure-temperature based swing adsorption methods for CO; capture, as

well as separation of other gases [83, 89, 90].

Over the last decade an alternate form of TSA has been developed, for which the temperature
shifts are controlled by electrical heating of the adsorbent itself, rather than by hot or cold gas
[91]. This method adds a further requirement on the adsorbent material, that it must be
electrically conductive. For this reason activated carbon is commonly used, as it can act as a
semi-conductor [92, 93]. This method of swing adsorption is known as electrical or

electrothermal swing adsorption (ESA) [91]. The adsorbent material is fabricated into a

-21-



monolith, to which electrodes are attached at either end; usually copper plates are used as an
intermediate between monolith and electrodes [91, 94]. Above all, ESA is a more energy
efficient and rapid method for heating in comparison to traditional TSA, potentially reducing

both cost and cycle time [91].

1.7 Adsorbents for CO: Capture

Adsorption based capture of CO; by solid adsorbents involves the physical adsorption of CO;
onto the material. The identification of the most desirable properties for such a material has
been the subject of many investigations. These are most commonly considered to be high

surface area materials with a high degree of porosity [95].

As the focus of this project is on the preparation of ACs this will be discussed in more detail than
zeolites, furthermore the focus will be on the preparation from coal as the main precursor.
There are several other classes of adsorbents that show great potential in CO; capture, such as
hydrotalcites, metal organic frameworks (MOFs) and metal oxide supported materials. A
detailed discussion of all prospective adsorbents is beyond the scope of this work, for further
information regarding these materials, the reader is referred to the recent reviews by Davidson

[36], Choi [35], Samanta [22], Wang [96] or Lee [97].

1.7.1 Zeolites

Zeolites are highly porous crystalline aluminosilicates, for which the repetitive unit is TO;
(where T is Si or Al) [98]. They belong to the family of materials known as molecular sieves, and
are commonly used in gas separation [36]. They are mostly composed of silica, and the presence
of alumina causes negative framework charges, as it is in the form of AlO ; [99]. These negative
framework charges are compensated for by exchangeable cations in the pores, rendering the
materials highly polar [41, 98]. A number of zeolites are naturally occurring aluminosilicate
mineral; however additional types have also been synthesized, allowing them to be tailored for
specific purposes [98]. CO; adsorption on zeolites is usually a reversible physisorption process,
though some chemisorption does take place to a limited degree [36, 98, 100, 101]. The level of
CO; adsorption is directly related to the level of alumina and thus the level of exchangeable
cations present, as well as the degree of porosity within the material [35, 102]. Furthermore the
CO; capacity of zeolites has been shown to be greatly affected by the type of exchangeable cation

present, as well as the type of zeolite [98, 103]. In general zeolites preferentially bind water
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over COg; as such their use for CO; capture from flue gas streams is greatly limited unless water
can be removed from the flue gas.

Siriwardane et al (2005) investigated CO; capture on zeolite 13X at 393 K in the presence of
water [85]. For this particular zeolite the presence of water had a significant effect between
cycles 1 and 2. Thermal regeneration studies were undertaken, and it was found that complete
CO; desorption was observed at 393 K, however complete water desorption did not occur until
623 K. Four further cycles were carried out after thermal regeneration at 623 K, in the absence
of water and no capacity loss was observed. This led to the conclusion that water selectively

adsorbed and preferentially occupied the CO; adsorption sites [85].

1.7.2 Activated Carbon (AC)

Activated carbons (ACs) are carbonaceous materials comprised of an interconnected carbon
matrix that are derived from a high carbon content parent material. In general ACs have a very
high surface area, however the degree to which this is true is highly dependent on the precursor
material used. This holds true for all physical properties of activated carbons, as the distribution
of carbon in the parent material will reflect the porosity and strength of the resulting carbon
matrix formed. The most common parent material for the preparation of ACs is coal. However,
ACs can be prepared from many materials. A list of common AC precursors organised into the

three main classes based on source:

1. Coal
e Anthracite [104-107]
e Bituminous Coal [105, 108-113]
e Lignite [105,107,109, 114-120]
2. Industrial by-products
e Polymers/Resins [121-123]
e Fly Ash [124-127]
e Pitch [128-133]
e Used Tires [134, 135]
3. Biomass
e Coconut Shells [136-140]
e Wood [141, 142]
e  Fruit Stones [107, 143-145]
e Almond Shells [144, 146, 147]
e Olive Stones [147, 148]
e Peat [149, 150]
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Any material of high carbon content can be used to prepare ACs; however, as the main factor is
general availability and price, coal remains the most popular AC precursor worldwide. For
further information on the different AC precursors, the reader is advised to the work of Pollard
et al [151]. When activated carbons are produced most of the carbonous matter is removed via

either carbonization or gasification. Activation is generally classified as one of the following

types:

1. Physical Activation
a. Unassisted Physical Activation (just referred to as “physical activation”)
b. Catalytic Physical Activation

2. Chemical Activation
For physical activation the parent material is carbonised (pyrolysed) under an inert

atmosphere, leaving only the carbon matrix in its wake (char). The char is then activated at high

temperature (873-1273 K) under a flow of H0 or CO; gas [136, 143, 152-154] (Table 1-1).

Table 1-1 ~ Chemical Reactions Occurring During Steam Gasification of Carbon Materials

Type of Reaction Reaction 3\?:::’1‘;
Combustion C+0,=C0; -394
Partial Oxidation C+%0,=C0 -111
Steam Gasification C+H;0=C0+H, +130
Boudouard C+C0,=2C0 +171
Hydrogasification C+2H,=CH, -75
Water-gas Shift CO + 2H, = CO, + H, -40
Methanation CO + 3H,=CH, + H;0 -260

In chemical activation, the parent material is impregnated with an activating agent (e.g. KOH,
NaOH or ZnCl;) at moderate temperature (293-343 K) and is then carbonised at high
temperature (873-1273 K) under an inert gas flow [152, 155, 156]. The resulting AC is then
washed (acid followed by water) to remove any residual activating agent. The precise
mechanism of chemical activation is a source of some conjecture amongst researchers [155,
156]. However, one of the two most prominent theories claims that the dehydrating action of

KOH causes swelling of the coal particles upon wet impregnation, which also inhibits shrinkage
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of the coal particles during the initial stages of carbonisation allowing for greater development
of the porosity [155]. The second theory, which has gained momentum over the last decade, is
that KOH reacts with gaseous CO and CO; (produced during carbonisation) to form K,CO3 that
further reduces to metallic K [155, 157, 158]. As such, KOH acts as an oxygen carrier and
promotes gasification. Unlike in physical activation, chemical activation occurs predominantly
within the pore structure of the parent material, rather than acting from the outer surface,
inwards. The interested reader is referred to a number of reports for further details on other
proposed chemical activation mechanisms that are considered outside the scope of this review
[152, 155,156, 159-163].

Regardless of the precise mechanism of chemical activation, two things are widely agreed upon.
Firstly, the volatile matter is dehydrogenated by KOH, leading to less tar being produced in the
carbonisation step. This occurs because the amount of “pyrolytic decomposition” of heavier
components of the volatile matter is reduced, thus allowing them to be carbonised, instead of
removed as tar [105, 155]. Secondly, it is widely accepted that the action of KOH is localised to
areas between the graphene sheets of the parent carbon [155, 157].

As previously noted the physical properties of an AC are highly dependent on the parent
material. As such the type (rank) of coal used must be considered in the production of AC
materials. ACs can be readily tailored in particular with regard to the size and structure of their
pores. Depending on the parent material and the treatments and processing of the material,
both microporous and mesoporous materials can be prepared. However, in the case of ACs
derived from coal, reproducibility of structure development can be difficult to achieve. In
general ACs have short range, not long range order, making them reasonably amorphous
materials. There have been numerous investigations into the preparation of activated carbon
molecular sieves (CMSs), with micropore widths (W) < 0.37 nm [137, 164-167]. This point of
reference has been chosen by many researchers due to the fact that the molecular diameter of
CO; is 0.33 nm, whereas CHs is 0.38 nm [168]. Therefore such materials (0.37 nm< W = 0.33

nm) would be able to adsorb CO; in its micropores preferentially over CH4 [168].

One of the most important characteristics of ACs that make them better candidate CO:
adsorbents for post-combustion capture is that ACs are more tolerant to the effects of water
than other common adsorbents, such as zeolites and MOFs. However, like in the case of zeolites,
water is still preferentially adsorbed over CO,. The presence of water is a major issue for
zeolites and MOFs, since water molecules can competitively adsorb with CO; and cause material

degradation, respectively [35, 42].
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1.7.2.1 Activated Carbons for CO: Capture

The adsorption of gases by ACs is controlled by two major characteristics of the AC, namely the
pore structure and the surface chemistry [52, 169]. Of these two characteristics, pore structure
(particularly pore volume) is historically considered the major controlling factor in gas
adsorption, and it is often assumed that gas adsorption on an AC surface is rarely affected by the
surface chemistry. As will be shown throughout this project, the surface chemistry can in fact
play a major role in gas adsorption. Due to the highly flexible nature of ACs the surface
chemistry can easily be tailored to increase the affinity of the AC surface for certain adsorbates.
The main functionality on an AC surface that affects the adsorption of polar gases such as CO,
are the oxygenated or nitrogenated groups. Certain oxygenated moieties such as hydroxyl and
carboxylic groups are able to form hydrogen bonds with CO; [52]. Whilst others such as

anhydrides, carbonyls and ethers interact via weak electrostatic forces [52].

Table 1-2 includes selected literature examples of activated carbons that have been
investigated for their CO; adsorption properties. For reference, key features/properties of the
materials are shown (such as precursor material, preparation conditions, surface area, CO>
uptake and CO; adsorption conditions). From Table 1-2 it is apparent that the synthetic method
used to prepare activated carbons for CO, capture applications can be classified into four main

methods: pyrolysis, gasification, steam activation and chemical activation.

The CO; adsorption capacity of activated carbons is generally associated with the surface area
and pore size distribution (PSD) of the material, with high surface area materials tending to
possess large numbers of small pores and greater CO, uptakes [170]. Often, only BET surface
areas are quoted (Table 1-2). However, ACs are unique in that they have very wide PSDs, which
requires the use of more than one adsorbate to probe the surface morphological features.
Typically N; is used to measure surface area as it is considered to be a “universal” adsorbate.
However, the kinetic and steric hindrances of N> at its boiling point make it unsuitable for use in
determining the surface area of many microporous materials [170]. Instead, CO; adsorption at
273 K (usually determined volumetrically) can be used, particularly for carbon materials and

coals to determine the surface area and pore volumes [170].

The CO; adsorption capacity of activated carbons at temperature of interest for CCS is typically
assessed experimentally using thermogravimetric analysis (TGA). This technique relies on

measuring changes in the sample mass when it is placed in a CO, atmosphere.
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Table 1-2 ~ Selected examples of activated carbons used for CO; capture

Activatio  Surface
Parent Activation  Activating CO; uptake Adsorption
. n Temp. area . Ref.
Material Process Agent (mmol/g) conditions
(K) (m2/g)
Anthracite Gasification H20 1073 540 65.7mgC02/g  TGA,303K  [171]
Phenolic resin Gasification CO; 1273 308 87.8 mg CO2/g TGA, R.T. [123]
Phenolic resin Pyrolysis - 1273 2.40 59.2 mg COz/g TGA, R.T. [123]
Almond shells Gasification CO; 1073 822 9.7 wt% TGA, 298K  [172]
Olive stones Gasification CO; 1073 1079 10.7 wt.% TGA, 298K  [173]
Fly ash Gasification H20 1323 88 0.4 wt% TGA, 348K  [127]
Lignite and 278K, 3.8
Gasification CO; 1073 566 3.7 cm3/g [174]
copolymer torr
Chemical
Sawdust KOH 873 1260 4.8 mmol/g TGA, 298K  [175]
Activation
PVDC-methyl
acrylate Pyrolysis - 1073 1135 4.2 mmol/g 298K, 1latm [176]
copolymer
Urea
Chemical
formaldehyde K2CO3 773 365 8.19 wt.% 298K, 1latm [177]
Activation

resin

1.7.3 Amine Modified Adsorbents

It has been found over the course of investigations aimed at improving the CO, capacity and

selectivity of many adsorbents, that this can be achieved with the use of amine functionalisation

[35, 36, 62,150,171, 178-195]. Physisorption still occurs on amine functionalized adsorbents to

some degree; however CO; chemisorption through carbamate and carbonate formation

dominates, as shown in Figure 1-5. The mechanism via which this is achieved is the same as

that employed for amine-based solvent absorption. The degree of physisorption is dependent

on the surface coverage, and thus the amine loading and the non-functionalised surface of the

adsorbent free to interact with CO-.
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Figure 1-5 ~ Reaction of surface amine groups with COz and HO to form surface bicarbonates

1.7.3.1 Amine Functionalised Silica Adsorbents

Many silica materials have similar structures to those of zeolites, most commonly those zeolites
with the lowest alumina content. Therefore like zeolites these materials have been popular due
to their flexibility and ability to be easily tailored to a specific purpose [196-198]. The amines
used in the functionalisation of silica adsorbents differ greatly from those used on ACs, in that
most groups already contain some type of silica functionality. This is however entirely

dependent on the method used for functionalisation.

In some of the earliest work on CO; capture by amine functionalised silica’s, Leal et al (1995),
showed that the mechanism of capture involved the formation of carbamate species.
Furthermore in the presence of water the capacity of the material effectively doubles due to the
formation of bicarbonate species (Figure 1-5)[199]. This observation was later supported in

several other investigations [187, 193].

Knowles et al (2005, [190]), investigated the effect that tethering of aminopropyl- and
aminoethylaminopropyl- groups to hexagonal mesoporous silica (HMS) would have on its CO;
capture capacity. There they looked at not only the two different kinds of tethers, but also the
tether density on the HMS surface. They found that at high amine loadings that the capture
mechanism did indeed switch predominately from physisorption to chemisorption, whereas at

low amine loading physisorption was predominate [190].

Recently there has been a shift away from the use of aminopropyl groups for functionalisation,
towards the use of alkanolamines, with more complex branching [35, 36, 186, 192, 193, 200].
Over the last decade in particular, a great deal of work has also focussed on the impregnation
(as opposed to grafting) of amine rich, branched polymers such as polyethyleneimine (PEI), into

the pore structure of mesoporous silicas [192, 194, 201-206].

Son et al (2008, [192]) used a range of mesoporous silicas (e.g. MCM-41, MCM-48, SBA-15, SBA-
16 and KIT-6) as PEI supports in order to probe the effects that different pore structures had on

the CO2 adsorption properties of the PEI-SiO, composites. Comparing the different silicas at 50
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wt% PEI loading, Son et al found that the highest CO; adsorption results were obtained when
SBA and KIT type materials with open ended channel pores were used.[192]

Elaborating on the work of Son et al [192], Yan et al (2011, [206]) investigated the effects that
modification of SBA-15 textural properties had on the CO; adsorption performance of PEI/SBA-
15 materials. By changing the duration of the hydrothermal treatment step during the SBA-15
synthesis, the authors were able to tailor the diameter of the mesopores. It was found that there
was a strong relationship between the diameter of the mesopores of the support and the CO;
adsorption capacity of the PEI impregnated SBA-15 materials; with the CO, adsorption capacity

increasing with the pore diameter of the support.

Much of the work that has been undertaken on mesoporous silica supported PEI materials has
focused on isothermal adsorption studies, which are more applicable to PSA or VSA type
separation processes. Drage and co-workers [203] also investigated the use of PEI-SiO,
composites for CO; separation by TSA processes. In this work, Drage highlighted several
thermal stability issues associated with these materials (notably the volatility of PEI and it’s
susceptibility to form urea compounds at high temperatures) which would limit the application

of PEI-Si0; materials in TSA.[203]

Recently, Knowles et al [201] developed a method to pelletise PEI-SiO, materials (which is a
required format for large scale separation processes). The mesoporous silica used in this study
was mesocellular siliceous form (MCF), and was impregnated with PEI at 80, 85 and 90 % on a
pore loading basis. Attempts to directly pelletise PEI-MCF were unsuccessful, and resulted in
extrusion of the material by the press despite significant post-synthetic treatments under N»
and vacuum to remove volatile PEI. However, the authors found that carbonation of PEI within
the PEI-MCF materials enabled good quality pellets to be produced, that retained much of the
CO; adsorption capacity of the powdered PEI-MCF.

1.7.3.2 Amine Functionalised Carbon Adsorbents

Table 1-3 summarises selected literature examples of amine modified activated carbons that
have been investigated for their CO, adsorption properties. For ease of reference, the amine

modification strategy, BET surface area and CO; uptake and adsorption conditions are listed.

Carbon adsorbents for CO, capture have generally been microporous carbons or CMSs. As such
the different amine containing compounds that can be incorporated is limited due to the high
potential for pore blockage. This has been shown to be a major limiting factor with
functionalising microporous carbons [38, 180, 181, 207-213]. This was an extremely important

part of the investigation of Pevida et al [180]. They showed that the introduction of amine
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functionality via two different reactions with ammonia. In both cases substantial reduction in
the pore size distribution were observed. These changes were found to be due to the treatment
method used [180]. When the treatment was carried out at 1073 K or higher, some of the
porosity of the original material was able to be recovered. This was however shown later to be
due to partial gasification of the AC itself. Furthermore, for both materials the CO; capacity was
greatly increased, this being most predominate when the ammonia treatment was carried out at

>1073 K [180].

Bimer et al (1998), investigated the effect of amine incorporation into the two coal precursors
(bituminous coal & lignite, Table 1-3) of activated carbon [214]. The compounds used to
introduce amine functionality were ammonia, ammonium carbonate, urea, hydrazine and
hydroxylamine. They showed that regardless of the amine used, the level of amine
incorporation was directly related to the level of carboxyl groups present in the precursor

[214].

Starck et al (2006), investigated the effect of demineralization on the incorporation of amine
functionality into lignite samples prior to activation (Table 1-3)[215]. The surface properties of
the demineralised lignite proved to be acidic, compared to the basic surface of the untreated
lignites. This was shown to be the case regardless of the demineralization protocol used. More
importantly, the basicity introduced via ammoxidation, is much greater once the mineral matter
has been removed. Thus it appears that the mineral matter hinders the introduction of nitrogen-
groups, due to changes in the nature of the surface groups present, which could react with

ammonia.

Plazza et al (2007), investigated the effect of incorporating different amino groups
(polyethyleneimine (PEI), diethylentriamine (DETA) and pentaethylenehexamine (PEHA)) into
a commercial AC [181]. An overall decrease in the micropore volume of all the treated ACs was
observed (Table 1-3), in turn resulting in a decrease in the CO; capture capacity of the materials

compared to the non-modified commercial AC (at 293 K).

It is clear from the above works that incorporation of amine functional groups of such size will
not work for microporous carbon; however the effects on mesoporous carbon may yield

excellent results, and will be a major focus in the second part of this thesis.
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Table 1-3 ~ Selected examples of amine modified carbons for application to CO; capture. Parent material
(PM), modified material (mod.)

. Modification method Surface CO2 uptake Adsorption
Precursor material Ref.
(Conditions) area (mz/g) (mmol/g) conditions
1,323 (PM) 0.06-0.0767 mg
CWZ-35 Direct ammination 309.15K, 1 bar [216]
n.s. (Mod.) C02/mgC
1,361 (PM) 6.5 wt% 298K, 1 bar
Norit CGP Super Ammoxidation [150]
964 (Mod.) 1.9 wt.% 373K, 1 bar
942 (PM) 9.2 wt.% 298K, 1 bar
Norit R2030 CO2 Ammoxidation [150]
950 (Mod.) 2.7 wt.% 373K, 1 bar
43 (PM) 6.8 wt.% 298K, 1 bar
Olive stones Ammoxidation [150]
120 (Mod.) 1.9 wt.% 373K, 1 bar
Impregnation 1,762 (PM)
Norit CGP Super 4.0 wt.% 298K, 1 bar [181]
(DETA MW 103) 157 (Mod.)
Impregnation 1,762 (PM)
Norit CGP Super 4.8 wt.% 298K, 1 bar [181]
(PEHA MW 232) 170 (Mod.)
Impregnation 1,762 (PM)
Norit CGP Super 4.9 wt.% 298 K, 1 bar [181]
(PEI MW 423) 90 (Mod.)
In-situ N from proteins in 41.0 mg/g 303K, 1 bar
Soybean 811 (Mod.) [184]
precursor 224 mg/g 348 K, 1 bar
768 (PM) 50.0 mg/g
Commercial
Direct ammination 858 (400°C) 45.0 mg/g 303K, 1 bar [217]
Palm shell
889 (800°C) 67.0 mg/g
768 (PM) 50.0 mg/g
Palm shell Direct ammination 723 (400°C) 62.0 mg/g 303K, 1 bar [217]
826 (800°C) 73.5mg/g
Grafting 221 (PM) 0.34 (PM)
VulcanXC72R (Cabot) 313K, 1 bar [218]
(paraphenylenediamine) 113 (Mod.) 0.24 (Mod.)
Grafted 221 (PM) 0.34 (PM)
VulcanXC72R (Cabot) 313K, 1 bar [218]
(aminobenzylaniline) 104 (Mod.) 0.24 (Mod.)
Grafting 221 (PM) 0.34 (PM)
VulcanXC72R (Cabot) 313K, 1 bar [218]
(aminoethylaniline) 102 (Mod.) 0.24 (Mod.)
PAN Fibres
Inherent Nitrogen 2,366 2.70 323K, 1atm [219]
(MW 250,000)
Carboxyl-rich polymer 3.2 298K, 1 bar
Grafted 1,109 (PM)
from glucose and acrylic 2.4 323K, 1 bar [220]
(TEPA) 639 (Mod.)
acid 1.7 348K, 1 bar
n.s. (PM) 3.16. (PM)
Olive stones Direct ammination 303 K,100% COz2  [221]
390 (Mod.) 5.29 (Mod.)
n.s. (PM) 3.10 (PM)
Almond shells Direct ammination 303K, 100% CO2  [221]
588 (Mod.) 7.10 (Mod.)
Impregnation 1,486 (PM) 135 mg/g 298 K, 100%
Coal [222]
(50 wt.% PEI, MW 423) 37 (Mod.) (Mod.) COz, 1 bar
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1.8 Victorian Brown Coal

As has been mentioned brown coal has commonly been used as the parent material for ACs. In
particular Victorian brown coal (VBC) has shown to be an excellent parent material, for several
reasons. Firstly, VBC has a low ash, nitrogen and sulphur content as compared to other brown
coals around the world [223]. The result of which is a cleaner product (and cleaner waste gas)
with a low ash content, which is advantageous as a higher yield of the AC can be obtained [223].
Due to the high water content of VBC [224], a great deal of work has been done over the years
on dry VBC [225]. As such dry compressed products are easily accessible locally, such as those
used in this study!. During the drying processes commonly employed, some of the volatile
matter is also lost. As will become clear throughout this thesis, the presence of some water and
volatile matter in the parent material for AC production is actually a requirement, as controlling

its removal during pore development is important in tailoring the pore structure.

Furthermore, the coal-to-overburden ratio is low, making VBC not only readily accessible, but
also readily obtainable [226]. In addition to this, the coal industry and ancillary infrastructure
(e.g. transport, storage) in Victoria are well established [226], further making this an
industrially viable option for the production of large quantities of inexpensive carbon

adsorbents.

1.9 Characterisation of Carbon Materials

The characterisation of carbon materials (e.g. coal, char and activated carbons) is notoriously
difficult by typical methods of materials characterisation, more specifically spectroscopic
techniques. This is primarily due to the excellent ability of carbon materials to act as
blackbodies, with respect to the absorption of electro-magnetic waves. This has only been a
major issue for investigating the surface chemistry of carbon materials, whereas bulk
composition, morphology and structural characterisation are undertaken using typical methods
of materials characterisation. Further details regarding the characterisation techniques

described below can be found in section 6.6 of Chapter 6.

1 The EnergyBrix factory at Morwell closed after this project was started
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1.9.1 Chemical Composition

Bulk chemical analysis is achievable by methods such as elemental analysis commonly used

across the entire spectrum of chemical sciences. Proximate analysis, more commonly used in

the coal sciences is also common to the bulk analysis of carbon materials.
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Figure 1-6 ~ Proximate Analysis via Thermogravimetric Analysis (TGA)

The analysis of the elemental composition of carbon materials can take on one of two forms,
organic or inorganic elemental analysis. Analysis of organic elements in a carbon material is
achieved through carbon, hydrogen, nitrogen (CHN) analyser via combustion of the carbon
material followed by analysis of the resulting gases, usually via an infrared (IR) detector. Many
current instruments are also able to analyse sulphur as well, with oxygen being determined via

difference.

The analysis of the inorganic components of a carbon material (if important) is done via the
analysis of the ash [227-230]. This usually involved combustion of the large portion of the
sample, with the incombustible inorganic remanent being subjects to analysis by x-ray
fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS) or a similar

technique (i.e. [CP-OES) [231, 232].

The analysis of groups of components in carbon materials such as ash (incombustible
inorganics), fixed carbon (non-volatile carbon) and volatile matter by proximate analysis has
been in wide use for determining the quality of solid fuels (i.e. coals, bio-mass) [59, 230, 233].

This can be achieved by thermal treatment of the carbon material under different atmospheres
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(i.e. N2 or air), as is outlined in Figure 1-6. This has historically been undertaken using separate
furnaces under different atmospheres for the determination of each fraction [233], but it is
becoming more common for this to be carried out in a thermogravimetric analyser (TGA) [230,
234]. Furthermore, due to the increased use of CHN analysis; a well developed a rapid
automated method of elemental analysis, proximate analysis is being used much less, with only

the ash and moisture content being commonly reported along with the elemental composition.

1.9.2 Surface Chemistry

It has only been in more recent years that electron spectroscopy (such as XPS or NEXAFS
spectroscopy) has been able to be used to investigate the surface chemistry of carbons.
Chemical methods have been more commonly used up until the last decade or so [235-237].
Wet chemical methods such as the Bohem titration method, a potentiometric titration method,
that though widely used, had several short-comings. The primary issue with the Bohem titration
and similar potentiometric titration methods is in the reproducibility of results that can arise
from CO; dissolved in the reagents used. This can result in over-estimation of the acid sites on
the carbon surface [237, 238]. It has become more common in recent years to use x-ray
photoelectron spectroscopy (XPS) or near edge x-ray absorption fine structure (NEXAFS)
spectroscopy [215, 239-250].

1.9.2.1 The Photoelectric Effect

The photoelectric effect describes the excitation and ejection of electrons from atoms by
electromagnetic waves. The ejection of core electrons leaves holes that must be filled by
electrons from higher energy orbital’s [251, 252] As this occurs electromagnetic wave of
characteristic energy is emitted, both the energy of the ejected electron and the wavelength of
the emitted light can be used to determine the chemical state of the atom from which the
ejection or emission occurred (Figure 1-7). This phenomenon was first discovered by Heinrich
Hertz in 1887, but he was unable to fully explain it. Further experimental evidence was obtained
by J.J. Thomson on electron ejections from metal plates inside vacuum tubes, from irradiation
with ultraviolet light. It was this experimental evidence that Albert Einstein used to develop his
theory on the photoelectric effect, which he publish in 1905 and subsequently received the
Nobel prize for physics in 1921 [251, 253].
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Figure 1-7 ~ The Photoelectric Effect (modified from [254])

Einstein’s theory predicted that the energy of the ejected electrons increases linearly with the
frequency of the incident light used. Even though the initial publication on the photoelectric
effect was published in 1905, it was not until 1914 that this was experimentally confirmed by

Robert Miliken [251].

1.9.2.2 X-ray Photoelectron Spectroscopy

The premise of x-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect
previously discussed. Monochromatic x-rays are produced by bombarding either an aluminium
or magnesium anode with a beam of high energy electrons producing Al K, (A = 1486.7 nm) or
Mg Ky (A = 1253.0 nm) x-rays, respectively. The resulting x-rays are used to illuminate the
sample (Figure 1-8), exciting the core shell electrons, ejecting them from the sample. The
ejected photoelectrons then travel through to the electron energy analyser (usually
hemispherical), being composed of two charged plates used to smooth out the signal of the
electrons with different energy, and a channeltron electron multiplier for detection [252, 255].
As electrons can only travel freely in a vacuum, as such the majority of the XPS apparatus is

operated under ultra high vacuum conditions (UHV, <10-3 torr).
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Figure 1-8 ~ Schematic Diagram of an X-ray Photoelectron Spectrometer

The use of XPS to characterise the surface of activated carbons has become commonplace over

the last decade [239-242, 244, 256, 257]. The XPS spectra are peak fitted against peak positions

known from the literature from pure compounds or spectra where well resolved peaks of single

functional groups are present [239-242, 244, 256, 257].
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Figure 1-9 ~ Peak Fitting of C 1s and O 1s XPS Spectra.
Peak Fitted O 1s XPS Spectra

Binding Energy (eV)

Shown are A) Peak Fitted C 1s XPS Spectra, and B)
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For carbon materials the identification and quantification of different functional groups can also
be achieved via comparison of the high resolution spectra of different elements (Figure 1-9)[80,

241, 243, 258-260]

1.9.2.3 Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy

Near edge x-ray absorption fine structure (NEXAFS) spectroscopy is one of several types of x-
ray absorption spectroscopy (XAS), that focuses on the absorption edge, where as extended x-
ray absorption fine structure (EXAFS) spectroscopy focuses on the post-edge region (Figure
1-104). Unlike in XPS the wavelength of the incident energy used in NEXAFS spectroscopy (and
all XAS) is varied. However, even though the wavelength is varied, the energy is monochromatic.

In this way the electrons ejected at each incident wavelength can be studied.
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Figure 1-10 ~ X-ray Absorption Spectroscopy (XAS), showing A) The distinction between NEXAFS and
EXAFS on the basis of the energy range (modified from [261]), and B) The different electron transition
occurring during fluorescence and electron yield measurements [262]
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The apparatus used for NEXAFS spectroscopy is very similar in many respects to that used for
XPS, however, the light source used must be much more powerful. As such synchrotron
radiation must be used, and it is this part of the apparatus that differs greatly from XPS [252,
263]. The mounting of the sample in NEXAFS spectroscopy is on a gold plate, through which a
constant charge of electrons is passed. When electrons are discharged from the sample, the
change in electron density due to the emitted electrons can be determined, known as the drain

current [263, 264].
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w
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2 Cc4 00 Carboxylic acid or lactone carbon
c=0
Cls €5 C0C Cyclic ether carbon
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525 530 535 540 545 550 06 CO0<C Aromatic cyclic ether
Photon Energy (eV) 07  COH Phenolic oxygen

Figure 1-11 ~ Peak Fitting for NEXAFS Spectroscopy. Shown are A) Fitting of Peaks for a C 1s NEXAFS
Spectra, and B) Fitting of Peaks for an O 1s NEXAFS spectra

As can be seen from Figure 1-7 and Figure 1-10, as core electrons are ejected as photoelectrons
leave a hole that must be filled by electrons at a higher energy orbital. As the electron from the
higher energy orbital has a greater energy than is required by the orbital of the ejected
photoelectron, energy must be released. This is done via fluorescence, the wavelength of which
will be characteristic of the orbital transition occurring, and thus the nature of the chemical
environment of the atom in question. As such, this emitted light can be used to gain further

information about the atoms under investigation (Figure 1-10B). Unlike XPS, NEXAFS
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spectroscopy is semi-quantifiable at best, and is generally used in conjunction with XPS to

further identify functional groups already identified and quantified by XPS.

The peak fitting of a NEXAFS spectra is done against the peak positions of known compounds
from the literature [245, 246, 248-250, 265-271]. The absorption edge possesses an edge step,
which is the energy jump between the pre- and post-edge, as is also been observed in the survey
spectra in XPS (Figure 1-11). The absorption edge data for the element of interest must first be
processed prior to any fitting procedure, which is done using an inverse tangent or an error

function (section 6.6.2.2).

1.9.3 Structural Characterisation

The long and short range structure of a material have great bearing on the adsorption
properties the material will possess. For example the size, shape and interconnectivity of the
mesopores within each particle of a material will have a significant effect on the rate with which
mass-transport through particles of the material can occur, whilst the overall surface area that
each particle possesses, will affect its overall capacity. A wide range of characterisation
techniques exist in order to achieve full characterisation of these aspects of a material, the most
important and widely used is gas physisorption. However, finer structural features can be
determined using electron microscopy and the diffraction or scattering of electromagnetic

waves (Raman spectroscopy and x-ray diffraction).

1.9.3.1 Chemical Structure of Carbons

1.9.3.1.1 Raman Spectroscopy

Raman spectroscopy is a type of vibrational spectroscopy based on Raman scattering. The
Raman scattering phenomena discovered in 1928 by Sir Chandrasekhara Venkata Raman [251].
For this discovery Raman received the 1930 Nobel Prize for physics. Figure 1-12 outlines the

mechanisms involved in both infrared (IR) and Raman spectroscopies.

From Figure 1-12A4 it can be seen that in IR spectroscopy that some of the incident light has
been absorbed. The incident light in an IR spectrometer is actually monochromatic, but the
wavelength is varied (scanning) over the range of wavelengths of interest using an
interferometer. Conversely, in Raman spectroscopy (Figure 1-12B) no absorption of light
occurs, but it is instead scattered. The light used in Raman spectroscopy is in the form of a laser
of monochromatic light and it is the frequency that changes as the light interacts with the

molecular bonds of the sample [251, 252, 255].
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In the case of using Raman spectroscopy as a means to characterise activated carbons, it is
necessary to deconvolute the resultant Raman spectra, relative to known peaks from previous
investigations (Table 1-4 and Figure 1-13) [272-277]. The focus of the deconvolution is on the
so-called “G” and “D” bands of peaks, standing for graphitic and diamond, respectively. The D
band is a band of peaks resulting from scattering of photons by disordered graphitic lattices,
that is to say the scattering of photons is done by interactions with the bonds of the graphene
layer edges of disordered carbons (S, D and A peaks). The G band peaks arise from the
scattering of photons by the bonds of the graphene layer edges of highly ordered carbon (G
peak).
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Figure 1-12 ~ Infrared (IR) vs Raman. Shown are the mechanism for A) Infrared spectroscopy. Where I, is
the intensity of the incident electromagnetic waves and I is the intensity of the electromagnetic waves minus
those absorbed by the sample, and B) Raman spectroscopy. Where V, is the frequency of the laser and the
Rayleigh (elastically) scattered electromagnetic waves, V., is the vibrational frequency of the molecule under
investigation.
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Table 1-4 ~ Raman Peak Assignment Table

::::; Peak Assignment Ran:::ghift
S Disordered Graphitic Lattice* 1150-1250
D Disordered Graphitic Latticet 1275-1350
A Amorphous Carbon 1475-1525
G Ideal Graphitic Lattice 1575-1625

* Hetro-atoms Bond to Graphene Layer Edges

t Graphene Layer Edges
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Figure 1-13 ~ Example of Peak Fitting and Assignments for Raman Spectra of Activated Carbons

1.9.3.1.2 X-ray Diffraction (XRD)

The diffraction of x-rays by a solid material as a means of identifying the crystalline phases from
the lattice parameters as well as the particle (crystallite) size. The diffraction of x-rays occurs
via elastic scattering and can be described mathematically according to Bragg’'s Law (Figure
1-14A) [255]. The diffraction pattern is produced by constructive interference of the scattered
x-rays, resulting in a pattern of “lines”. The diffraction pattern produced in reality is not actually
composed of well defined lines, but instead peaks. In powder XRD (PXRD) this is due in part to

the effects of interparticulate distances varying. Moreover, the degree of line/peak broadening
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is greatly affected by the degree of crystallinity, being sharper for more crystalline phases and

broadens for more amorphous phases.
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Figure 1-14 ~ The Process of Powder X-ray Diffraction (modified from [278]). Shown are A) The XRD
process as it occurs at the atomic level and how Bragg’s Law is derived from this process. Where A is the
wavelength of the x-rays, d is the distance between lattice planes, 6 is the angle of diffraction normal to the
lattice plane, and n is an integer known as the order of the reflection; and B) Schematic diagram of a typical
x-ray diffractometer.

For amorphous carbons such as those produced throughout this work, only 2 very broad peaks
were generally observed. These two peaks are the reflection in the 002 plane, resulting in a
peak observed at 24° 20, and a reflection in the 100/101 plane giving rise to the peak at 43° 20
[279, 280]. Furthermore, for many AC a peak is observed around 26° 26, that is attributed to
amorphous metal oxides (MO) from ash (e.g. SiOz, K20, Na20 or Al203) [279]. Amorphous

carbons produced from parent carbons such as brown coal (a non-graphatisable coal) rarely
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possess sharp graphitic peaks. In order to produce an amorphous carbon with a significant

amount of graphitic carbon would require carbonisation temperatures upwards of 1400 K.

1.9.3.2 Physical Structure of Carbons
1.9.3.2.1 Gas physisorption

A great deal of information can be determined from the shape of an adsorption isotherm and the
type and shape (if any) of the hysteresis loop, such as pore shape and structure. The most
prominent interpretation of adsorption isotherms were publish by Sing et al (1985) [281]

(Figure 1-15), still commonly referred to, to this day.
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Figure 1-15 ~ Gas Adsorption Isotherms and Hysteresis Types (Modified from Sing et al, 1985 [281])

Regarding carbon materials, the type of isotherm produced will depend greatly on the
adsorbate used. For instance, the use of CO; at either 195 or 273 K will result in a type I
isotherm (Figure 1-15), assuming the adsorbent possesses micropores. This occurs as with CO,
only a monolayer can be formed, as no pore condensation can occur due to the fact that CO; is a
non-condensable adsorbate [42, 170, 282]. Conversely if N, or Ar are used as the adsorbate at
temperature close to their boiling point (usually 77 or 87 K), condensation of the gas into the

liquid form can occur. When gas condensation into a liquid occurs in pores a very different type
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of adsorption behaviour is observed [42, 170, 282]. For instance, upon desorption hysteresis
(type H1-4, Figure 1-15) will occur in materials that possess mesopores (type IV and V, Figure
1-15). In materials that possess no micropores or micropores too small to allow certain
adsorbates access, no micropore region can be observed (type IIl and V, Figure 1-15) [282,
283].

As carbon materials commonly possess a wide distribution of pore sizes (referred to as a pore
size distribution, PSD), the use of more than one type of adsorbate is ideally required to produce
a full picture of the pore morphology of the material. Physisorption of COz2at 273 K and Nz2at 77
K are the most commonly applied, although Ar physisorption at 77 K or 87 K has also become
relatively commonplace [284]. One of the advantages to using Ar physisorption at 87 K is that,
Ar is a monatomic gas and possesses a smaller cross-sectional area (14.2 A2) than N2 (16.2 A2),
which enables higher resolution of the pore structure. The use of CO; is confined to the
investigation of the micropore structure, as it is a non-condensable gas and, as such, only forms
a monolayer: this only allows for information of the micropores to be obtained. Furthermore,
due to the higher temperature of the analysis, the CO; can more easily access the innermost
pore structure of micropores, which N, (at 77K) is incapable of doing for extremely small
micropores. N; is able to be condensed into a liquid within the pores unlike CO; and so is well
suited for investigating the structure and volume of mesopores. Although Ar physisorption is
preferred to N physisorption the expense of using Ar gas for such experiments makes it

unsuitable for wide-scale use.”.

By applying one of the many commonly used equations to describe these phenomena, such as
the BET [43] or BJH theories [284], important values such as the surface area, micro- or
mesopore volume can be determined, which is elaborated on in greater detail in section

6.6.3.2.1.

1.9.3.2.2 Electron Microscopy

Electron microscopy involves the use of electrons instead of photons in order to create an image
of the fine structures of incredible small objects. This is possible due in large part to the work on
wave-particle duality by Louise de Broglie, for which he received the 1929 Nobel prize in
physics [251]. From the theory on wave-particle duality it is possible to treat electrons as
waves, possessing wavelengths dependant on their velocity. As such in electron microscopy a
beam of high velocity electrons, possessing the same velocity can be used to create a beam of
electrons that are essentially monochromatic with respect to their wavelength, for example

electrons with energy of 100 keV having a wavelength less than 1 A. With electrons of such
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small wavelengths, structure at the nano, molecular and even atomic scale is able to be resolved
[251, 255].

Unlike in conventional optical microscopy, electron microscopes do not possess tangible optical
lenses, but instead utilise magnetic and electric fields to focus and direct the electron beam onto
the sample, referred to as the primary electron beam. There are many ways in which the
primary electron beam can interact with the sample as outlined in Figure 1-16A, giving rise to

several types of electron microscopy and detection [255].
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Figure 1-16 ~ Electron Microscopy and its Underlying Principles (Modified from [255]). Shown are A) The
Interaction of Electrons with Matter, B) Diagram of a TEM Instrument, and C) Diagram of an SEM
Instrument

In the case of transmission electron microscopy (TEM) (Figure 1-16B) it is the transmitted
electrons and x-rays that arise from interaction of the primary electron beam with the sample
that are used to produce a 2D image of the sample. The transmitted electrons pass through the
sample and are detected by a fluorescent screen, producing what is known as the bright field

image. Conversely the backscattered and primary electrons are used to produce what is known
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as the dark field image. Conversely in scanning electron microscopy (SEM) it is the back

scattered electrons that are used to produce an image, as outlined in Figure 1-16C.

The use of TEM to characterise carbon materials allows a great deal of structural detail to be
obtained, especially regarding the alignment of the graphene layer edges as well as other
structural features. Elemental mapping is also possible through the use of energy dispersive x-

ray (EDX) spectroscopy, which is of great use in characterising carbon materials.

1.10 Project Outline and Perspective

As has already been stated, a major hurdle for the implementation of adsorbent-based CO;
capture is reduction in the adsorbent cost. With this in mind, the use of VBC has been
investigated in this thesis as a means by which to produced inexpensive carbon adsorbents and

supports. In particular, this project aimed to use Victorian brown coal:

1. To produce carbon adsorbents that are predominately microporous

2. To produce carbon adsorbents that are predominately mesoporous

3. To modify those carbons that possess suitable pore structure with basic nitrogen

functionality in order to increase both the CO; capacity and selectivity

As such the structure of this thesis is broken down into two major parts, one focussing on
microporous carbon adsorbents, while the second part focuses on mesoporous and amine
modified carbon adsorbents. The section on microporous carbons is split into two chapters, one
on the synthesis and characterisation of these materials (Chapter 2), and the other on the gas
separation properties of them (Chapter 3). Similarly the section on mesoporous and amine
modified carbons is split into a synthesis and characterisation chapter (Chapter 4) and a gas
separation chapter (Chapter 5). Chapter 6 contains the full experimental details concerning the
preparation of chars, activated carbons and amine modified materials for CO; capture, as well as
the analytical protocols used throughout the project. The final chapter, (Chapter 7) draws the

conclusions of the research and suggests potential avenues for future research.
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Synthesis and Characterisation

of Microporous Carbons

2.1 Introduction

Microporous activated carbons (miACs) possess large pore volumes which make them
attractive candidate materials for adsorption applications [1]. Although microporous carbons
have been prepared from a variety of starting materials, very little research has focussed on the
preparation of microporous carbons from Victorian Brown Coal (VBC) [2-4]. The objective of
the research presented in this chapter was to develop procedures for the synthesis of
microporous carbons from VBC or VBC derived chars, and to characterise the physical

properties of the new materials.

In this section of the project, miACs were prepared from VBC using either chemical activation or
physical activation (for details refer to section 6.4). In the physical activation method, VBC or a
VBC char was carbonised at 1073 K in a fixed-bed reactor, and H20 was used to partially oxidise
(gasify) the parent material. In the chemical activation method, KOH-doped VBC was

carbonised at 1073 K under an inert atmosphere.

2.1.1 Chapter Outline

This chapter is separated into three distinct sections, on the basis of the method and parent

material used to produce the series of carbon materials:

1. Physically activated VBC derived miACs
2. Physically activated VBC char derived miACs
3. Chemically activated (KOH) VBC derived miACs

The characterisation of each series of miACs was separated into a further three sections on the

basis of the characteristic of the material being investigated. The three main sections investigate
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the bulk composition, surface chemistry and structural characteristics of each series of

materials, an example of which is shown below for coal derived carbons:
2.3 Physically Activated Coal Derived Carbons
2.3.1 Composition of Coal Derived Carbons
2.3.2 Surface Chemistry of Coal Derived Carbons
2.3.3 Structure of Coal Derived Carbons
2.3.3.1 Chemical Structure of Coal Derived Carbons

2.3.3.2 Physical Structure of Coal Derived Carbons

The section investigating the bulk composition of each series of materials, involved the use of
elemental and ash analysis. The VBC used was a mixture of two low ash brown coals (refer to
section 6.4.1 for details), however, as up to 50% of the mass of the parent material can be
expected to be lost as a result of the carbonisation process, keeping track of the ash content is
very important. Understanding the changes in the carbon, oxygen and nitrogen content as a
result of the activation processes is of great importance, as oxygen and nitrogen functional

groups can influence the adsorption behaviour of the resulting carbon materials.

The surface chemistry section concerns the use of two different types of x-ray absorption
spectroscopy (XAS). These were x-ray photoelectron spectroscopy (XPS) and near edge x-ray
absorption fine structure (NEXAFS) spectroscopy. Both XPS and NEXAFS spectroscopy allow for
different aspects of the functional group composition on the carbon surface to be investigated.
XPS allows the major oxygenated functional groups (C=0, C-0-R and COO-R) to be determined
and quantified. Due to the complex nature of the surface of amorphous carbon materials, it is
often necessary to fully identify the groups on the carbon surface, as this can affect the
properties of the AC. This is where NEXAFS spectroscopy is an incredibly powerful tool, as it
allows for further identification of functional groups unable to be resolved using XPS. However,
unlike XPS, NEXAFS does not allow quantification, and as such the two techniques are

complimentary.

The section on structure addresses both the physical and chemical structural aspects of the
carbons. The chemical structure was investigated using powder x-ray diffraction (XRD) and
Raman spectroscopy, both involving the scattering (or diffraction) of electromagnetic waves by
the material, resulting in important information regarding the alignment of atoms and
molecules within the carbon material. The investigation of the physical structure uses gas

physisorption and transmission electron microscopy (TEM). Gas physisorption allows for the
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shape and size of pore within the materials to be determined. This further allows for the
internal surface area to be determined, which is crucial when investigating an adsorbent
system. TEM is of great importance in confirming observations from characterisation
techniques such as Raman spectroscopy, as well as uncovering structural information in its own

right relating to the types of morphology throughout particles of an AC.

2.2 Production of Physically Activated Microporous Carbons

Physically activated carbons were prepared from VBC briquettes (composed of an 80%/20%
mixture of field coals from Loy Yang and Yallourn East, respectively) and two industrially
produced VBC-derived chars (supplied by AusChar), according to the flow diagram in Figure
2-1. The first supplied VBC-derived char was prepared in a Lurgi retort (CHLR) at 1173 K using
the flue gas generated from the combustion of tars evolved during the charring process. The

second supplied VBC-derived char (CHRK) was prepared in a rotary kiln at 973 K.

Coal
45 Minute 90 Minute 180 Minute . +
Treatment Treatment Treatment CHLR CHRK
y
N:  No/H.0 N Ny/H:0 N; N2/Hz0 Nz/Hz0 Nz/H:0
| S SR N | |
CH-45 | | AC-45 CH-90 | | AC-90 | | cH-180 || Ac-180 AC-CHLR-90 AC-CHRK-90

Figure 2-1 ~ Flow Diagram for the Physical Activation of VBC and VBC Derived Chars. * Produced by
AusChar - Lurgi Retort, Run of Production, t Produced by AusChar - Rotary Kiln, Test Run (Product
Development)
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Previous studies using VBC indicated that the optimal temperature used for steam activation
was in the range of 1073-1123 K [5-7]. For physical activation experiments in this research,
approximately 10 g of the homogenised VBC was carbonised in a fixed-bed reactor at 1073 K
under a stream of Nz (3 dm3/min). Steam was then passed over the materials for a period of 45,
90 or 180 min using a liquid water flow rate of 0.25 cm3/min diluted in the N; stream (3
dm3/min, Figure 2-1). The VBC derived chars were produced under identical conditions as the
steam activated miACs, but in the absence of steam (i.e. carbonisation not gasification). A similar
process was used in the production of steam activated miACs derived from the two industrial
chars, with the char being used in place of VBC. Herein, the activated carbons produced using
the steam activation procedure are assigned codes containing the prefix, AC; whereas the
analogous chars were assigned the prefix, CH. In doing so, the AC and CH materials could be
directly compared, and the influence of steam activation on the properties of the resulting
materials could be differentiated from that associated with prolonged heat treatment at 1073 K.

The sample codes also include the length of the gasification time (in min).

A commercially available activated carbon, Norit R2030 CO2 (referred to as AC-N), was used as
a benchmark material throughout this thesis, as it is marketed as having an extremely high CO,

capacity [8, 9].

2.3 Physically Activated Coal Derived Carbons

The VBC derived carbons were produced either by carbonisation under an N; flow at 1073 K for
45, 90, and 180 min to produce chars, or by activation under a flow of H;0/N; at 1073 K for 45,

90 or 180 min to produce miACs.

2.3.1 Composition of Coal Derived Carbons

The yields and chemical composition of the homogenised VBC, thermally activated chars and
steam activated miACs are presented in Table 2-1. Ash analysis was performed
thermogravimetrically (Mettler Toledo, TGA/DSC 1, Star* System) and elemental compositions
were determined by dry combustion (Vario MICRO cube, Elementar), the details of which can be

found in section 6.6.1.

From Table 2-1, it can be seen that the overall yield of ACs decreased as a function of increased

gasification time (obtained yields were 45.0, 43.4, 39.9%, respectively). This was expected
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since, in addition to pyrolysis, steam gasification converted the carbon groups at the surface of
the parent material to CO2(g) [1]. Varying only the pyrolysis time in the production of the CH
series of materials, resulted in less variation in the mass of recovered material (44.8-46.6%),
due to the fact that the carbonisation process only acted to remove the volatile matter present
in the starting VBC [10]. As such, the char yields appear to be subject to minor variations in
volatile matter within the coal sample used. Despite efforts to homogenise the starting coal

briquettes by grinding (refer Section 6.4.1), VBC is an inherently heterogeneous material.

Table 2-1 ~ Elemental and Ash Analysis of Coal Derived Physically Activated Carbons

Sample “‘fl‘,’i‘:;:’“ Yield Elem?:tt»:,l, dAalll)alyms H/C  Ash
(min) (wt%) - [-] - Odw Ratio (wt%)

ACN : - 763 08 1.0 219 012 109
VBC . . 6l4 44 06 335 086 04
CH-45 448 917 14 09 60 018 32
AC-45 ¥ 450 o905 13 09 74 o017 53
CH-90 466 899 11 05 84 015 3.8
AC-90 434 822 13 07 157 019 64
CH-180 449 940 12 1.0 37 016 3.0
AC-180 %0 99 e95 12 09 84 016 73

VBC is known to have a low ash content [11]. The two coals used in the VBC briquettes blend
both have a low ash content (Appendix 1 - Parent Material Data Sheets), and the blended
sample was found to contain an ash content of 0.4 wt% (Table 2-1). All the carbons produced
from the briquetted VBC contained ash contents less that 7.5 wt%, which was lower than that of

the AC-N reference material (Ash = 10.9 wt%).

As expected, carbonisation or gasification of the starting VBC resulted in carbon enrichment of
the materials (Table 2-1). Table 2-1 also shows a large decrease in the oxygen content of the
chars and ACs (Opuik = 5-20 wt%) in comparison to the starting VBC (Opui = 33.5 wt%), due to
the high oxygen content of the volatile matter removed during both of these processes.
Furthermore, in comparing AC-45, AC-90 and AC-180 with their respective carbons from the CH
series (CH-45, CH-90 and CH-180), it can be seen that there is a significant degree of O
enrichment brought about by steam gasification (e.g. 0% for AC-90 15.7 wt% vs. 0% for CH-90

8.4 wt%). This was expected, since the gasification process is a partial oxidation process [12].
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The composition of AC-N shows several quite distinct differences from VBC or any of the CH or
miAC series. This is a result of having been produced from an entirely different carbon
precursor, peat [13]. The bulk C and H content of AC-N is somewhat lower than the VBC derived
carbon materials, but the most prominent difference that can be observed is the significantly
higher bulk O content of AC-N. This has been attributed to the higher bulk O content of the peat
used to produced AC-N, as it has previously been shown that under certain activation conditions
peat based carbon materials with high bulk O are able to be obtained [13]. However, the precise

details of how AC-N was produced are not available and as such this cannot be confirmed.

2.3.2 Surface Chemistry of Coal Derived Carbons

The determination of the surface chemistry of carbon materials is notoriously difficult; no one
method alone is able to be used. Instead, results from multiple spectroscopic and wet chemical
analyses are typically used. Due to the inherent difficulties of the wet chemical methods [14-16]
that are often employed, here x-ray absorption spectroscopic methods (i.e. XPS, NEXAFS) were

applied in order to determine the nature and identity of the functional groups at the AC surface.

2.3.2.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis allows the identification and quantification of
functional groups present at the AC surface, through excitation of core level electrons.
Photoelectrons from a carbon or oxygen atom in a particular functional group have a
characteristic energy, which can also be quantified in order to determine its abundance at the
AC surface. The XPS measurements were taken on a Kratos Axis HSi X-ray photoelectron
spectrometer, as outlined in section 6.6.2.1. The C 1s and O 1s XPS spectra obtained for the
reference material, AC-N, are presented in Figure 2-2A-B. The C 1s and O 1s XPS spectra of the
thermally activated VBC derived chars (CH-45, CH-90 and CH-180) are presented in Figure
2-3A-F, whilst those for the steam activated miACs (AC-45, AC-90 and AC-180) are shown in
Figure 2-4A-F, with the results of the peak fitting reported in for all carbons presented in Table
2-2. The peak fittings and assignments for both the C 1s and O 1s spectra were undertaken using
methods reported in the literature [17-21], further details of which can be found in section

6.6.2.1.

-66-



A)

Intensity (a.u.)
E ]
1
A
-
Intensity (a.u.)

: e e : il : ;
295 290 285 280 545 540 535 530 525
Binding Energy (eV) Binding Energy (eV)

Figure 2-2 ~ High Resolution XPS Spectra of C 1s & O 1s for AC-N. Shown are A) C 1s Spectra of AC-N, B) O 1s
Spectra of AC-N

Comparing the XPS results within the VBC derived CH (CH-45, CH-90 and CH-180) series and
within the miAC (AC-45, AC-90 and AC-180) series, no regular pattern emerges as to the effect
of carbonisation time or activation time on the surface concentration of C or O. However, for the
same treatment time, the steam activated samples (AC-45, AC-90 and AC-180) always possessed
lower surface O and higher surface C, relative to the analogous sample in the CH series. The bulk

composition of the CH and miAC series mirrored this result (Table 2-1).

Overall the concentration of C=0 and COO-R groups decrease as a result of steam activation,
whilst the concentration of C-O-R groups increase (except for the CH-180/AC-180 pair).
Interestingly, the ratio of C 1s to O 1s peak areas of the C-O-R peak for both CH-45 and AC-45
(Table 2-2) were approximately 2:1. This strongly indicates that the C-O-R peak can mostly be
attributed to ether functional groups, rather than hydroxyl groups as is more commonly
associated with an AC surface [1]. Hydroxyl groups have lower hydrothermal stability above
973 K than ethers, and as such a decrease in hydroxyl groups is expected from the steam
activation (performed at an activation temperature 1073 K). The concentrations of C=0 and
COO-R decrease as a result of steam activation (AC-45) relative to CH-45. This is with the
expectation that the C=0 and COO-R groups are not as hydrothermally stable as C-O-R groups.
Moreover, the nitrogen content determined from the N 1s peak showed no change for AC-45,

relative to CH-45.
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Figure 2-3 ~ High Resolution XPS Spectra of C 1s and O 1s for CH-45, CH-90 and CH-180. Shown are A) C 1s
Spectra of CH-45, B) O 1s Spectra of CH-45, C) C 1s Spectra of CH-90, D) O 1s Spectra of CH-90, E) C 1s
Spectra of CH-180, and B) O 1s Spectra of CH-180
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Figure 2-4 ~ High Resolution XPS Spectra of C 1s and O 1s for AC-45, AC-90 and AC-180. Shown are A) C 1s
Spectra of AC-45, B) O 1s Spectra of AC-45, C) C 1s Spectra of AC-90, D) O 1s Spectra of AC-90, E) C 1s
Spectra of AC-180, and F) O 1s Spectra of AC-180
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Table 2-2 ~ XPS Peak Fitting for CH-45, AC-45, CH-90, AC-90, CH-180 and AC-180

Surface Concentration (at%)

Peak Binding
Assignment  Energy (ev) AC-N CH-45  AC-45  CH-90  AC-90 CH-180  AC-180
C1s 284.9 91.95 90.12 91.21 90.11 90.16  90.80  92.49
=c 283.8 5.08 293 4.45 6.70 6.04 3.54 5.07
c-c 284.8 72.91 7200  73.10 68.69 6828 71.07 72.95
c-0R 286.1 6.01 7.22 7.38 6.66 8.48 6.90 6.37
=0 287.5 3.60 3.23 2.70 4.15 2.80 3.50 2.36
C00-R 288.8 1.97 2.09 153 1.61 156 1.92 1.82
- 289.9 2.38 2.66 2.05 2.29 3.00 3.87 3.92
01s 531.9 7.83 9.37 8.28 9.42 9.16 8.88 6.71
=0 531.5 3.50 3.71 2.67 414 2.96 3.50 2.30
C-OR 533.1 2.58 3.40 4.05 3.47 4.60 3.49 2.94
C00-R 534.4 1.75 2.26 1.55 1.80 1.59 1.89 1.47
N1s 400.9 0.22 0.51 0.51 0.47 0.68 0.32 0.80

Comparing the 90 min thermal versus steam activation (resulting in CH-90 and AC-90,
respectively), a decrease is observed in both the C=0 and COO-R peaks (Figure 2-3D and
Figure 2-4D), as a result of steam activation. The C=0 peak decreased by 29%, with a
simultaneous increase of 25% in the C-O-R peak. Overall, only very minor increases were
observed in the surface N and surface C concentrations for CH-90 and AC-90, as determined

from the N 1s and C 1s XPS.

For the CH-180/AC-180 pair (Figure 2-3F and Figure 2-4F) similar decreases in the peak areas
corresponding to C=0 and COO-R groups were observed as a result of the steam activation
(Table 2-2). However, for the CH-45/AC-45 and CH-90/AC-90 pairs there was an associated
increase in the concentration of C-O-R groups, which was not observed for the CH-180/AC-180
pair (Table 2-2). Instead, there was a decrease in C-O-R groups, indicating that the increased
carbonisation/activation time resulted in the removal of the C-O-R groups. Furthermore, for the
CH-180/AC-180 pair there was an increase in surface nitrogen of approximately 0.5 at% as a

result of steam activation.

Relative to most of the steam activated miACs and their analogues from the CH series; AC-N has
a lower surface oxygen content. Such a low surface oxygen content is expected to impact the CO,
adsorption capacity of AC-N compared to the steam activated miACs, as this will also result in a

decrease in oxygenated functional groups with a high affinity for CO; [1]. The distribution of

-70-



oxygenated functional groups on the surface of AC-N reveals that it possesses lower C-O-R
groups than the miACs. Whether the C-O-R groups are due to ether or hydroxyl groups is
expected to have an impact on the CO, adsorption behaviour of AC-N, since hydroxyl groups

have a higher affinity for CO, over any other oxygenated functional group type [1].

Some indications of the identities of the unknown groups are implied by the ratio of peak areas
for C 1s to O 1s, for the peaks assigned to these groups. For example, the C 1s to O 1s ratio for
the C-O-R peaks is 2:1, suggesting that there is twice as much surface C bound to these groups,
than surface O. This implies that the identity of the R group in this case is a C atom of an ether
group. To more definitively assign these surface functional groups, near edge x-ray absorption

fine structure (NEXAFS) spectroscopy was used.

2.3.2.2 Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy is an incredibly powerful tool
for determining the identity of the functional groups at a carbon surface, with greater resolution
than XPS. This is achieved by irradiating the sample with a range of energies close to those of
the K edge in the case here. This results in better resolution of the different energies of the
photoelectrons and in turn more information about the different types of bonds to the element
being investigated. The carbon and oxygen K-edge NEXAFS spectra were obtained using the soft
X-ray (SXR) beamline at the Australian Synchrotron. The C 1s and O 1s K-edge NEXAFS spectra
for AC-N are reported in Figure 2-5, with the results of the peak fitting presented in Table 2-3.
The NEXAFS spectra obtained for the steam activated VBC derived miACs and chars CH-45, AC-
45, CH-90, AC-90, CH-180 and AC-180 are presented in Figure 2-6, with the peak fitting shown
in Table 2-3. The complete fitting for both the C 1s and O 1s spectra can be found in Appendix 2
- NEXAFS Spectroscopy Peak Fitting, for all of the carbon materials investigated. The main
purpose of the NEXAFS investigation was to gain further information pertaining to the identity
of functional groups that could not be properly resolved by XPS alone, such as the distinction

between ethers and hydroxyls or ketones and aldehydes.

As was noted in section 1.9.2.3 and section 6.6.2.2 NEXAFS spectroscopy is only a semi-
quantifiable technique. As such, the results of the peak fitting are presented as percent peak
area. XPS and NEXAFS are complimentary techniques, however owing to the complexity of the
surface chemistry of carbonaceous materials; it can be difficult to directly correlate the
observations made. This is due to the differences in the depth of x-ray penetration into the
carbon materials. For XPS this is commonly in the vicinity of 10 nm and for NEXAFS

spectroscopy this can be upwards of 100 nm.
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Figure 2-5 ~ C 1s and O 1s NEXAFS Spectra of AC-N. Shown are A) C 1s spectra, and B) O 1s spectra

The C 1s and O 1s NEXAFS spectra for CH-45 and AC-45 ( Figure 2-6A-B and Table 2-3) indicate
minor variation in the surface chemistry between these two carbons, a fact also supported by
the XPS analysis of these carbon materials (Figure 2-3A-B, Figure 2-4A-B and Table 2-2). One
difference that was observed was in both the C 1s and O 1s peaks assigned to aldehyde groups
(€6 and 01). This was expressed as a ~ 2.5% decrease in both the €6 and 01 peaks of AC-45
(C6ac-45=14.4%, 014c45=10.0%) compared to CH-45 (C6cn45=16.9%, O01cH.45=12.4%).
Interestingly, the decrease in aldehyde groups was not accompanied by any significant change
in either ketone (€3 or 02) or ether (C5, €8, 03 or 08) groups. This is a strong indication that
the changes in aldehyde groups between AC-45 and CH-45 did not result in the formation of
another functional group, but were merely the result of fewer aldehyde groups forming during
the 45 min steam activation. Moreover, the exact groups that give rise to the C-0-R peaks in the
C 1s and O 1s spectra from the XPS of both AC-45 and CH-45 was able to be confirmed to be due
to the presence of both ether (€5, €8, 03 and 06) and hydroxyl (€3, €6, 04 and 07) groups.
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Figure 2-6 ~ C 1s & O 1s K edge NEXAFS Spectra CH-45, AC-45, CH-90, AC-90, CH-180 & AC-180. Shown are
A) C 1s K Edge NEXAFS Spectra of CH-45 & AC-45, B) O 1s K Edge NEXAFS Spectra of CH-45 & AC-45, C) C 1s
K Edge NEXAFS Spectra of CH-90 & AC-90, D) O 1s K Edge NEXAFS Spectra of CH-90 & AC-90, E) C 1s K Edge
NEXAFS Spectra of CH-180 & AC-180, and F) O 1s K Edge NEXAFS Spectra of CH-180 & AC-180
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Table 2-3 ~ C 15 & O 1s K Edge NEXAFS Peak Fitting of CH-45, AC-45, CH-90, AC-90, CH-180 & AC-180

K Photon Peak Area %
Ed Name Group Assignment Energy
Lo (eV) AC-N CH-45 AC-45 CH-90 AC-90 CH-180 AC-180
g G e | CMLSINEHRGRS 2830 125 20 16 10 11 07 05
aromatic carbon (quinone}
cC Aromatic carbon, or aliphatic
cz * . ! s 284.1 32.7 23.4 249 139 313 289 32.6
c=C substituted aromatic carbon
C-0H stidlic
c3 ™ O 285.6 6.8 6.7 7.8 7.6 8.5 5.8 8.1
—0 ketonic carbon
COOH —
ca ™ PR M Ty 286.9 9.3 13.8 135 8.4 11.2 135 120
o0 lactone carbon
Cils C5 C-0-C m* Cyclic ether carbon 288.0 7.5 12.3 11.6 7.7 13.3 10.7 9.4
C-OH
c6 o S R 2893 74 169 144 182 105 154 120
c=0 substituted aliphatic carbon
COOH . g
c7 o* SRR 2906 115 158 166 311 152 158 153
Co0 actone carbon
c8 C-0-C o* Cyclic ether carbon 291.9 11.2 57 6.0 7.4 6.4 6.2 7.1
cC Aromatic carbon
c9 o* 293.0 1.2 3.3 35 4.6 2.5 . B 31
Cc=C (long range order)

Aliphatic (linear or cyclic)

- "
01 E=0 L aldehyde oxygen

529.6 11.2 12.4 10.0 5.8 6.4 11.4 13.1

Carbonyl oxygen

s £3
02 £=0 T (ketonic or carboxylic acid)

530.8 8.1 10.0 12.3 13.9 16.5 10.6 7.3

03 CO0C m* Aliphatic cyclic ether 532.7 11.9 14.3 14.9 21.3 16.4 14.1 5.7

o1s 04 CoOH m* Hydroxyl oxygen (alcohol) 535.7 33.0 31.7 32.1 20.2 24.6 31.3 313

C-0H
05 g A REIEGIOREN.  pegy 205 218 211 288 17.0 224 217
=0 of carboxylic acid
06 CO0C o* Aromatic cyclic ether 543.0 2.8 6.0 6.2 55 14.7 6.6 6.6
07 C-OH o* Phenolic oxygen 549.8 12.3 3.8 3.5 4.5 4.5 3.6 4.3

From the NEXAFS investigation of the surface chemistry of the CH-90/AC-90 pair (Figure 2-6A-
B and Table 2-3), a greater degree of variation in the percentage peak area of several groups
was observed. Compared to the other chars (CH-45 and CH-180) the surface distribution of
aromatic carbon (€2) was low for CH-90. Moreover, the €6 peak assigned to
aldehydes/hydroxyls of AC-90 (10.5%) was almost half that of CH-90 (18.2%), without any
apparent change in the 01 peak, assigned to aldehydes alone. This is evidence that the hydroxyl
(not aldehyde) content has diminished. However, the picture becomes somewhat complicated at
this point, as there is no change in the 04 peak, assigned to hydroxyl groups. However, a

decrease in the 05 peak (assigned to hydroxyl or carbonyl oxygen of carboxylic acids) is
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observed for AC-90, relative to CH-90. The decrease in the 05 peak is accompanied by a
decrease in the €7, but not €4 peak, which are both assigned to different resonant forms of
carboxylic acids. The proposed explanation for these results is that the carboxylic acid groups,
undergo dehydroxylation to carbonyl groups (ketones or aldehydes). It appears therefore that
AC-90 and CH-90 are very different materials and, under the different sets of reaction
conditions, two very different distributions of surface chemical functionality are formed. To
more fully understand what is at play here would require the use of an in situ XAS (most likely
NEXAFS) investigation so that the evolution of surface chemical species could be studied
throughout the activation process. The increase in the aromatic €2 peak of AC-90 compared to
CH-90 was more than twofold, yet no significant increase the aromatic €9 peak of AC-90 was
observed relative to CH-90. This would suggest that, while the proportion of aromatic carbon
has increased, there has been no increase in the long rang order such as the significant
development of distinct graphitic domains. The C 1s NEXAFS spectra obtained for AC-90 also
showed an overall increase in the distribution of cyclic ethers (€5) compared to CH-90, which
can be understood in more detail by analysis of the O 1s spectra. A significant increase in
aromatic cyclic ethers (06) was accompanied by a decrease in aliphatic cyclic ethers (03),
which implied that the steam activation process resulted in higher quantities of hydrothermally
stable aromatic ethers. Thus the hydroxyl and ether groups that give rise to the C-O-R peak in
the XPS are able to be clearly identified by NEXAFS spectroscopy.

The changes in the distribution of functional groups of CH-180 compared to AC-180, are much
less pronounced than those of the CH-90/AC-90 pair, but more so than the CH-45/AC-45 pair.
An increase in the percentage peak area of the 01 and 02 peaks (assigned to aldehydes and
ketones, respectively) is observed for AC-180 relative to CH-180. There is an increase in the C2
peak of 1.7%, with a decrease in the €1 peak of 3.3%. Interestingly a decrease in the €6 peak
allocated to aldehydes/hydroxyls of 3.4% is observed, with a decrease in the €3 peak of
ketone/phenols of 2.3% is observed. However, although some ambiguities remain regarding the
differences observed between the C 1s and O 1s spectra for the CH-180/AC-180 pair, both
hydroxyl and ether groups (C-O-R peaks from XPS, Table 2-2) were able to be confirmed as
being present on the surface of both CH-180 and AC-180.

NEXAFS spectroscopy was successfully used to further identify several functional groups of
interest from the XPS (C=0, C-O-R and COO-R) investigation of the surface chemistry of the CH
series and the miAC series. The most important identification was of the groups responsible for
the C-0-R peak in XPS, as this group was found to be present in the highest concentrations at the
carbon surface. The two groups to which the C-0-R peak was attributed were to hydroxyl (C-O-
H) and ether (C-0-C) groups. From NEXAFS spectroscopy it was also possible to determine that
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the C=0 peaks from XPS was due to both ketone and aldehyde groups. It was also shown that for
treatment times of 45 and 90 min, there was a slightly higher proportion of aldehydes, whilst
for treatment times of 180 min seemed to favour ketones. Furthermore, the COO-R peak from
XPS was able to be confirmed as being due to carboxylic acid groups, as is common on the

surface of ACs.

2.3.3 Structure of Coal Derived Carbons

Gas physisorption methods were primarily employed in order to determine the structure of the
physically activated miACs; however, electron microscopy methods were also employed in

addition to laser and X-ray diffraction methods.

2.3.3.1 Chemical Structure of Coal Derived Carbons
2.3.3.1.1 Raman Spectroscopy

Important information about the chemical structure of a material can be obtained from the
interaction of the chemical bonds with electromagnetic waves from the inelastic (Raman)
scattering of laser light. Such information can be vital for the characterisation of carbon
materials since it provides information on the extent of order/disorder, amount of graphite-like
lattice structures (section 1.9.3.1.1). The Raman spectra obtained for the ACs that were
physically activated were taken on a confocal micro-Raman system (Renshaw), the details of
which are given in Section 6.6.3.1.1. The Raman spectrum obtained for AC-N is shown below in
Figure 2-7, while the spectra obtained for the ACs derived directly from VBC are presented with
their corresponding chars in Figure 2-8. All spectra were normalised, baseline corrected and
deconvoluted. The subsequent peak fitting was undertaken in a manner similar to Sadezky et al
[22] and Shimodaira et al [23] (Table 1-4). The results of the peak fitting for the carbons
presented in both Figure 2-7 and Figure 2-8 are reported in Table 2-4.
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Figure 2-7 ~ Deconvoluted Raman Spectra of AC-N. Shown are the peaks for the (—) Normalised Data, (—)
Sum of Deconvoluted Peaks, (—) S peak, (—) D peak, (—) A peak, (—)

The most prominent feature of all the Raman spectra shown in both Figure 2-7 and Figure 2-8
is the D peak, assigned to disordered graphitic carbon, as such it is clear that carbon of this type
makes up the bulk phase of such carbon materials. It can be seen that for a treatment time of 45
min, the presence or absence of steam does not influence the amount of non-heteroatom
containing disordered graphitic lattices, since the D peak areas are similar for the steam
activated (AC-45) and carbonised (CH-45) materials. On the other hand, the amount of
disordered graphitic lattices containing heteroatoms decreased for AC-45 relative to CH-45, as
characterised by a decrease in the S peak area. The § peak has been attributed to the presence
aromatic ethers by Li et al [24], and in general the heteroatoms bound to the graphene layer
edges are considered to be oxygen. Furthermore, increases were observed in the areas of both
the A and G peaks. This indicates that the presence of steam during the activation process (AC-
45) results in carbons with a higher degree of amorphous (A) and graphitic carbon (ideal
graphitic lattices, G) compared to CH-45, which possesses a higher degree of moderately

ordered carbon (characterised by the presence of disordered graphitic lattices, S and D).
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Figure 2-8 ~ Deconvoluted Raman Spectra of CH-45, AC-45, CH-90, AC-90, CH-180 & AC-180. Shown are the
peaks for the (—) Normalised Data, (—) Sum of Deconvoluted Peaks, (—) S peak, (—) D peak, (—) A peak, (—)
G peak A) CH-45, B) AC-45, C) CH-90, D) AC-90, E) CH-180, and F) AC-180
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Table 2-4 ~ Raman Peak Fitting Tables for the VBC derived steam activated miACs

Peak Area
Sample S D A G
Name
Disordered Disordered Amorphous Ideal Graphitic
Graphitic Lattice*  Graphitic Latticet Carbon Lattice
AC-N 9.2 66.7 9.8 14.1
CH-45 139 64.0 1107 10.3
AC-45 11.7 64.0 12.6 11.5
CH-90 129 63.6 11.6 11.8
AC-90 11.7 62.4 12.7 13.0
CH-180 8.0 67.6 11.7 12.7
AC-180 7.1 65.3 13.3 14.0

* Heteroatoms Bound to Graphene Layer Edges

t Graphene Layer Edges

A similar overall result was observed for the CH-90/AC-90 pair, as can be seen from Table 2-4.
However, the decrease in the area of the § peak of AC-90 relative to CH-90 is larger than AC-
45/CH-45, and is accompanied by a decrease in the area of the D peak. This indicates a more
substantial decrease in heteroatoms bound to graphene layer edges as well as an overall
decrease in graphene layer edges. Interestingly, there are only very minor changes in the
amount of amorphous carbon (4 peak) present within the carbons as a result of increasing the
carbonisation time or activation time from 45 to 90 min. Furthermore, the amount of ideal
graphitic lattice edges (G peak) increased as a function of increasing carbonisation or activation
time, and through the utilisation of steam during activation. Collectively, the decreases in the
areas of the S and D peaks, and increases in the G peak of AC-90 relative to CH-90 (and also the
CH-45/AC-45 pair) indicate that the overall structural order of the resulting materials was
enhanced when the carbonisation/activation time was increased from 45 to 90 min and when

steam was used during the activation.

The differences in the chemical structure determined by Raman spectroscopy for materials
prepared using carbonisation/activation times of 45 and 90 min were less significant than when
the carbonisation/activation time was extended further to 180 min (Table 2-4). In Figure 2-8E-
F (CH-180/AC-180), the S peak became sharper which indicated an increase in the orientation

of some of the disordered graphitic lattices. An increase in the G peak was also observed, and
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was attributed to an increase in the ordered graphitic phase. Together the changes in the $ and
G peaks are the result of an overall increase in the ordered graphitic lattices, whilst showing a
decrease in the disordered ones, thus the graphitic lattices of the carbons are
reorienting/aligning to become more ordered. Moreover, the area of the § peak of the CH-
180/AC-180 pair, decreased by approximately a third, with an increase of similar magnitude in
the D peak. This suggests that in addition to the reorienting of the disordered graphitic lattices
(change in S peak shape), there has been an overall decrease in the amount of heteroatoms
bound to graphene layer edges, while the overall amount of graphene layer edges remains

constant (S and D peak areas combined).

The area of the S peak in the spectrum obtained for AC-N is significantly smaller than the miACs
and CH series carbons reacted for 45 or 90 min. This may suggest a lower degree of
heteroatoms bound to graphene layer edges, but from the increased area of the D peaks it can
be seen that there is a higher overall amount of graphene layer edges, relative to the ACs and
chars reacted for 45 and 90 min. Furthermore, the 4 peak of AC-N is lower than any of the steam
activated miACs and chars, indicating that AC-N is a less amorphous carbon than those

produced here from VBC.

In summation, with the overall increases in the areas of the G and A peaks as a result of both
carbonisation/activation time and the presence of steam during activation, and decreases in the
area of the § and D peaks with increasing carbonisation/activation time and the presence of
steam; it can be seen that increasing the carbonisation/activation time or by using steam
during activation results in an overall increase in the level of order present within the resulting

carbons (Table 2-4).

2.3.3.1.2 Powder X-ray Diffraction (PXRD)

X-ray diffraction (XRD) like Raman spectroscopy allows for greater insight into the chemical
structure of ACs. However, in Raman spectroscopy the electromagnetic waves interact with the
bonds of the material, where is in XRD they interact with the atoms themselves. The XRD of the
physically activated coal and char carbons are presented below in Figure 2-21A-D. From the
spectra in Figure 2-21, it is clear that there is no extensive crystallinity in any of the samples.

The plots are typical of amorphous carbons [25-27].

The XRD patterns of the steam activated miACs presented three minor, but distinct peaks, all
common to highly amorphous carbons [28]. The most predominant of these peaks was centred
at 24° 26, and is attributed to the reflection of the 002 plane [28]. The second major peak to

present in the XRD patterns of the steam activated miACs was centred at 43° 26, and can be
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attributed to the 100 and 101 reflections that overlap [25, 28]. The third peak to be observed
from the XRD patterns presented in Figure 2-21 was the very sharp peak centred at 26° 26, and
is often hidden under the 002 peak at 24° 26. This third peak is exhibited more often in
amorphous carbons derived from coal or bio-mass sources, and is attributed to amorphous
metal oxides (MO) (e.g. SiO2, K20, Na;0 or Al;03), most commonly aluminosilicates [29]. The
observations of the 002, 100 and 101 peaks are typical of the diffraction pattern of amorphous
carbons [25, 27-32]. The 002 reflection is the result of the diffraction by the atoms of parallel
graphitic domains. These well defined graphitic domains are also a strong indication of the
presence of micropores, which in ACs is known to be present between parallel graphene sheets
[25]. The presence of the 100 and 101 peaks are indicative of an increase in the lateral order
within the graphitic domains [30, 32]. However, no significant changes in the intensity of either
the 002 or 10 peaks are clearly apparent, indicating that there have been no significant changes

in the long range order of the CH or miAC series that can be distinguished by XRD.

—CH-45 ——CH-90 ——CH-180 ——AC-45 ——AC-90 ——AC-180

A) B)

002 002

20 30 40 50 60 20 30 40 50 60
20 20

Figure 2-9 ~ X-ray Diffraction of Steam Activated miACs and Chars Derived from VBC. Shown are the XRD
Patterns for A) CH-45, CH-90 and CH-180, and B) AC-45, AC-90 and AC-180

2.3.3.2 Physical Structure of Coal Derived Carbons
2.3.3.2.1 Gas physisorption and displacement

The adsorption of gas at or near their boiling point allows for gas condensation within the pores
of porous materials. The way in which this occurs can be studied and the information obtained
allows for a great deal of information pertaining to the diameter and shape of the pores to be
determined (ref to section 6.6.3.2.1 for more information). The surface area and porosity of

each AC was determined from the adsorption isotherms of N, and CO; at 77 and 273 K, and the
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BET surface area, DR surface area, DR micropore volumes and BH] mesopore volumes are

presented in Table 2-11. The details of these calculations can be found in section 6.6.3.2.1.

Table 2-5 ~ Surface Area, Pore Volume & True Density of VBC Steam Activated miACs

Surface Area Pore Volume
Sample (m*/g) (cm®/g) DTrUft
Name co, N, co, N, (:,2:3]y
DR BET Vimicro Viicro  Vimeso Viotal
VBC 148 - 0.05 - - - 1.40
AC-N 799 645 0.26 0.36 0.12 0.38 1.48
CH-45 620 263 0.20 0.14 0.04 0.17 1.84
AC-45 690 358 0.22 0.19 0.08 0.23 1.88
CH-90 640 282 0.21 0.16 0.06 0.18 1.85
AC-90 696 397 0.23 0.20 0.13 0.24 1.90
CH-180 626 304 0.21 0.16 0.06 0.20 1.84
AC-180 758 486 0.25 0.25 0.21 0.35 1.82
CO; Physisorption

The CO; adsorption isotherms were measured on a TriStar Il 3020 (Micromeritics) at 273 K
using an ice bath to maintain the temperature. Measurements were made on a relative pressure
basis, over a P/Py range of 0.00-0.03. The CO; isotherms for the miACs produced directly from
VBC are presented in Figure 2-10, those for the miACs produced from the supplied VBC-derived
chars are presented in Figure 2-22, and the surface area and limiting micropore volumes

(determined using the DR equation) are presented in Table 2-11.

Referring to Figure 2-10, the CO, isotherms for the carbons produced directly from VBC
displayed typical type I isotherms (Langmuir-like) — with higher CO; uptake at higher relative
pressures. By comparing the CO, uptakes of the carbons produced, compared with the CO;
uptake of the parent VBC sample, it can be seen that there is an obvious increase in uptake due
to the removal of the volatile matter in the coal (CH series) and subsequent gasification (AC
series) of the carbon surface. The effect of the presence of steam in the gas stream, on the

development of microporosity can be seen in Figure 2-10 from the increased adsorption at
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higher relative pressures (P/Py 0.015-0.030), indicating there is an increase in the volume of

larger micropores.
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Figure 2-10 ~ CO; Adsorption Isotherms at 273 K of Carbonised and Steam Activated VBC. Shown are the
CO; Isotherms of A) VBC and AC-N, B) CH-45 and AC-45, C) CH-90 and AC-90, D) CH-180 and AC-180

N: Physisorption

Physisorption of N; was undertaken in a TriStar I 3020 (Micromeritics) at 77 K using a Dewar
of liquid nitrogen to maintain the temperature. Measurements were made over a P/P, range of
0.050-0.995. N; Isotherms and PSDs measured for the carbons derived directly from VBC, are
presented in Figure 2-12A-F for the carbons treated for 45, 90 and 180 min respectively.
Furthermore, the N2 adsorption isotherm and PSD for the AC-N benchmark carbon is presented

in Figure 2-11A-B.
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Figure 2-11 ~ N Adsorption-Desorption Isotherm and PSD taken at 77 K for AC-N. Shown are A) N;
Adsorption Isotherm for AC-N, and B) Nz PSD for AC-N

Referring to Figure 2-12, all carbons displayed typical type II isotherms [33], with type H4
hysteresis loops [34]. Collectively, these results indicate that the materials possess both micro-
and mesopores with slit-shaped pore morphologies. From Figure 2-12, it can be observed that
the hysteresis loops of the CH series do not fully close, whereas those of the ACs do close at
relative pressures close to P/P,= 0.45. This type of behaviour has been previously reported in
the literature and described as low pressure hysteresis (LPH) [35-37]. The underlying
phenomena that gives rise to LPH in ACs has been thoroughly discussed for example by
Silverstre-Albero et al (2012) [35], and is attributed to one of two main causes. The first cause is
from swelling of non-ridged pores, however, this is not a common occurrence in ACs. The
second and more likely cause of LPH in the cases observed here is due to equilibrium within the
micropores having not been initially achieved. This can arise from either the pore opening being
close in diameter to that of the adsorbate, or from He entrapment. The only option to counteract
such behaviour is to submit the sample to a second round of degassing once the He free space
measurement has been completed, or by using longer equilibration times, or both (as has been
done for selected ACs in the following section in order to obtain high resolution isotherms). The
condensation of gas occurs via addition of multiple layers of N3, eventually resulting in a bulk
liquid phase. Removal of the condensed gas is via evaporation from a hemispherical meniscus
[38]. The evaporation in this way will be significantly hindered in materials that possess slit
shaped pore, as the very last part of the meniscus is very slow to be removed. The removal of
non-condensed N; from the micropores cannot be removed until this remaining N, from the
bottom of the meniscus has been removed. As such for complete removal of the entrapped N> to
be achieved, either a stronger vacuum will have been required than was available on the

instrument used, or a longer equilibration period employed.
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Figure 2-12 ~ N, Adsorption Isotherms and Pore Size Distributions at 77 K of Carbonised and Steam
Activated VBC. Shown are A) N; Isotherms for CH-45 and AC-45, B) N PSDs for CH-45 and AC-45, C) N;
Isotherms for CH-90 and AC-90, D) N, PSDs for CH-90 and AC-90, E) N; Isotherms for CH-180 and AC-180,
and F) N; PSDs for CH-180 and AC-180

Furthermore, Figure 2-12B and Figure 2-12D shows a small spike in pore diameter at around 5
nm in the chars compared with a significantly greater volume present in the ACs at this pore
diameter. In Figure 2-12B, the PSD of the CH-45 char shows no such increase in pore volume at

a 5 nm pore diameter demonstrating the low mesoporosity of the material.

For the AC-180 carbon, there is a significant increase in mesoporosity compared with the AC-45

and AC-90 samples. This can be observed by the overall increase in adsorption, shown in
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Figure 2-12C, and is accompanied by a notable increase in the contribution of pore volume for
pores with >2 nm diameter (Figure 2-12F). This would indicate that a gasification time
somewhere between 90-180 min, results in a tipping point where the conversion of micropores
to mesopores overtakes the development of new micropores. As the pore volume significantly
decreases below 5 nm there are substantial increases in the micropore volume, which cannot be
characterised by N; or Ar physisorption. Furthermore, as the pore volume significantly
increases beyond 5 nm the pore volume again increases, as due to the mesopores with larger

pore diameters, and the presence of macropores.

Overall, the use of steam in order to further develop both the micro- and mesopore volume in
the ACs relative to those of their respective chars was successful. For all three activation times
the presence of steam increased the surface area and pore volume for pores in both the micro-
and mesopore regions, as compared to the chars that were carbonised under N, alone (Table
2-5). Furthermore, even with the use of steam as an activating agent, ACs with both micro- and

mesopore volumes equal to the industrial benchmark AC-N, were unable to be achieved.

The magnitude of the difference between the micropore volumes determined by CO, and N;
physisorption can be strongly correlated with the mesopore volume of the miAC (Table 2-5).
For miACs that possessed substantial mesopore volumes, there was on minor difference
between the micropore volumes determined regardless of the adsorbate. However, for miACs
that did not possess a significant mesoporosity, the micropore volumes determined from the N;
physisorption data were significantly lower than those calculated from the CO; physisorption

data.

High Resolution N; and Ar Physisorption

The physisorption of N2 at 77 K in the previous section only allowed for a small amount of
information to be determined about the micropore region, on an ASAP 2020 HP instrument. By
using an instrument with higher resolution at lower relative pressures (i.e. a 0.1 torr pressure
transducer, opposed to a 1 torr), more complete adsorption isotherms for N, were able to be
measured, and in turn more information about the micropores was able to be elucidated. The
using of Ar gas adsorption at 87 K allowed for additional information about both micro- and
mesopore distributions to be determined, owing to the smaller kinetic diameter of Ar, relative
to N,. Furthermore, as the ASAP 2020 instrument was operated with its cryostat system (refer
to section 6.6.3.2.1 for further details), it was possible to heat the sample to 300 K after the He
free space measurement, allowing for He entrapment to be completely avoided, allowing for

more accurate measurements. Due to the adsorption behaviour of AC-90 towards CO:
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(presented in Chapter 3), more information regarding the pore structure was warranted. The
high resolution adsorption isotherms were for both N, at 77 K and Ar at 87 K are presented in
Figure 2-13. From the isotherms values for the surface area and pore volume of AC-90 were
calculated using the BJH and HK methods, and compared to values for AC-N (Table 2-6).
Furthermore, PSDs were constructed using the BJH and HK methods for each adsorbate. These
are presented in Figure 2-13C-F. With the HK equation being able to resolve pores down to
diameters of 0.7 nm, where as the BJH method only allows accurate determination of pores with

diameters down to 2 nm.

With the exception of the low relative pressure points able to be taken for AC-90 and AC-N, the
high resolution N; isotherms shown in Figure 2-13A-B show only small differences to the N;
isotherms already presented in Figure 2-11 and Figure 2-12. For the latter cases, increases in
adsorption occur at higher relative pressures. This is ascribed the 15 sec difference in
equilibration times used on the two instruments (30 sec for the TriStar Il 3020, and 45 sec for
the ASAP 2020 HP). The low pressure hysteresis (LPH) of the Ar isotherms is much more
pronounced than that observed in the N; isotherms. This was interesting, since it was expected
that LPH would be reduced upon minimisation of He entrapment (refer to section 6.6.3.2.1 for
details). As such, the LPH observed here can only be attributed to residual condensed gas being
removed from the mesopores concurrently with the desorption of non-condensed N; or Ar from
the micropores. This is actually quite conceivable considering the slit shaped pores with wide
mouths. As the meniscus of the condensed gas lowers towards the bottom of the mesopore, the
gaseous adsorbate can desorb from within the micropores stemming from the walls of the

mesopores.
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Figure 2-13 ~ Adsorption Isotherms and PSDs for N; and Ar at 77 K and 87 K for AC-90 and AC-N. Shown
are A) Nz and Ar Isotherms for AC-90, B) N2 and Ar Isotherms for AC-N, C)The N; and Ar BJH PSD for AC-90,
D)The Nz and Ar BJH PSD for AC-N, E)The N2 and Ar HK PSD for AC-90, and F)The N; and Ar HK PSD for AC-

N
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Table 2-6 ~ Surface Areas and Pore Volumes Calculated using the BET, DR, BJH and HK Methods from High
Resolution CO;, N2 and Ar Physisorption at 273, 77 and 87 K for AC-90 and AC-N

Surface Area m?%/g) Pore Volume (ecm?®/g)
Sample
Name Vmitm Vmeso
DRo; BETy;, BET,,
DR¢q: HKy HKj, BJHy: BJH,,
AC-N 902 637 695 0.29 0.32 0.33 0.50 0.46
AC-90 646 397 382 0.21 0.20 0.18 0.19 0.11

The PSDs obtained from the relative pressure data revealed important information pertaining
to the micropores, that was unable to be obtained from the N; isotherm shown in Figure 2-12C.
From Figure 2-13C and Figure 2-13E there are important comparisons between the PSDs for
AC-90 calculated using the BJH and HK methods, with the former used to determine the PSD for
the mesopore region and the latter used the determine the PSD for the micropore region.
Importantly it can be seen from Table 2-6 for both carbons that the large micropore volumes
calculated by applying the DR equation to the CO; adsorption isotherms from Figure 2-10 are
very similar to those obtained by applying the HK equation to the high resolution N; isotherm of
both AC-N and AC-90 (Figure 2-13). Similar micropore volumes are also obtained by applying

the HK equation to the high resolution Ar isotherms.

Due to the higher resolution of the instrument, micropore volumes were able to be determined
from both the N, and Ar physisorption data that are in good agreement with those calculated
from the CO; physisorption data using the DR equation. However, even though greater
resolution was achieved for both ACs, the low partial pressure data obtained for AC-N from both
N2 and Ar physisorption was limited to pores with diameters of >0.7 nm, whereas for AC-90
pores with diameters as small as 0.5 nm were able to be resolved. This does not mean that pores
with diameters smaller than 0.7 nm were absent in AC-N, just that they were unable to be
resolved by the instrument. The insert in Figure 2-13E clearly shows that AC-90 actually
adsorbed smaller quantities of N, and Ar than AC-N (Figure 2-13F) when pore volumes arising

from pores with diameters >0.7 nm are considered.

High resolution physisorption using N, and Ar over AC-90 and AC-N further supported the
results obtained from the moderately resolved isotherms in the previous section. This in itself,

resulted in a greater understanding of the pore structure of both AC-90 and AC-N.
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He Pycnometry

The true density of all physically ACs and their precursor carbon materials were determined
using gas displacement via He displacement in a gas pycnometer (Micromeritics, Accupyc
1340). Density values are important parameters to measure as they are used in volumetric
calculations such as void and pore space, and provide an indication of the amount of volatile
matter removed. The measured true densities of the materials are presented (along with the

surface areas and pore volumes measured by gas physisorption) in Table 2-5.

Referring to Table 2-5, the measured densities of all the produced materials are greater than
the true density measured for the parent VBC. This can be attributed to the removal of volatile
matter leaving the condensed carbon matrix. The measured values for true density of the VBC
derived ACs suggest that a maxima is reached after 90 min gasification time, which sharply
drops upon further increase of the gasification time to give a true density value lower than that
of AC-45. This is proposed to be due to the significant increase in the level of microporosity

present in the AC-180 carbon compared with that of AC-45 and AC-90.

2.3.3.2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to investigate the structural domains for the
steam activated miACs. Imaging of several particles within each sample was undertaken, with
the most representative shown here. In addition to investigating observable domains by TEM,
confirmatory information was also obtained for the observations made by Raman spectroscopy
and XRD. The electron micrographs of AC-45, AC-90, AC-180 and CH-90, are presented in Figure
2-14, Figure 2-15, Figure 2-16 and Figure 2-17, respectively. In each figure the graphitic

domains have been highlighted, along with any other domains or structures of interest.

From the region indicated with a red circle in the electron micrograph of AC-45 (Figure 2-14), a
great deal of alignment of the graphene sheets (graphitic domains) can be observed. Moreover,
the carbon surrounding the structured domains appears largely amorphous in character. This is
in good agreement with the XRD results of AC-45 (Figure 2-9B), in that there is short range
(indicating structural domains), but not long range order within the carbon structure (repetitive

structural units).

The electron micrograph of AC-90, presented in Figure 2-15 shows more ordered graphitic
domains dispersed amongst the bulk amorphous carbon relative to AC-45 (Figure 2-14). This is
particularly evident in Figure 2-15B where there is a higher proportion of well defined
graphitic domains with visible lattice fringes. Furthermore, in Figure 2-15B clearly discernible

graphitic domains can be observed in which aromatic rings were both perpendicular (circled
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red) and parallel (circled green) to the electron beam. The carbon surrounding these domains
still appears to possess a highly amorphous character. The TEM results for AC-90 are in good
agreement with the XRD results (Figure 2-9B), again confirming short range order, but no long
range order. Furthermore, the observations from the micrographs in Figure 2-15 support the
Raman data obtained for AC-90 (Figure 2-8), where there was a decrease in the D peak;
associated with a decrease in graphene layer edge at the surface of AC-90 (relative to AC-45),
whilst an increase in the G peak was also observed (associated with the structured graphitic

phase).

The electron micrograph of AC-180 (Figure 2-16) revealed a number of small graphitic-like
domains that were not observed in the micrographs obtained for the materials activated for 45
or 90 min. This indicates that prolonged activation for 180 min led to the carbon becoming
more structured. Although one well defined graphitic domain was observed in the micrograph
of AC-180 (red circle, Figure 2-16B) most of the order within the carbon structure arose from
the alignment of graphene layer edges rather than well defined graphitic domains (Figure
2-16B, see green circles). Similar observations were made in the Raman spectra of AC-180
(Figure 2-8D), in that only a relatively minor increase in the ordered carbon (G peak) was

observed relative to the Raman spectra of AC-90 (Figure 2-8B).
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Figure 2-14 ~ Transmission Electron Micrograph of Activated Carbon Derived from Victorian Brown Coal
after 45 min Steam Gasification (AC-45). Shown is A) Medium-High magnification of AC-45, B) High
magnification of AC-45; lattice fringes of graphitic domain circled (O )
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Figure 2-15 ~ Transmission Electron Micrograph of Activated Carbon Derived from Victorian Brown Coal
after 90 min Steam Gasification (AC-90). Shown is A) Medium-High magnification of AC-90, B) High
magnification of AC-90; lattice fringes of graphitic domain circled (O ), edge of graphene sheet circled (O )
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Figure 2-16 ~ Transmission Electron Micrograph of Activated Carbon Derived from Victorian Brown Coal
after 180 min Steam Gasification (AC-180). Shown is A) Medium-High magnification of AC-180; ash particle

circled (O ), B) High magnification of AC-180; lattice fringes of graphitic domain circled (O ) graphite-like
domain circled ( Q)
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Figure 2-17 ~ Transmission Electron Micrograph of Victorian Brown Coal Char, 90 min Pyrolysis (CH-90).
Shown is A) Medium-High magnification of CH-90, B) Medium-High magnification of CH-90
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The electron micrographs of CH-90, shown in Figure 2-17, exhibited a small amount of ordered
carbon. No well defined graphitic domains were observed in any of the imaged particles,
although some developing structural alignments is apparent (shown by the red circles in Figure
2-17). This was an interesting result, since the XRD (Figure 2-9) show no significant structural
differences between CH-90 and AC-90. Whereas the results of the Raman spectroscopy (Table
2-4) showed CH-90 to possess a lower the proportion of ordered graphitic carbon and higher
proportion of disordered graphitic carbon than AC-90, which is reasonably with the TEM
results. Some alignment of graphene layer edges was observed around the outside of the CH-90

particle shown, but these structures are not well defined graphitic domains.

The TEM of the steam activated miACs were with the observations made by Raman
spectroscopy, XRD and gas physisorption. That is that there is no significant long range
structure to the carbons in the CH and miAC series, but well defined structural domains were

observed.

2.3.4 Summary

For the CH series (CH-45, CH-90 and CH-180) as the carbonisation time was increased and more
and more volatile matter was removed from VBC, a significant increase in bulk C content of ~ 30
wt%, occurred together with a decrease in bulk H content of ~ 3 wt%, and a decrease in the
bulk O content by 25-30 wt%. Furthermore, the initial carbonisation of VBC for 45 min resulted
in an almost four-fold increase in micropore volume (4Vmicro = 0.13 cm3/g, Table 2-5). An
extension of carbonisation time from 45 to 90 min caused an increase in micropore volume of
only 0.01 cm3/g, with an increase in mesopore volume of 0.02 cm3/g. These differences in pore
volume were barely outside the error range of the measurements (+0.005 cm3/g) and as such
were of little consequence. This is presumably due to near complete removal of volatile matter
from the inner pore structure at the lower carbonisation time. Furthermore, no changes outside
the limits of error were observed upon extending the carbonisation from 90 to 180 min. It can
be seen that there was not any significant development of pore volume in the CH series, beyond
the initial 45 min carbonisation of VBC (Table 2-5). There was also no clear pattern in the
changes in the bulk composition of the CH series as a function of carbonisation time, due to

significant variation across the series of samples examined (Table 2-1).

Compared to one another the bulk composition of the miACs (AC-45, AC-90 and AC-180)
showed a similar pattern to their respective material in the CH series as a function of reaction
time. That is a decrease in bulk C, with an associated increase in bulk O, between 45-90 min

activation; with the opposite being true between 90-180 min activation. The results of gas
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physisorption showed that the use of steam during activation proved to increase the micropore
volume, and also that the duration of time under steam gasification conditions resulted in
increased mesopore volume (Table 2-5). Furthermore, both the presence and duration of steam
activation had an effect of the development of mesopores, due in large part to the mechanism of
pore development occurring under steam gasification conditions. Results are with a view that
steam gasification develops pores from the outside of the carbon particles, working its way
inwards. It is for this reason that mesopores and pores with wider mouths are developed at the
expense of micropores; however, both are still developed, just at different rates. From the
Raman spectroscopy it can be seen that between 45-90 min steam activation there is a decrease
in the D peak, with an associated increase in the G peak. This would suggest structural
development of amorphous carbon into more ordered graphene sheet structures (Table 2-4). A
similar pattern of progressive change was observed for the Raman spectra of AC-180, but there
was also an observed decrease in the S peak (as was also observed for CH-180). This suggests a
decrease in the number of heteroatoms bound to graphene layer edges by increasing the
reaction time from 90 to 180 min. An increase in the number of well structured graphitic
domains was also observed in the TEM investigation (Figure 2-14-Figure 2-16). Despite the
changes in physical structure apparent from Raman spectroscopy and TEM, no such changes

were observed from the XRD patterns of the steam activated VBC derived miACs (Figure 2-9B).

The XPS results showed no clear pattern in the variation the surface concentrations of C, O or N
with increasing carbonisation/activation time (Table 2-2). Moreover, there was no clear
relationship between the distribution of the main functional groups (C=0, C-O-R and COO-R) or

types of carbon (C-C or C=C) at the surface as a function of carbonisation/activation time.

However, clear patterns did emerge from the XPS data for pairs of materials generated by direct
carbonisation versus those prepared by steam activation. The use of steam resulted in a
decrease in both C=0 and COO-R groups, whilst significant increases were observed for the C-O-
R groups, despite an overall decrease in the surface O content of the miACs as compared to their
respective chars. NEXAFS spectroscopy (Table 2-3) was used to further probe the identify the
C=0, COO-R and C-0O-R groups detected by XPS. The C=0 groups identified by XPS were found to
result from both ketone and aldehyde groups, in relatively equal proportions, whilst the COO-R
groups were confirmed as carboxylic acids groups. The most notable identification being made
for the C-0-R groups, which were attributed to both hydroxyls and ethers, with the former being
present in higher proportions. Hydroxyl groups are known to possess the highest affinity for
CO; of all the functional groups commonly found on AC surfaces, thus indicating that the use of
steam activation not only allows for greater pore development, but also more desirable surface

chemistry for CO; adsorption [1].
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The bulk O content of AC-N was determined to be more than twice that of any of the VBC
derived chars or steam activated miACs, whilst the surface O content of AC-N was significantly
lower than any of these carbons. The higher bulk O content is attributed is attributed to the
higher bulk O content of the peat from which it was derived [13]. There was a substantial
difference in the distribution of oxygenated functional groups on the surface of AC-N relative to
the VBC derived chars and miACs. The most prominent difference was observed for the C-0-R
groups, shown from NEXAFS spectroscopy to be due predominately to hydroxyl groups. As
hydroxyl groups have shown to have a greater effect on the affinity of an AC surface for CO> the
lower concentration of hydroxyl groups on the surface of AC-N might lead to a lower affinity of

its surface for CO.

In closing, the steam activated VBC derived miACs were shown to possess increased pore
development and ordered chemical structure, as opposed to their carbonised counterparts.
Despite the increases in both the micro- and mesopore volume of the steam activated miACs
relative to their analogues from the CH series, the pore volumes were still smaller than those of
AC-N. The surface chemistry of almost all the VBC derived carbon materials possessed a higher
surface O content than AC-N, which might have lead to these carbon materials with surfaces that
possessed a higher affinity for CO,, than AC-N. As both surface chemistry and pore volume are
important factors in determining the gas adsorption properties of carbon materials, their affect
on the adsorption properties of the VBC derived carbon materials and AC-N, will be the focus of

the gas separation studies for these carbons, reported in Chapter 3.

2.4 Physically Activated Char Derived Carbons

The char derived miACs were produced using two industrially produced chars, made using the
same VBC source as was used to produce the coal derived miACs presented in section 2.3. The
two chars were milled and homogenised in the same manner at the VBC used in section 2.3, as
outlined in section 6.3.2 of Chapter 6. The two industrial chars were obtained from Australian
Char LTD PTY (AusChar), one of which was produced in a Lurgi-style retort at 1173 K (CHLR),
and the other in a rotary kiln at 973 K (CHRK). The VBC chars were reacted for 90 min at 1073

K, under a flow of H,0/N3, in the same manner as AC-90 (for details refer to section 6.4.2).
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2.4.1 Composition of Char Derived Carbons

The yields and chemical composition of the starting materials and prepared carbons are
presented in Table 2-7. Ash analyses were performed thermogravimetrically (Mettler Toledo,
TGA/DSC 1, Star* System) and elemental compositions were determined by dry combustion

(Vario MICRO cube, Elementar).

The ACs produced from the two industrial chars (Table 2-7) show small decreases in the
oxygen content upon steam gasification (e.g. 0% for CHLR 24.3 wt% vs. 0% for AC-CHLR-90
22.8 wt%). The elemental composition from chars to ACs in these cases shows little change in
composition, due to the relatively non-reactive nature of the two industrial chars. This is not
too surprising since the CHLR char was produced industrially at 1173 K, whereas the activation
process considered here was performed at 1073 K. Therefore, any components that would have
been reactive at the 1073 K have already experienced greater temperatures during the
production of the char. Further consequences of their non-reactive nature will become apparent

later, with respect to both their pore development and CO; capacities.

The ash content of both industrial chars was much higher than that observed for any of the
steam activated VBC miACs. Of interest however, is that upon steam activation of CHRK that a
decrease in ash content was observed to actually decrease, the only occurrence of this
throughout this work. This observation can be put down to heterogeneity inherent in the
sample. Furthermore, other than the fact that CHRK was derived from VBC and produced in a

rotary kiln at 973 K, little is known about the treatment of the sample.

Table 2-7 ~ Elemental and Ash Analysis of Physically Activated Char Derived Carbons

. Elemental Analysis
——_— R‘?ra_“"’“ Yield (Wt%, daf) H/C  Ash
p me (o) Ratio  (wt%)
[min} C H N Odm'

AC-N - - 76.3 0.8 1.0 219 0.12 10.9
VBC - - 61.4 4.4 0.6 33.5 0.86 0.4
CH-90 - 46.6 89.9 1.1 0.5 8.4 0.15 3.8
AC-90 43.4 82.2 1.3 0.7 15.7 0.19 6.4
CHLR - - 74.0 1.1 0.6 24.3 0.18 6.0

AC-CHLR-90 90 74.3 75.6 1.0 0.6 228 0.16 5.2
CHRK = = 76.6 LA 0.8 209 0.27 6.9
AC-CHRK-90 90 81.0 78.6 1.0 0.5 19.6 0.15 7.4
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2.4.2 Surface Chemistry of Char Derived Carbons

A combination of XPS and NEXAFS spectroscopy’s were used in order to indentify and quantify
the functional groups on the surface of the two industrial chars and the miACs derived from
them, with specific focus on the oxygenated functional groups that effect the adsorption

properties of the ACs.

2.4.2.1 X-ray Photoelectron Spectroscopy (XPS)

The fitting of the high resolution C 1s and O 1s XPS spectra obtained for CHLR, AC-CHLR-90,
CHRK and AC-CHRK-90 are given in Figure 2-18A-H. The XPS measurements were taken on a
Kratos Axis HSi X-ray photoelectron spectrometer, as outlined in section 6.6.2.1. The tabulated
results of the peak fitting for these carbons are report in Table 2-8. For reference and
comparison the peak fitting results obtained for AC-N and AC-90 are reported in Table 2-8, with
the corresponding C 1s and O 1s XPS spectra presented in section 2.3.2.1.

The XPS analysis of CHLR, CHRK and the miACs derived from them (AC-CHLR-90 and AC-CHRK-
90, respectively) showed significant differences between the two industrial chars, as well as
after steam activation of each char. For the CHLR/AC-CHLR-90 pair steam activation resulted in
increases in the surface C and N content (ACsurr= 3.2 at% and ANgs= 0.2 at%), but a decrease to
the surface O content (405 = 3.4 at%). The observed decrease in surface O of AC-CHLR-90
relative to CHLR manifested as substantial decreases in all three oxygenated functional groups
(C=0, C-0-R and COO-R, Table 2-8). Thus, it might be expected that a reduction in surface C-O-R
groups will resultin a decrease in the affinity for the surface of AC-CHLR-90 for CO, compared
to that of CHLR [1]. On a side note, it is also import to keep in mind that in the production of
CHLR, oxygen deficient gas was used during the carbonisation of VBC to produced CHLR. This
oxygen deficient gas was the result of the combustion of tars produced during the carbonisation
of CHLR itself, and as such the gas will have inevitably possessed CO and CO; in addition to Na.

This might account for the very high surface O concentration of CHLR.

The opposite relationship was observed upon steam activation of CHRK in order to produce AC-
CHRK-90. AC-CHRK-90 displayed an increase in surface O (40sus= 4.3 at%) and decrease in
surface C and N (4Csuy= 3.9 at% and ANy = 0.4 at%), relative to CHRK. The increase in surface
O of CHRK/AC-CHRK-90 was much more substantial than the decrease in surface O was
observed for AC-CHLR-90 with respect to CHRK. Of the 4.3 at% increase in surface O for the
CHRK/AC-CHRK-90 pair, 2.4 at% were due to C-O-R groups alone.
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Figure 2-18 ~ C 1s and O 1s XPS Spectra for CHLR, AC-ACLR-90, CHRK and AC-CHRK-90. Shown are A) C 1s
Spectra of CHLR, B) O 1s Spectra of CHLR, C) C 1s Spectra of AC-CHLR-90, D) O 1s Spectra of AC-CHLR-90, E)
C 1s Spectra of CHRK, F) O 1s Spectra of CHRK G) C 1s Spectra of AC-CHRK-90, and H) O 1s Spectra of AC-
CHRK-90
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Table 2-8 ~ XPS Peak Fitting for CHLR, AC-CHLR-90, CHRK, AC-CHRK-90, AC-90 and AC-N

Surface Concentration (at%)

Peak Binding

ASSIEUMESE  Boexpy e ACN AC-90 CHLR AC-CHLR-90 CHRK AC-CHRK-90

C1s 284.9 91.95 90.16 87.81 91.02 92.72 88.85

= 283.8 5.08 6.04 313 5.03 11.65 4.20

cc 284.8 72.91 68.28 66.71 70.54 70.15 67.58

COR 286.1 6.01 8.48 10.38 8.22 5.98 10.12

c=0 287.5 3.60 2.80 3.49 2.47 2.30 3.15

C00-R 288.8 1.97 1.56 2.05 1.06 0.94 174

- 289.9 2.38 3.00 2.06 3.70 171 2.06

01s 531.9 7.83 9.16 11.33 7.93 6.31 10.57

c-0 5315 3.50 2.96 3.68 2.51 2.29 3.32

CO-R 533.1 2.58 4.60 5.84 4.08 3.11 5.52

CO0-R 534.4 175 1.59 1.80 134 0.91 173

N1s 400.9 0.22 0.68 0.86 1.05 0.97 0.58

Compared to AC-90 the surface O content (and by extension, the concentration of C=0, C-O-R
and COO-R groups) of AC-CHLR-90 is much lower. This is be expected to cause a decrease in the
affinity of the AC-CHLR-90 surface for CO; and thus a decrease in adsorption of CO; relative to
AC-90 [1]. Conversely for AC-CHRK-90, the surface O content and that of all three major
functional groups (C=0, C-O-R and COO-R) are much higher than observed for AC-90;

particularly with respect to the concentration of C-0-R groups (Table 2-8).

Upon comparison of the surface chemistry of AC-N to the char derived miACs (AC-CHLR-90 and
AC-CHRK-90), both AC-CHLR-90 and AC-CHRK-90 possessed substantially higher surface O
(C=0, C-0-R and COO-R) than AC-N. Based on the surface chemistry results presented above for
AC-CHLR-90 and AC-CHRK-90, relative to AC-N, it is predicted that the surface of both miACs
might possess a higher affinity for CO, than the surface of AC-N[1].

As previously mentioned, the C 1s to O 1s ratio assigned to a given functional group (e.g. C=0, C-
O-R or COO-R) can permit the identification of a functional group. For example, if the C 1s to O
1s ratio of the C-O-R peak was 2, this could be assigned to an ether; whereas a C 1s to O 1s ratio
of 1, would more likely indicate hydroxyls. Although this is important information that can be
ascertained from XPS, further evidence is required in order to more definitively confirm the
identity of the functional groups. It is for this reason that NEXAFS spectroscopy was employed,

as itis a powerful and complimentary technique to XPS and is ideally suited for this purpose.

To summarise, quite significant differences were observed in the surface chemistry of the two

industrial chars. Importantly, shifts in the surface composition upon activation of the two
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industrial chars were quite different from that observed for the carbon materials presented in

section 2.3.2.1, a fact also supported by the bulk compositional analysis of these carbons.

2.4.2.2 Near Edge X-ray Adsorption Fine Structure (NEXAFS) Spectroscopy

The carbon and oxygen K-edge NEXAFS spectra were taken on the soft x-ray (SXR) beamline at
the Australian Synchrotron. The C and O K-edge NEXAFS spectra for AC-N are reported in
section 2.3.2.2, with the results of the peak fitting reproduced in Table 2-9 for ease of
comparison. For the industrial chars and their steam activated counterparts the C 1s and O 1s
NEXAFS spectra are shown in Figure 2-19, with the spectral fitting given in Table 2-9. The
complete fitting for both the C 1s and O 1s spectra can be found in Appendix 2 - NEXAFS

Spectroscopy Peak Fitting, for all of the carbon materials investigated.

It is important to note that for AC-CHLR-90 (Figure 2-19A-B and Table 2-9) a decrease (2.5-
8%) in three (€5, 03 and 06) of the four (€5, €8, 03 and 06) ether peaks are observed, relative
to CHLR. A decrease in the C-0-R peak from the XPS comparison of the two carbons revealed a
decrease in the C-O-R peak (assigned to hydroxyl and/or ether groups)(Table 2-8). The
observed decrease in the C-O-R peak from the XPS of AC-CHLR-90, relative to CHLR is
interesting, as a quite significant increase (7%) was observed in the area of the hydroxyl peak
(04) in the O 1s NEXAFS spectrum obtained for AC-CHLR-90. For an overall decrease to have
been observed in the C-O-R peak from XPS, the increase in hydroxyl groups indicated by

NEXAFS spectroscopy must have been of lesser magnitude than the decrease in ether content.

Interestingly there is a notable decrease in the €4 carboxylic acid/lactone peak of AC-CHLR-90
relative to CHLR (4C4 = 1.9 %), which is in agreement with the observed changes in the COO-R
peak from the XPS of AC-CHLR-90 relative to CHLR (Table 2-8). Whereas, the €7 carboxylic
acid/lactone peak of AC-CHLR-90 only exhibited relatively a comparably minor decrease.
Furthermore, the peak area of the 05 carboxylic acid/lactone peak from the O 1s NEXAFS
spectra was somewhat larger for AC-CHLR-90 than for CHLR, which seems to contradict the C 1s
NEXAFS data.

The increase in surface aromatic carbon (€2) of the CHLR/AC-CHLR-90 pair as a result of steam
activation, is similar to other analogous comparisons presented thus far. Whilst the increase in
the area of the €2 peak for AC-CHLR-90 was significant relative to CHLR, the decrease in the C9
peak was quite minor. This suggests that steam activation of CHLR has increased the amount of
surface aromatic carbon, with no significant change in the long range order of the carbon

material.
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Similarly, for the CHRK/AC-CHRK-90 pair (Figure 2-19c-d and Table 2-9) an increase in the
area of the €2 aromatic peak was observed as a result of steam activation. The magnitude of the
change in the €2 peak (12.4%) was greater than observed for the CHLR/AC-CHLR-90 pair, but
still smaller than for the CH-90/AC-90 (17.4%) pair. Likewise, only a relatively minor decrease
in €9 accompanied the change in the area of €2, indicating that no change of any consequence in

the long range order had occurred as a result of steam activation of CHRK.
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Figure 2-19 ~ C 1s & O 1s K edge NEXAFS Spectra CHLR, AC-CHLR-90, CHRK & AC-CHRK-90. Shown are A) C
1s K Edge NEXAFS Spectra of CHLR & AC-CHLR-90, B) O 1s K Edge NEXAFS Spectra of CHLR & AC-CHLR-90,
C) C 1s K Edge NEXAFS Spectra of CHRK & AC-CHRK-90, D) O 1s K Edge NEXAFS Spectra of CHRK & AC-

CHRK-90

A decrease in the €5 and 03 (m*c.o.c) ether peaks of ~4% was observed for AC-CHRK-90,
relative to CHRK. Interestingly this is not accompanied by a change in either the €8 or 06 (o*c.o-
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c¢) ether peaks. Furthermore, a substantial decrease in the €6 aldehyde/hydroxyl peak is
observed, along with an increase in the 04 hydroxyl peak. These changes in oxygenated
functional groups as observed by NEXAFS spectroscopy appear contradictory to the XPS results
and make interpretation difficult. However, these inconsistencies might be explained by the
differences in the X-ray penetration depth of NEXAFS spectroscopy compared to XPS (~ 100 nm
versus ~ 10 nm, for NEXAFS and XPS respectively). Additionally as NEXAFS spectroscopy
speaks only to the distribution of groups and not to their actual quantification, the data must be

treated cautiously.

Table 2-9~ C 1s & O 1s K Edge NEXAFS Peak Fitting of CHLR, AC-CHLR-90, CHRK and AC-CHRK-90, in
Addition to CH-90, AC-90 and AC-N for Comparison

K Photon Peak Area %
Edge Name Group Assignment Energy
g (eV) AC-N  CH-90 AC-90 CHLR AC-CHLR-90 CHRK AC-CHRK-90
c1 c=0 _— Carbonyl substituted aromatic 283.0 125 10 11 15 14 17 10
& carbon (quinone) == ) ) ) ’ i § .
c-c Aromatic carbon, or aliphatic
c2 o : a5 284.1 327 139 313 19.1 27.4 187 3.0
c=C substituted aromatic carbon
Cc-0H iy
c3 * g haon 2856 6.8 76 8.5 7.4 9.0 8.0 96
c=0 ketonic carbon
COOH -
ct * i e 2869 9.3 84 112 11.2 9.3 9.8 108
o0 lactone carbon
Cis C5 C-0-C m* Cyclic ether carbon 288.0 7.5 7.7 13.3 14.6 121 13.7 95
C-OH
c6 Ly Aldnyderr Ipdrogl 289.3 74 182 105 181 14.4 218 12.4
c=0 substituted aliphatic carbon
COOH osiali
c7 o raronyeac ox 2906 115 311 152 174 169 169 156
o0 lactone carbon
c8 c-0-C o* Cyclic ether carbon 2919 11.2 7.4 6.4 6.6 6.5 7] 6.6
c-C Aromatic carbon
c9 o* 293.0 1.2 4.6 2.5 39 8.l 35 3.3
c=C (long range order)
o1 =0 2qv Alphticlineavoncydic) 5296 112 5.8 6.4 13.4 11.0 113 4417
aldehyde oxygen
0z 0 Carbonyl oxygen 5308 81 139 165 59 114 9.7 107
(ketonic or carboxylic acid)
03 C0C m* Aliphatic cyclic ether 532.7 119 21.8 16.4 171 9.2 116 7.8
o1s 04 coH =m* Hydroxyl oxygen (alcohol) 535.7 33.0 20.2 24.6 33.2 40.3 36.7 414
C-OH
05 oo TgloreRulegeEn  genn  gos 8B 170 198 218 25.1 219
=0 of carboxylic acid
06 Cc-0-C o* Aromatic cyclic ether 543.0 28 55 14.7 e, 24 21 2.2
07 C-0H o* Phenolic oxygen 549.8 12.3 4.5 4.5 3.8 39 3.5 43
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Similarly to the VBC derived steam activated miACs (section 2.3.2.2), no regular patterns
emerged from the NEXAFS spectroscopy concerning the effect of steam activation of the two
industrial chars. This is due in part to the substantial differences that exist between to two
industrial chars as a result of the methods used in order to produce them (e.g. temperature, type

of reactor, etc).

2.4.3 Structure of Char Derived Carbons

As was the case in section 2.3.3, the structural characterisation of the char derived miACs was
divided into two sections, the characterisation of the chemical and physical structure. Raman
spectroscopy and XRD were used to characterise the chemical structure of the char derived

miACs, whilst gas physisorption alone was used to characterise their physical structure.

2.4.3.1 Chemical Structure of Char Derived Carbons
2.4.3.1.1 Raman Spectroscopy

A confocal micro-Raman system (Renshaw) was used to take all Raman spectroscopy
measurements for the industrial chars (CHLR and CHRK) and their miACs (AC-CHLR-90 and AC-
CHRK-90, respectively). The normalised, deconvoluted and peak fitted Raman spectra are
shown in Figure 2-7A-D, with the results of the peak fitting reported in Table 2-10, along with
those of AC-N, CH-90 and AC-90. As was reported in section 2.3.3.1.1, the peak fitting and peak
assignments were performed in-line with those reported by Sadezky et al [22] (Table 1-4).

As was the case for the carbon materials presented in section 2.3.3.1.1, the most prominent
feature of the Raman spectra obtained for the two industrial chars and their respective miACs
(Figure 2-20), was the large D peak. This implies that like the carbon materials presented in
section 2.3.3.1.1, the chemical structure of the industrial chars is dominated by a disordered
graphitic carbon, which is with previous findings for amorphous carbons [22, 39]. As the area of
the A peak (assigned to amorphous carbon) remains relatively unchanged in the spectra
obtained for these industrial chars and their miACs (Table 2-10), it appears that steam

activation does not affect the relative proportion of this fraction.

The area of the G peak for the CHLR/AC-CHLR-90 pair exhibited very little change as a result of
steam activation (Table 2-10), suggesting that the proportion of ordered graphitic carbon was
unaffected by the conditions employed during steam activation (refer to section 6.4.2 for
details). A minor increase was observed in disordered graphitic carbon for AC-CHLR-90 relative

to CHLR, which comprised a slight increase in the S peak and a corresponding decrease to the D
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peak of the same magnitude. This suggests a minor increase in the amount of graphene layer
edges containing bound heteroatoms, but no overall change in the amount of disordered
graphitic carbon within the CHLR/AC-CHLR-90 pair. Since no obvious changes were detected in
the proportions of amorphous and ordered graphitic carbon, and only minor changes were
found in the proportion of disordered graphitic carbon, it is clear that the chemical structure of
AC-CHLR-90 relative to CHLR was relatively unchanged in these respects. This can be attributed
to the non-reactive nature of CHLR, which was produced at 1173 K (100 K higher than the

temperature used for steam activation).
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Figure 2-20 ~ Deconvoluted Raman Spectra of CHLR, AC-CHLR-90, CHRK & AC-CHRK-90. Shown are the
peaks for the (—) Normalised Data, (—) Sum of Deconvoluted Peaks, (—) S peak, (—) D peak, (—) A peak, (—)
G peak, A) CHLR, B) AC-CHLR-90, C) CHRK, and D) AC-CHRK-90
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It can be seen that CHRK underwent more change than CHLR as a result of steam activation,
which is not unexpected as its carbonisation temperature (973 K) was 100 K lower than that
employed during steam activation (1073 K). There was a relatively minor difference in the
amount of amorphous carbon (4 peak) between CHRK or CHLR, but this did not change as a

result of steam activation of either material.

Table 2-10 ~ Raman Peak Fitting Tables for the Char derived steam activated miACs

Peak Area
Sample S D A G
Name
Disordered Disordered Amorphous Ideal Graphitic

Graphitic Lattice®  Graphitic Latticet Carbon Lattice
AC-N 9.2 66.7 9.8 14.1
CH-90 129 63.6 11.6 11.8
AC-90 11.7 62.4 12.7 13.0
CHLR 8.3 66.5 10.7 13.4
AC-CHLR-90 10.5 65.5 10.8 131
CHRK 16.8 58.0 11.2 13.9
AC-CHRK-90 8.9 66.9 11.3 12.7

* Heteroatoms Bound to Graphene Layer Edges

t Graphene Layer Edges

For the CHRK/AC-CHRK-90 pair, there was a slight decrease in the amount of ordered graphitic
carbon (G peak) as a result of steam activation of CHRK (Table 2-10). Like CHLR, the
amorphous and ordered graphitic carbon within CHRK was essentially unaffected by the
conditions used for the steam activation process. Conversely, the disordered graphitic phases of
CHRK (S and D peaks) were more vulnerable to the effects of steam activation (AC-CHRK-90).
The relative proportion of disordered graphitic lattices with bound heteroatoms decreased
quite significantly upon steam activation, as characterised by a decrease in the area of the §
peak of AC-CHRK-90 compared to CHRK. In fact the area of the S peak in the spectrum of CHRK
was the highest measured for any carbon material presented in this thesis. Moreover, the
decrease in the area of the S peak, equated to a nearly equivalent increase in the area of the D
peak of AC-CHRK-90 relative to CHRK. While there was no overall change in the amount of
disordered graphitic carbon within the CHRK/AC-CHRK-90 pair, the proportion of graphitic
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lattice edges with bound heteroatoms reduced. Again, this was not surprising considering that
the temperature of CHRK carbonisation was 100 K lower than the carbon materials presented in

section 2.3.3.1.1 and 200 K lower than CHLR.

Interestingly, the chemical structure of AC-CHRK-90 and the CHLR/AC-CHLR-90 pair possessed
a great deal more in common with AC-N than they did with any of the carbon materials
produced directly from VBC (section 2.3.3.1.1). One might attribute these findings to the
materials having undergone industrial scale processing. In particular, the carbonisation
temperature of CHLR is closer to that of AC-N (AT = 50 K) than to the VBC derived carbon
materials presented in section 2.3.3.1.1. Further information regarding the conditions used to

produce AC-N might enable a more thorough comparison to be made.

Overall, the differences in chemical structure observed between CHLR and AC-CHLR-90 were
insignificant. However, the changes observed for CHRK and AC-CHRK-90 were quite significant,
indicating changes in the structural order of the carbon as a result of steam activation. For both
chars the changes observed were found to be strongly tied to the temperature at which the char

was initially produced.

2.4.3.1.2 Powder X-ray Diffraction (PXRD)

The x-ray diffraction (XRD) patterns of the industrial chars and the miACs derived from them
are presented below in Figure 2-21A-B. From the diffraction pattern in Figure 2-21, it is clear

that carbon structure possesses a low degree of structural order, typical of amorphous carbons

[25-27].

——CHLR  ——AC-CHLR-90 ——CHRK ——AC-CHRK-90
A) B)
002 002

: 10 10
: MO : © Mo :

20 30 40 50 60 20 30 40 50 60
20 20

Figure 2-21 ~ X-ray Diffraction of Steam Activated Industrial Chars. Shown are the XRD Patterns of A) CHLR
and AC-CHLR-90, and B) CHRK and AC-CHRK-90
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Like the coal derived miACs two main diffraction peaks were observed for the char derived
miACs, a peak at 24° 26 due to the 002 reflection and another at 43° 26 due to the 10 reflection.
As was noted in section 2.3.3.1.2 the 10 reflection is a combination of the 100 and 101
reflections, overlapping each other, and as such is just commonly referred to as the 10 peak. The
10 peak is known to arise from lateral order within the graphitic domains, with increases in
intensity indicating an increase in lateral order [25]. The 002 reflection is known to result from
the diffraction by atoms in parallel graphene sheets, with an increase in this peak indicating well
defined graphitic domains [25]. For neither of the industrial chars, nor their steam activated
miACs was there an observed change in the intensity of either the 002 or 10 peaks in the,
indicating that no major changes in chemical structure of the graphitic phases has taken place

(Figure 2-21).

Furthermore, another peak observed in section 2.3.3.1.2 centred at 26° 20 was also present,
having been attributed to diffraction by amorphous metal oxides within the ash (MO) within the
sample [29]. This peak is most pronounced for CHLR out of all the carbon materials presented in
this thesis, due in large part to the high ash content of this char (ashcuir = 24.3 wt%), owing in

part to the high temperature at which it was produced (1223 K).

In summation, the observations from the XRD study of the industrial chars and the miACs

derived from them produced XRD patterns typical of amorphous carbons.

2.4.3.2 Physical Structure of Char Derived Carbons
2.4.3.2.1 Gas physisorption and displacement

In order to determine the surface area, pore volume and pore shape of both the micropores and
mesopores within the ACs it was necessary to employ both CO; and N, adsorbates for the
physisorption measurements (at 273 K and 77 K, respectively). The resultant BET and DR
surface areas, along with the micropore and mesopore volumes together with the true density
values for the industrial chars and their miACs are presented in Table 2-11. Additionally the
respective values for AC-N, VBC, CH-90 and AC-90 are also reported in Table 2-11 to facilitate

comparison.

CO; Physisorption

The CO, adsorption isotherms were measured on a TriStar Il 3020 (Micromeritics) at 273 K

using an ice bath to maintain constant temperature. Measurements were taken over a P/Py
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range of 0.00-0.03. The CO; isotherms for the two industrial chars and the miACs from their

steam activation are presented in Figure 2-22A-B, with the micropore surface area and limiting

micropore volumes reported in Table 2-11.

Table 2-11 ~ Surface Area, Pore Volume & True Density of Char Derived Steam Activated miACs

Surface Area

Pore Volume

Sample (m*/g) (cm’/g) True
Name Co, N, Co, N, Dens'}y
(g/cm’)
DR BET Vmicm vmicm Vmeso Vtutal
VBC 148 - 0.05 - - - 1.40
AC-N 799 645 0.26 0.36 .12 0.38 1.48
CH-90 640 282 0.21 0.16 0.06 0.18 1.85
AC-90 696 397 0.23 0.20 0.13 0.24 1.90
CHLR 609 384 0.20 0.22 0.02 0.29 1.83
AC-CHLR-90 623 351 0.20 0.23 0.05 0.27 1.88
CHRK 578 98 0.19 0.06 0.00 0.09 1.64
AC-CHRK-90 696 409 0.23 0.22 0.04 0.26 1.91
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Figure 2-22 ~ CO; Adsorption Isotherms at 273 K of Steam Activated Industrial Chars. Shown are the CO;
Isotherms for A) CHLR and AC-CHLR-90, and B) CHRK and AC-CHRK-90

Figure 2-22 shows the difference in CO; uptake of the commercial chars and their

corresponding activated carbons. The magnitude of the difference between the CHLR char and

AC-CHLR-90 is similar to that of the carbons produced directly from VBC and their respective
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chars (Figure 2-10); whereas the magnitude of the difference between the CHRK and AC-CHRK-
90 pair is greater, owing to the fact that the CHRK char exhibited a much lower CO; uptake
compared to any of the other chars reported here. This was also reflected in the significant
increase in DR surface area and micropore volume observed for AC-CHRK-90, relative to CHRK
(Table 2-11). It is proposed that this is due to a higher content of volatile matter remaining in
the char prior to activation, compared with that of any of the other chars reported here. Thus
allowing for the control of the pore development in a similar manner to that of the carbons
produced directly from VBC. Were this not the case, the magnitude of the difference between
the CHRK and AC-CHRK-90 would be similar to that observed for the other carbon materials

presented in section 2.3.3.2.

N: Physisorption

The N; physisorption measurements for the two industrial chars and their miACs were carried
out at 77 K over a P/Py range of 0.050-0.995 using a TriStar Il 1320 (Micromeritics). From the
N, adsorption isotherms, the BET surface area was calculated using equation 6-3. The
mesopore volume was calculated from the desorption arm of the isotherm using the BJH
method (section 6.6.3.2.1). The N, adsorption isotherms and BJH PSDs of the industrial chars
and the miACs derived from them are presented in Figure 2-23A-D, with the BET surface area

and mesopore volumes being reported in Table 2-11.

In the N; adsorption isotherms (type II) obtained for the industrial chars and their respective
miACs (Figure 2-23), the hysteresis loops (type H4) do not close. This has been attributed to
low pressure hysteresis (LPH) [35-37], as was the case in section 2.3.3.2.1, which was
attributed to equilibrium not being achieved for the adsorption branch of the isotherm. For the
two industrial chars, which lack any significant mesoporosity, closure of the hysteresis loops
due to LPH was much more pronounced. For the two steam activated chars (AC-CHLR-90 and
AC-CHRK-90, Figure 2-23B and Figure 2-23D, respectively) closure of the hysteresis loop was
more obvious, but by no means complete; which was attributed to the increases in the
mesopore volume of these carbon materials relative to the chars from which they were derived

(Table 2-11).

The N; physisorption showed that the steam activation of the CHLR (resulting in AC-CHLR-90)
had little overall effect on the development of either micro- or mesopores (Table 2-11),
especially when compared to the pore development observed for the steam activated coal

derived miACs (section 2.3.3.2.1). These observations can be attributed to the temperature at
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which CHLR had previously been carbonised, resulting in carbon that was less reactive under

the steam gasification conditions.
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Figure 2-23 ~ N, Adsorption Isotherms and Pore Size Distribution at 77 K of Steam Activated Industrial
Chars. Shown are A) N: Isotherms of CHLR and AC-CHLR-90, B) N, PSDs of CHLR and AC-CHLR-90, C) N,
Isotherms of CHRK and AC-CHRK-90, and D) N, PSDs of CHRK and AC-CHRK-90

The effect of steam activation on the pore development of CHRK was similarly retarded by the
effects of having been previously carbonised at high temperature (973 K). However, as the
carbonisation temperature of CHRK was lower than the steam activation temperature (1073 K)
it possessed more carbon that was reactive under the steam activation conditions than was
observed for CHLR. As such, much more substantial development of the pore structure was
observed relative to CHLR, but this was predominantly isolated to the development of
microporosity (and DR surface area, 4Spr = 311 m2/g). This can be observed from the significant
increase in the adsorption of N at P/P, < 0.1 for AC-CHRK-90 relative to CHRK (Figure 2-23C-
D), being due solely to the increased micropore volume of the steam activated AC-CHRK-90
(Table 2-11). This is not to say that there was no change in the mesopore volume of AC-CHRK-
90 relative to CHRK, in fact the increase in mesopore volume was comparable to the increase in

mesopore volume (Table 2-11).
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In section 2.3.3.2.1 it was noted that significant differences were observed in micropore
volumes determined from the CO; and N, physisorption data, only when the miAC in question
possessed a small mesopore volume. Although this did support the data presented in section
2.3.3.2.1 (Table 2-5) it does not hold up for the CHLR char (Table 2-11), which possesses a
smaller mesopore volume any of the VCB derived chars presented in section 2.3.3.2.1.
Conversely, the CHRK char exhibited no detectable mesopore volume, but followed the same
trend of the VBC derived chars (Table 2-11). The N, micropore volume could be a single
aberrant result, or more likely, it possessed numerous shallow micropores that allowed for the
easier pore filling to take place; thus negating the need for significant mesoporosity.
Furthermore, both AC-CHLR-90 and AC-CHRK-90 exhibited very similar CO; and N, micropore
volumes, with both possessing greater mesopore volumes than their starting materials. The
mesopore volumes for the AC-CHLR-90 and AC-CHRK-90 were however of the same magnitude
as the VBC derived chars (Table 2-11).

He Pycnometry

For the industrial chars and the miACs derived from them, the true densities were determined
by He displacement in a gas pycnometer (Micromeritics, Accupyc 1340). The measured true
densities of the materials are presented (along with the surface areas and pore volumes
measured by gas physisorption) in Table 2-11. Referring to Table 2-11, the measured densities
of the char derived miACs are greater than the true density measured for the parent char. This

can be attributed to the removal of volatile matter leaving the condensed carbon matrix.

2.4.4 Summary

Unlike the steam activated VBC derived miACs, no pattern was to be expected from the
characterisation of the two industrial chars and their respective miACs. This is due to the vast

differences that exist between the two methods by which the chars were produced.

For CHLR, which had previously been carbonised at 1173 K, steam activation resulted in only a
minor increase in the bulk C content of AC-CHLR-90 (4Cpuik = 1.6 wt%), as CHLR was found to be
highly non-reactive. Interestingly the bulk O and ash content actually decreased upon steam
activation, the only instance of this occurring out of all the steam activated miACs. Although the
decrease in ash content is a strange result, the XRD peak assigned to amorphous metal oxides in
the ash (MO) that was so prominent in the XRD pattern of CHLR was significantly reduced in the
XRD pattern of AC-CHLR-90. The strongest evidence as to the non-reactive nature of CHLR can
be observed from the yield of AC-CHLR-90 (74.5 wt%), close to 30 wt% higher than the
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difference between char and AC for the steam activated VBC derived miACs presented in section
2.2. Moreover, for CHLR there was not any effective development in micro- or mesopore
volume, under steam activation conditions at 1073 K. Other than the observation made of the
decrease in the MO peak in the XRD of the CHLR/AC-CHLR-90 pair, no structural differences of

significance were apparent.

Even though CHRK was produced at a lower temperature (973 K) than CHLR (1173 K), the yield
of AC-CHRK-90 was ~ 6 wt% higher than AC-CHLR-90. Relative to CHRK, AC-CHRK-90
possessed a slight increase in bulk C content (4Cpux = 2.0 wt%), with an almost negligible change
in bulk O or ash. Despite the insignificant change in bulk O with steam activation, the XPS
analysis of the CHRK/AC-CHRK-90 pair showed an increase in the surface O content (A0suy = 4.3
at%), with an associated decrease in surface C content (4Css = 3.9 at%). As this occurred both
micro- and mesopores were further developed as can be seen from both the CO; and N; gas
physisorption data (Figure 2-22 and Figure 2-23, respectively). However, even though the
mesopore volume of AC-CHRK-90 (Vineso = 0.05 cm3/g) was larger than CHRK (Vieso = 0.02
cm3/g) as a result of steam activation, the total mesopore volume is still quite a bit lower than
that of AC-90 (Vieso = 0.13 cm3/g). Taking into account the minor changes in bulk composition,
pore volume and surface chemistry, it is clear that due to the temperature at which CHRK was
produced (973 K), that there has been little change in the bulk carbon structure, with the
reaction occurring predominately at the surface of CHRK, as was also the case for the CHLR/AC-
CHLR-90 pair. Similarly there was little change regarding these aspects of the structure as

probed by XRD.

The main change in the surface chemistry (XPS) from the steam activation of CHRK was
observed as an increase in the surface O content of ~ 4 at%, which was expressed as increases
in all oxygenated surface functional groups (C=0, C-O-R, and COO-R). The most significant
change was for the C-O-R group (Oc.o-r = 5.5 at%) that, upon further investigation using NEXAFS
spectroscopy, was found that hydroxyl groups present in a higher proportion to ethers. The
implications this holds from a perspective of CO, adsorption is that, hydroxyl groups are likely
to increase the affinity of the AC surface for CO; and that this change in surface chemistry should

be favourable.

Overall, both the industrial chars were shown to be reasonably non-reactive under steam
gasification conditions. As such only minor improvements in mesopore volume were achieved
through steam activation. For the CHLR/AC-CHLR-90 pair the changes in both bulk composition
and chemical structure as a result of steam activation were relatively insignificant, whereas
quite substantial changes in the surface chemistry were observed. This indicated that steam

activation primarily acted on the CHLR surface rather than the bulk structure of the carbon. On
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the other hand, the CHRK/AC-CHRK-90 pair exhibited significant changes to both the structural
order of the carbon as well as the carbon surface, as a result of steam activation. The differences
in the reactivity of the two industrial chars was attributed to the different temperatures at
which they were produced, with CHLR being produced 100 K higher than the steam activation
temperature (1073 K), and CHRK produced 100 K lower.

2.5 Production of Chemically Activated Microporous Carbons

Chemical activation with the intent of producing ACs with PSDs shifted towards the micropore
region, is best achieved using a chemically activating agent such as KOH or NaOH. This is not
steam activated, but carbonised. The action of alkali metal hydroxides is the source of a great
deal on conjecture amongst researchers, with several theories as to the exact mechanism of
activation, all of which are scientifically sound (section 1.7.2) [40-42]. Regardless of the exact
mechanism of action, KOH allows for the heavier components of the volatile matter of the AC
precursor to be retained. The retained heavy components of the volatile matter are then
carbonised, forming a complex interconnected matrix within the already small pores present.
For this project only KOH was investigated, due to the large amount of studies done previously

using it as an activating agent [2, 31, 41-46].

KOH was used as an agent for the chemical activation of the VBC precursor. Furthermore due to
the high reactivity of potassium metal with water, the activation was done in the absence of
steam, and as such, the samples were carbonised only, not gasified. In these experiments, the
activation time was maintained at 60 min, but the amount of KOH was varied. This was achieved
by wet impregnating the coal particles with KOH, followed by removal of the solvent, and
subjecting the samples to a 60 min carbonisation treatment (1073 K in a N, atmosphere, in a

fixed bed reactor).

2.5.1 Composition of Chemically Activated Carbons

The composition of the KOH activated miACs, VBC starting material and reference materials
were investigated using elemental (Vario MICRO cube, Elementar) and ash analysis (Mettler
Toledo, TGA/DSC 1, Star* System), the results of which are presented in Table 2-12.

The elemental analysis of AC-KO relative to VBC shows a substantial decrease in O and H
content, with a major increase in C and ash content (44sh = 3.2 wt%, Table 2-12). This is what

one would expect to observe from carbonisation alone, with a similar result obtained for CH-45
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relative to VBC (Table 2-1). The KOH activated miACs (AC-K5, AC-K7.5 and AC-K10) did possess
higher ash contents that the physically activated carbon materials presented in section 2.3 and
section 2.4. The KOH active miACs were acid washed in order to remove excess K remaining
from the activation process. This will also have acted to remove some of the inherent ash within
VBC that would have been present; as such the ash content of the KOH activation miACs are
lower than would be expected relative to the “as produced” carbons. For full compositional
analysis to have been able to be carried out on the ash of the KOH activated miACs, several large
batches would have been required to be produced solely for this purpose, as this type of
analysis requires a minimum of 1 g of ash. This was deemed to be not feasible and as such was
not undertaken. Furthermore, as it is well known than KOH exerts its action as a chemically
activating agent predominately between graphene sheets, complete removal of K will be

technically impossible.

Table 2-12 ~ Elemental Analysis & Ash Determination of KOH Activated Carbon

Ultimate Analysis

Sample Yield (Wt%, daf) H/C Ash
Name (wt%) Ratio {wt%)
C H N Oy
AC-N - 76.3 0.8 1.0 219 0.12 10.9
VBC - 614 44 0.6 335 0.86 0.4
AC-KO 47.2 86.5 1.4 0.8 11.3 0.19 3.6

AC-K5 492 835 1.2 1.1 141 0.17 6.2
AC-K7.5 49.7 828 1.1 1.3 149 0.15 8.5
AC-K10 51.2 792 11 1.2 184 0.17 10.1

When KOH was introduced into the activation process (AC-K5), there were only minor changes
to the N and H content, relative to AC-K0. However, there was a 3 wt% decrease in the C
content, with a consequent increase of 2.8 wt% in both O and ash content. By increasing to KOH
content further to 7.5 wt%, a small decrease of 0.7 wt% was observed was the C content of AC-
K7.5, relative to AC-K5, with an increase of 2.3 wt% in ash. Relative to AC-K5, the O content of
AC-K7.5 only increased by 0.8 wt%. It was not until at a KOH loading of 10 wt%, further changes

occurred giving a C content 3.5 wt% lower, with an O content 3.5 wt% higher.

Moreover, all of the KOH activated miACs possessed an O content several percent lower (40puik =

3-8 wt%) than the AC-N benchmark carbon. The C content of the KOH activated miACs were
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between 3-7.5 wt% higher than that of AC-N, with the composition of AC-K10 possessing the
closest similarity to AC-N of any AC presented in this thesis.

To summarise, the overall variation in composition as a function of KOH loading was relatively
minor, especially when compared to the steam activated miACs. The composition of the KOH
activated miACs is much more similar to that of AC-N, another KOH activated miAC, produced

industrially.

2.5.2 Surface Chemistry of Chemically Activated Carbons

As previously stated regarding the steam activated carbons, both the standard spectroscopic
methods for determining the surface chemistry (e.g. FT-IR) and issues with the reproducibility
of wet chemical analysis, have left x-ray absorption spectroscopy (XAS) as the most reliable and
reproducible method for determining the surface chemistry of carbon materials. The types of
XAS used to investigate the surface chemistry of the KOH activated miACs was NEXAFS
spectroscopy and XPS, as was the case with the steam activated miACs. The focus was to
investigate the oxygenated functional groups at the AC surface, as these are known to have a

more influential effect on the adsorption properties of the ACs.

2.5.2.1 X-ray Photoelectron Spectroscopy (XPS)

The high resolution C 1s and O 1s XPS spectra for the KOH miACs AC-KO0, AC-K5, AC-K7.5 and
AC-K10 are presented in Figure 2-24A-H, with the peak fitting results shown in Table 2-13. The
XPS measurements were taken on a Kratos Axis HSi X-ray photoelectron spectrometer, as
outlined in section 6.6.2.1. The C 1s and O 1s XPS spectra obtained for the reference material,
AC-N, are presented in Figure 2-2A-B. The peak fittings for both the C 1s and O 1s spectra were
done according to standard practices employed by Biniak et al (1997)[17] and Puziy et al
(2008)[18], including the assignment of each peak in the fitting [17-21].
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Figure 2-24 ~ High Resolution XPS Spectra of C 1s and O 1s for AC-KO, AC-K5, AC-K7.5 and AC-K10. Shown
are A) C 1s Spectra of AC-KO, B) O 1s Spectra of AC-K0, C) C 1s Spectra of AC-K5, D) O 1s Spectra of AC-K5, E)
C 1s Spectra of AC-K7.5, F) O 1s Spectra of AC-K7.5, G) C 1s Spectra of AC-K10, and H) O 1s Spectra of AC-K10
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Table 2-13 ~ XPS Peak Fitting for AC-K0, AC-K5, AC-K7.5 and AC-K10

Surface Concentration (at%)

Peak Binding
ASSIpUMENE  ERepy ey AC-N AC-KO AC-K5 AC-K7.5 AC-K10
C1s 284.9 91.95 90.22 87.28 85.43 87.47
= 283.5 5.08 6.15 3.33 4.41 3.87
cc 285.0 72,91 68.65 65.66 60.13 66.24
COR 286.3 6.01 7.75 10.59 14.58 10.38
c=0 287.5 3.60 3.05 3.69 2.80 3.72
COO-R 289.1 1.97 2.25 1.79 1.94 1.59
a-n* 290.3 2.38 2.37 2.23 1.57 1.66
01s 532.1 7.83 9.48 11.41 12.76 10.68
c=0 531.6 3.50 3.10 3.86 281 374
CoR 533.4 2.58 4.04 5.67 7.97 533
C00-R 535.7 175 2.34 1.88 1.98 1.61
N1s 400.9 0.22 0.30 0.79 1.01 0.98
K 2p 293.9 - - 0.52 0.80 0.87

Compared to the coal derived miACs and their respective analogues in the CH series (e.g. CH-45,
AC-45, CH-90, AC-90, CH-180 and AC-180), AC-KO (Figure 2-24B) has a significantly higher
surface O content. This is an important finding, as the major differences between the production
methods used for AC-K0 and CH-45/CH-90 were the times of carbonisation (intermediate to CH-
45 and CH-90) and, the secondary reactor used for activation. For CH-45 and CH-90 the
secondary reactor was composed of steel mesh that allowed unhindered diffusion of N, through
the walls and base of the steel mesh. Conversely, for AC-KO and all the KOH activated miACs a
quartz secondary reactor was used, comprising of a quartz tube with a sintered quartz frit at the
base (porosity grade 1, refer section 6.4.2). This reactor appears to have hindered the flow of
gas, only permitting the downward flow of gas from the top through to the base. Due to the
small porosity of the frit, flow through the frit was reduced. As such, a much higher amount of
N, will have flown around the quartz reactor rather than through it, relative to the flow through
the steel mesh reactor. This will likely have greatly affected the rate of removal of volatile and
gaseous compounds from the carbon during activation. This probably helps to account for many
of the differences in AC characteristics observed for the KOH activated miACs, and is important
when trying to compare the miACs produced using the two different activation methods. The
C=C bonds present on the surface of AC-KO are several percent higher than observed for the

miACs produced in the presence of KOH.
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The surface oxygen content of AC-K5 (Figure 2-24C-D) was ~ 2 at% higher than AC-KO. This
was expressed as an increase in the concentration of C-0-R (40c¢.o.r = 1.6 at%) and C=0 (40¢-0 =
0.8 at%) groups, for AC-K5 relative to AC-K0. Conversely AC-K5 exhibited a decrease in COO-R
groups relative to AC-KO, indicating that the use of KOH as an activating agent favoured the
formation of C-O-R and other C=0 groups over COO-R groups. Furthermore, a 2.5 fold increase
in the surface nitrogen content was observed on AC-K5 (0.8 at%), compared to that of AC-KO
(0.3 at%) as a result of the introduction of KOH.

Increasing the amount of KOH from 5-7.5 wt% resulted in an increase in the surface oxygen
content of 1.3 at% (Table 2-13). This increase in the surface oxygen concentration was mostly
attributable to an increase in C-O-R groups of 3.9 at%. Although this was accompanied by a
significant reduction in C=0 groups (Table 2-13). Thus the XPS analysis of AC-K5 showed that
the use of KOH at a loading of 5 wt% favoured the formation of C-O-R and C=0 groups. The
results for AC-K7.5 (Figure 2-24E-F and Table 2-13) showed that increasing the KOH loading to
7.5 wt% promoted the formation of C-O-R groups over C=0 groups. The nitrogen surface

content, also increased (ANg.r= 0.2 at%) with KOH loading.

For AC-K10 (Figure 2-24G-H and Table 2-13) a decrease in the surface oxygen content was
observed as a result of increasing to KOH loading to 10 wt%. Moreover, the distribution of
surface functional groups also changed significantly, such that there was no regular pattern in
their variation as a function of KOH loading (Table 2-13). Interestingly, virtually no change in

the nitrogen surface content was observed for AC-K10 compared to AC-K7.5.

It has already been noted that the ratio of C 1s to O 1s (C:0 ratio) for a particular group from
XPS can allow for greater insight into the identity of the group or groups responsible. This has
shown to be of great importance in particular for the C-O-R peak. For the KOH activated miACs,
as was the case for all the other miACs presented in this chapter, the C:0 ratio of the C-O-R peak

was ~ 2, implying the presence of ether groups.

Lastly, it is important to note that all the KOH activated miACs possessed low surface K
concentrations. This was expected because the materials were subjected to rigorous acid

washing protocols to dissolve and remove residual components of the activating agent.

2.5.2.2 Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy

Carbon and oxygen K-edge NEXAFS spectra of all chemically activated miACs were taken on the
SXR beamline at the Australian Synchrotron. The collection and processing details can be found

in section 6.6.2.2. The spectra are presented in Figure 2-25A-F, with the fitting shown in Table
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2-14. The complete fitting for both the C 1s and O 1s spectra can be found in Appendix 2 -
NEXAFS Spectroscopy Peak Fitting, for all of the carbon materials investigated.

From the NEXAFS analysis of the KOH miACs (Figure 2-25), the changes in the percentage peak
area of virtually all functional groups as a function of KOH loading are minor. There was some
variation across the series of KOH miACs with respect to the area of the €2 peak, with no regular
pattern in the variation as a function of KOH loading. Similarly, the very minor variation in the
C9 peak area showed no clear pattern as a function of KOH loading. From this it can be inferred,
that KOH had no significant effect on either the long range order, or the amount of surface
aromatic carbon, as determined by NEXAFS spectroscopy. Furthermore, the NEXAFS data for
the €2 and C9 peaks, are in agreement with the observed variation from the XPS for the C-C and
C=C peaks (Table 2-13). A further point of interest was the observed decrease in the m*c.oc
ether peaks (€5 and 03) observed in both the C 1s and O 1s NEXAFS spectra with increasing
KOH loading, but not for the o*c.oc peaks (€8 and 06), which indicates that the formation of

aromatic ethers are more favourable with increasing KOH loading.

The €3 peak, which is assigned to ketones/phenols, initially increases as KOH is introduced, but
after a KOH loading of 5 wt% decreases marginally. This is accompanied by a clear increase in
phenols, evident from increases in the 07 peak area (assigned solely to phenolic oxygen) at KOH
loadings above 5 wt%. While it is possible that the ketone content changed slightly, it is most
likely that changes in €3 and 07 arise principally from increased phenolic content. Moreover,
the overall ratio of 01 to 02 peaks did not differ greatly, which is further evidence that the

distribution of ketones and aldehydes did not vary significantly as a function of KOH loading.
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Figure 2-25 ~ C 1s and O 1s K-edge NEXAFS Spectra of AC-KO0, AC-K5, AC-K7.5 & AC-K10. Shown are A) C 1s
K Edge NEXAFS Spectra of AC-K0O & AC-K5, B) O 1s K Edge NEXAFS Spectra of AC-KO & AC-K5, C) C 1s K Edge
NEXAFS Spectra of AC-KO & AC-K7.5, D) O 1s K Edge NEXAFS Spectra of AC-KO & AC-K7.5, E) C 1s K Edge
NEXAFS Spectra of AC-KO & AC-K10, and F) O 1s K Edge NEXAFS Spectra of AC-KO & AC-K10
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Table 2-14 ~ C 1s & O 1s K Edge NEXAFS Peak Fitting AC-KO, AC-K5, AC-K7.5, AC-K10 and AC-N

Photon Peak Area %
Edge Name Group Assignment Energy
8 (eV) AC-N AC-KO0 AC-K5 AC-K7.5 AC-K10
1 0 e o e 283.0 125 2.0 14 13 16
aromatic carbon (quinone) i ” s ) ” ’
c2 GC & Aromatic carbon, or aliphatic 284.1 32.7 22.4 251 23.0 247
c=C o substituted aromatic carbon ' ' ' ' ' )
C-OH :
c3 e S 285.6 638 72 78 6.6 6.5
c=0 ketonic carbon
COOH . —
ca * sl 286.9 9.3 13.8 13.1 13.9 153
00 lactone carbon
Cls Cc5 c-0-C w* Cyclic ether carbon 288.0 7.5 12.1 11.9 11.4 9.8
C-OH
c6 off . SRUPNN B, 2893 74 164 153 17.2 158
c=0 substituted aliphatic carbon
COOH P
c7 o* Garbampligeatd or 290.6 11.5 17.2 16.5 17.1 17.2
o0 lactone carbon
c8 Cc-0-C o* Cyclic ether carbon 2919 11.2 55 6.0 6.5 6.5
o ¢ e EFTLS s 2930 12 34 28 28 25
c=C (long range order) ’ ) ! i :
01 =0 q+ Aliphatc(linearorcyclig — goq, 495 93 12.8 95 105
aldehyde oxygen ) : ) : : :
0z C=0 m* CArSHIELONEEED, 530.8 8.1 124 12.0 113 115
(ketonic or carboxylic acid)
03 C-0-C m* Aliphatic cyclic ether 532.7 119 11.8 10.6 9.9 9.4
01s 04 C-OH m* Hydroxyl oxygen (alcohol) 535.7 33.0 36.0 36.2 35.8 376
C-OH ’ .
05 ge Dpiroyloebapliggem  cepn  gyg 246 216 18.1 19.2
c=0 of carboxylic acid
06 C-0-C  o* Aromatic cyclic ether 543.0 2.8 23 27 2.7 2.6
07 C-OH o* Phenolic oxygen 549.8 12.3 35 4.2 12.7 9.2

With the increase in C-O-R groups observed from the XPS analysis, NEXAFS reveals that the
distribution of surface ether and hydroxyl groups is shifted slightly towards more hydroxyl
groups as the KOH loading increased to 7.5 wt%. By further increasing the KOH loading to 10
wt%, a significant decrease in the C-O-R group content was observed by XPS, whilst the NEXAFS
is conflicting on the exact distribution of hydroxyl and ether groups. Relative to AC-K7.5, AC-
K10 showed a decrease in the area of the €6 hydroxyl peak, but an increase in the 04 hydroxyl
peak. It would therefore seem that in general increasing the KOH loading to a point, favours the

development of an AC surface with more hydroxyl groups and a presumably higher affinity for

CO2 [1].
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Although discerning clear patterns in the changing surface chemistry from the NEXAFS
spectroscopy was difficult, a better picture has been obtained as to the identity of certain
functional groups, such as ethers, hydroxyl, ketones and aldehydes, that comprise the vast

majority of oxygenated functional groups on the KOH miACs surface.

2.5.3 Structure of Chemically Activated Carbons

For the steam activated miACs the structural investigations were separated into two sections,
that focusing on the chemical structure, whilst the other focused on the physical structure of the
miACs. This separation of structural attributes was also applicable to the KOH activated miACs,
with the chemical structure being characterised by Raman spectroscopy and XRD and the

physical structure being characterised using gas physisorption and TEM.

2.5.3.1 Chemical Structure of Chemically Activated Carbons
2.5.3.1.1 Raman Spectroscopy

The results of the Raman spectroscopy for the KOH ACs were carried out on a confocal micro-
Raman system (Renshaw). The normalised and deconvoluted spectra were peak fitted and are
presented below in Figure 2-26, with the results of the peak fitting being given in Table 2-15, in

accordance with the peak assignments outline in Table 1-4.

The structural order of the KOH activated miACs (Table 2-15) varied gradually with increasing
KOH loading. Upon the introduction of 5 wt% KOH into the system as an activating agent (to
produce AC-K5), an increase in the amorphous carbon content was observed relative to AC-KO,
which was accompanied by a decrease in the amount of ordered graphitic carbon. These
observations were characterised by a decrease in the area of the A peak and an increase in the
area of the G peak of AC-K5 relative to AC-KO. Interestingly, increasing the KOH loading beyond
5 wt% resulted in no further increase to the relative proportion of amorphous carbon within
the KOH activated miACs. Other than an initial decrease in the amount of ordered graphitic
carbon of AC-KS5 relative to AC-KO (G peak), further increases to the KOH loading resulted in

only minor decreases in the ordered graphitic carbon content of the materials (Table 2-15).
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Figure 2-26 ~ Deconvoluted Raman Spectra of AC-K0, AC-K5, AC-K7.5 & AC-K10. Shown are the peaks for
the (—) Normalised Data, (—) Sum of the fitted Peaks, (—) S peak, (—) D peak, (—) A peak, (—) G peak, A) CH-
KO0, B) AC-K5, C) AC-K7.5, D) AC-K10

The introduction of KOH during activation had no effect on the overall amount of disordered
graphitic carbon (S plus D peaks), but it did shift the proportion of heteroatoms within this
phase, as indicated by changes in the area of the § peak. These changes manifested not only as
changes in the area of the S peak across the series, but also as well defined changes in the shape
of the § peak. This was expressed initially as broadening of the S peak at a KOH loading of 5
wt%, which then sharpened and increased in intensity as the KOH loading was increased from 5
to 10 wt%. With gradual increases in the KOH loading beyond 5 wt%, successive decreases in
the amount of heteroatoms present in the disordered graphitic phase were observed, along with
increases in the proportion of disordered graphene layer edges without heteroatoms bound (D

peak). It is generally considered that the microporosity of ACs arises from the spaces between
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graphene sheets [47], particularly for miACs produced using alkali metal hydroxides (e.g. NaOH,
KOH). As the D peak is associated with the edges of the graphene sheets, an increase in the D
peak, implies an increase in the number of graphene layer edges and thus an increase in
microporosity [31]. This was indeed the relationship observed for AC-K10, with the increase in

the D peak coinciding with a significant increase in micropore volume (Table 2-16).

Table 2-15 ~ Raman Peak Fitting Results for KOH miACs

Peak Area
Sample S D A G
Name
Disordered Disordered Amorphous Ideal Graphitic

Graphitic Lattice*  Graphitic Latticet Carbon Lattice
AC-N 9,2 66.7 9.8 141
AC-KO 7.8 68.5 10.7 13.0
AC-K5 12,5 63.9 12.5 10.9
AC-K7.5 11.0 64.9 13.3 10.6

AC-K10 10.4 67.4 12.5 27

* Heteroatoms Bound to Graphene Layer Edges

t Graphene Layer Edges

The structural order of AC-N showed a great degree of similarity to that of AC-KO, but not to the
KOH activated miACs. The KOH activated miACs possessed a much higher proportion of
amorphous carbon than AC-N and had a lower proportion of ordered graphitic carbon, as can be
observed from the increase in the area of the A peak and the decrease in the area of the G peak.
However, the proportion of the disordered graphitic carbon (S and D peaks) was similar for AC-
N and the KOH activated miACs, while the amount of heteroatoms bound to graphene layer

edges (S peaks) was higher in the KOH activated miACs.

Although variation was observed in the chemical structure of the KOH activated miACs as a
function of KOH loading, the changes across the series were much less pronounced than those
observed in the carbon materials presented in sections 2.3.3.1.1 and 2.4.3.1.1. The use of KOH
during activation appeared to predominantly effect the distribution of heteroatoms bound
within the disordered graphitic phases, which decreased with increasing KOH loading (S peak).
In addition, increasing the KOH loading resulted in a gradual decrease to the proportion of the

ordered graphitic phases (G peak), and hence an overall decrease in the level of structural order.
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While the amount of amorphous carbon (A4 peak) varied within the KOH activated miACs, it did

not appear to change in a regular fashion with increased KOH loading.

2.5.3.1.2 Powder X-ray Diffraction (PXRD)

The powder x-ray diffraction spectra for the KOH activated carbons and the standard char for
this series are shown in Figure 2-27. In comparison to the XRD plots of the steam ACs (Figure
2-21), the graphitic peak at 24° 260 was not present to any disenable degree, indicating even less
short range order than the steam ACs. The XRD plots of the KOH ACs, are however, very
indicative of highly amorphous ACs.

From the XRD patterns of the KOH activated miACs (Figure 2-27) no peaks arising from K were
observed, which is of little surprise due to the post-synthetic acid washing that was undertaken
on all miACs for which KOH was used in the activation process (AC-K5, AC-K7.5 and AC-K10).
Moreover, for the steam activated miACs a small peak was observed at 26° 26, having been
attributed to the amorphous ash (MO) within the samples [29]. For AC-K5, AC-K7.5 and AC-K10,
which were acid washed, the ash content is significantly lower than any of the steam activated
miACs or their respective chars. It is for this reason why the only AC in this series with even

minor peak identifiable at is AC-KO0, which was not acid washed.

——AC-K0O ——ACK5 ——ACK7.5 ——AC-K10

002

20 30 40 50 60
20

Figure 2-27 ~ Powder X-ray diffraction Spectra of KOH Activated Carbons at Different KOH Loadings.
Shown are the Peaks for the 002 Reflection and the 10 Reflection, Typical of Amorphous Carbon.
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Similarly to the steam activated miACs (Figure 2-9 and Figure 2-21), two major peaks were
observed, being attributed to the 002 and 10 reflection (24° and 43° 26, respectively). The 002
reflection indicating well structured graphitic domains, with the 10 peak (100 and 101
overlapping peaks) due to lateral order within the graphitic domains [25]. Interestingly, as the
KOH concentration was increased the intensity of the 10 peak increased, indicating that with

increasing KOH the lateral order of the graphitic phases increased.

Overall, with the exception of the observations made regarding the increases in the lateral order
of the graphitic phase with increasing KOH loading, the observations made from the XRD
investigation of the KOH activated miACs were consistent with those previously for the carbon
materials presented in sections 2.3.3.1.2 and 2.4.3.1.2 and were typical of what one would

expect to see from amorphous carbons.

2.5.3.2 Physical Structure of Chemically Activated Carbons
2.5.3.2.1 Gas Physisorption

The major difference between the gas physisorption of the physically and chemically ACs was
that, due to the small pore diameter of the KOH ACs, the diffusion of N, was greatly restricted.
As such, N; physisorption was performed only on selected carbons. The surface area and
porosity of each AC was determined from the adsorption isotherms of N; and CO; at 77 and 273
K respectively. The details outlining the analysis conditions used to obtain the isotherms by the
adsorption of the aforementioned gases onto the chemically activated miACs can be found in

section 6.6.3.2.1, in addition to the models and equations used for data analysis.
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Table 2-16 ~ Surface Areas and Pore Volumes Calculated using the BET, DR, BJH and HK Methods from High
Resolution COz, N and Ar Physisorption at 273, 77 and 87 K for the KOH Activated miACs

Surface Area (m’/g) Pore Volume (cm’/g) T
Sample - F“F
Name Vmit'.‘ro vmesn ens!‘ty
DRy, BETy,;  BET,, Veotart (g/cm’)

DRcoz HKy, HK,, BJHy, BJH,,

VBC 148 = & 0.048 . = = = 2 1.40
AC-N 799 645 695 0.256 0.32 0.33 0.50 0.46 0.38 1.48
AC-KO 646 c = 0.210 g 2 > 2 E 135
AC-K5 643 16 - 0.209 0.01 - 0.02 . 0.03 1.33
AC-K7.5 638 - - 0.207 - - - - - 1.35
AC-K10 735 56 36 0.238 0.03 0.02 0.03 0.02 0.05 1.38

* Determined from N, adsorption at P/P, of 0.995

CO; Physisorption

The CO; adsorption isotherms taken at 273 K for the KOH miACs are presented in Figure 2-28.
The micropore volume and surface areas were determined from the data in Figure 2-28 using

the DR equation (equation 6-1), with the calculated values presented in Table 2-16.

The CO; isotherms for the KOH miACs shown in Figure 2-28, are type I isotherms typical of
microporous carbons. There is little overall change in the amount of CO; uptake as a function of
KOH loading, until 10 wt%. Furthermore, the largest increase in gas adsorption at 273 K
occurring between the AC-KO and VBC and can be attributed to the pyrolysis alone. The
increases in the CO, uptake of the AC-K10 occur from the start of the isotherm (i.e. P/Py = 0), the

increase is not only in the quantity adsorbed, but in the rate of the adsorption.
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Figure 2-28 ~ CO; Physisorption at 273 K over KOH ACs. Shown are the isotherms for VBC, AC-K0, AC-K5, AC-
K7.5& AC-K10

N: and Ar Physisorption

The high resolution N; physisorption at 77 K of the KOH miACs were only carried out on two
miACs, namely, AC-K5 and AC-K10. Furthermore, Ar physisorption was undertaken on AC-K10
at 87 K to investigate the effect of adsorbate on the resolution of micropores. Difficulties
undertaking measurements were encountered for both the AC-KO and AC-K7.5, due to
entrapped He resulting from the free space measurements required prior to analysis.
Furthermore, due to the similarity in the results from both AC-K5 and AC-K10 in the mesopore
information obtainable, further study using this method was not attempted. The N, adsorption
isotherms for AC-K5 and N; and Ar isotherms for AC-K10 are shown in Figure 2-29A and
Figure 2-29B, respectively. The PSDs for AC-K5 calculated using the BJH and HK methods are
reported in Figure 2-29C and Figure 2-29E, with the BJH and HK PSDs for AC-K10 are shown in
Figure 2-29D and Figure 2-29F.

From the N; isotherm of AC-K5 (Figure 2-29A) and the N; and Ar isotherms of AC-K10 (Figure
2-29B) incomplete closure of the hysteresis loops are observed. In all cases for all adsorbates

the hysteresis loops observed were of type H4.
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Figure 2-29 ~ Adsorption Isotherms and PSDs for N; and Ar at 77 K and 87 K for AC-K5 and AC-K10. Shown
are A) N; Isotherms for AC-K5, B) Nz and Ar Isotherms for AC-K10, C)N; BJH PSD for AC-K5, D) N; and Ar BJH
PSD for AC-K10, E) N; HK PSD for AC-K5, and F) Nz and Ar HK PSD for AC-K10

It can be seen from Figure 2-29A4, that even with the high resolution achievable with the 0.1 torr
pressure transducer of the ASAP 2020, that only very limited data pertaining to the micropores
of AC-K5 was possible (Figure 2-29A, Figure 2-29C and Figure 2-29E). This has been
attributed to the inability of the N to permeate into the narrow diameter micropores of AC-K5
at 77 K, and can be seen more clearly from the HK PSD in Figure 2-29E, in that only pores with

diameters as small as 1.5 nm can be resolved. Furthermore, the micropore volume (Vnicro = 0.01
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cm3/g) able to be calculated by applying the HK method (equation 6-5) is only a small fraction
that obtained from the DR calculations from the CO, adsorption isotherm (Vinicro = 0.18 cm3/g).
However, despite the limitations in the N; isotherm data at obtaining any insight into the
micropore structure of AC-K5, it has still allowed for important mesopore information to be
derived using the BJH method. As would be expected from a predominately microporous

carbon, that the mesopore volumes are very low (Vieso = 0.02 cm3/g).

From the high resolution adsorption isotherms for both N, and Ar over AC-K10 (Figure 2-29B)
are very similar to that of the N; isotherm of AC-K5 (Figure 2-294) in both shape and
magnitude. The BJH and HK PSDs derived from the isotherms of both N, and Ar (Figure 2-29B)
are shown in Figure 2-29C and Figure 2-29E, respectively. Interestingly the resolution of the
micropores for AC-K10 was such that micropores with diameters as low as 1 nm could be
resolved, whereas the smallest pores that were able to be resolved for AC-K5 had diameters of
1.5 nm. As there are more micropores with slightly larger diameters for AC-K10 relative to AC-
K5, more N; and Ar were able to permeate into the AC-K10 pore structure as compared to AC-
K5. Moreover, the majority of the mesopores of AC-K10 with diameters centred around 5 nm
that are the predominate feature of the BJH PSD (Figure 2-29D) are also clearly resolved in the
HK PSD shown in Figure 2-29F.

As was the case for the steam activated miACs and their respective chars presented in section
2.3.3.2.1 and section 2.4.3.2.1, the inability of the hysteresis loops of the KOH activated miACs
to close, is attributed to low pressure hysteresis (LPH) [35-37]. The LPH behaviour observed
over the KOH activated miACs is accentuated as it was for the two industrial chars (Figure
2-23) on account of a lack of any substantial mesoporosity. The small mesopore volume has
slowed the diffusion of N; and/or Ar gas into the inner depths of the micropores in the time
allocated for equilibrium to be achieved (45 sec). Thus it is thought that the adsorption branch
of the isotherms have not reached true equilibrium, whilst the desorption branch probably has,
as previously been noted (section 2.3.3.2.1 and section 2.4.3.2.1). Were greater mesoporosity
present or significantly longer equilibration time used for the analysis then complete diffusion
into the micropores should be able to be achieved, along with true gas equilibrium. However,
the analysis time that would be required in order to fully achieve this goal would not be an
economical use of time, as the analysis took two days under the current analysis conditions. As
the these analyses were undertaken was in two stages, any effects that might arise from He
entrapment are able to be discounted. Using the cryostat attachment for the ASAP 2020, with a
fully closed system, complete degassing was undertaken prior to the adsorption isotherm, once

the He free space analysis had been completed.
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In summation, the gas physisorption of the KOH activated miACs showed them to possess large
micropore volumes, with almost negligible mesopore volumes. Physisorption using N»/Ar gas
was only undertaken on two of the KOH activated miACs (AC-K5 and AC-K10), resulting in
limited information being obtained regarding the mesopore volume and structure. This was due

to the extended time required for analysis and the usefulness of the information obtained.

2.5.3.2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used in order to visually verify the observations
made from Raman spectroscopy, XRD and gas physisorption investigations. The TEMs and
elemental mapping for C, O and K for AC-KO, AC-K5, AC-K7.5 and AC-K10 are presented in
Figure 2-30, Figure 2-31, Figure 2-32, and Figure 2-33 respectively.

Figure 2-30A shows the electron micrograph of AC-KO, from which it can been seen that there
are no clearly observable structural features, but some alignment of the carbon structure (red
circles). With respect to the elemental mapping for K (Figure 2-30E) it is interesting to note that
K is clearly present in the bulk, but was not found to be present at the surface at a level

detectable by XPS analysis (Table 2-13).

From the electron micrograph of AC-K5 (Figure 2-31A) some alignment of the carbon structure
can be observed throughout the sample (red circles), however, this is not expressed in the form
of well defined graphitic domains (i.e. no layer edges). This would indicate that a 5% loading of
KOH was insufficient to cause any extensive structural changes to the carbon. In fact the Raman
spectra of AC-K5 (Figure 2-26B) showed a decrease in the structural order (G peak) of AC-KS5,
relative to AC-KO (Figure 2-26A). Compared to the elemental mapping for K from AC-KO
(Figure 2-30E) there is a significant increase in the intensity of the EDX signal for K of AC-K5
(Figure 2-31E). Furthermore, from the bright field image shown in Figure 2-31B, the bright

spots observed have been determined to be due to ash particles.
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Figure 2-30 ~ Transmission Electron Micrograph and Elemental Mapping of KOH Activated miAC AC-KO.
Shown is A) High Magnification Electron Micrograph, B) Bright Field Image of Mapped Particle, C) EDX
Mapping of the C K-edge, D) EDX Mapping of the O K-edge, E) EDX Mapping of the K K-edge
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Figure 2-31 ~ Transmission Electron Micrograph and Elemental Mapping of KOH Activated miAC AC-K5.
Shown is A) High Magnification Electron Micrograph, B) Bright Field Image of Mapped Particle, C) EDX
Mapping of the C K-edge, D) EDX Mapping of the O K-edge, E) EDX Mapping of the K K-edge
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Figure 2-32 ~ Transmission Electron Micrograph and Elemental Mapping of KOH Activated miAC AC-K7.5.
Shown is A) High Magnification Electron Micrograph, B) Bright Field Image of Mapped Particle, C) EDX
Mapping of the C K-edge, D) EDX Mapping of the O K-edge, E) EDX Mapping of the K K-edge
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Figure 2-33 ~ Transmission Electron Micrograph and Elemental Mapping of KOH Activated miAC AC-K10.
Shown is A) High Magnification Electron Micrograph, B) Bright Field Image of Mapped Particle, C) EDX
Mapping of the C K-edge, D) EDX Mapping of the O K-edge, E) EDX Mapping of the K K-edge
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The electron micrograph of AC-K7.5 presented in Figure 2-32A, shows a fair increase in the
order of the carbon structure relative to AC-K5. This is specifically highlighted in Figure 2-32A4,
with a red circle encompassing a well defined graphitic domain, possessing clearly visible
graphene layer edges. This further increase in the ordered carbon structure was also evident
from the Raman spectroscopy results for AC-K7.5 relative to AC-K5 (Figure 2-26C and Table
2-16). There is an observable decrease in the amount of K present from the EDX elemental
mapping (Figure 2-32E) relative to the K EDX signal obtain for either AC-KO or AC-K5. This is
however, the amount of K present within the bulk of the particle presented in Figure 2-32,
whereas there was an overall increase in the surface concentration of K relative to AC-K5 (as

per the XPS results in Table 2-13)

The strong relationship between increasing of ordered carbon with KOH loading was further
evidenced in the electron micrographs of AC-K10 (Figure 2-33). Well defined graphitic domains
are clearly evident, and are in fact the predominant feature of the micrographs, highlighted in
the micrograph by red circles. The observable features are in good agreement with both the
Raman spectroscopy and gas physisorption results for AC-K10 (Figure 2-26D and Table 2-16
respectively). From the Raman spectra of AC-K10 (Figure 2-26D) an increase in the D peak was
observed relative to the other KOH miACs, indicating that the most prominent feature of the
surface of AC-K10 is the graphene layer edges. This would furthermore account for the
significantly increased microporosity of AC-K10 relative to the other KOH miACs, from the
electron micrographs of AC-K10 (Figure 2-33E) this is however able to be visualised. A slight
increase in the K signal from the EDX mapping relative to all other KOH miACs, but barely
discernible from that observed for AC-K5 in Figure 2-31E.

Not only are well defined graphitic domains visible from the electron micrographs of AC-K10,
but the carbon surrounding the domains possesses a great deal of structure. This was true for
all the KOH miACs compared to the steam activated miACs, but for AC-K10, this was much more

pronounced.

2.5.4 Summary

Very clear patterns emerged between many of the characteristics of KOH activated miACs on the
basis of KOH loading. For example a very strong relationship was found to exist between the
KOH loading and bulk composition of the KOH activated miACs (Table 2-12). As the loading was
increased from 0-10 wt% there was a gradual increase in the yield of the KOH activated miACs,
along with a consequent increase in bulk O and ash content. The higher ash content of the KOH

activated miACs is proposed to be in part due to the presence of K that was unable to be
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removed via the washing protocols. However, without elemental analysis of the ash, further
cannot be said on the exact proportion of K within the ash. Furthermore, as KOH was introduced
into the system there was an initial decrease in micropore volume. Upon further increasing the
KOH loading, significant increases in the micropore volume were observed with no consequent

increase in mesopore volume.

From the XRD patterns on the KOH activated miACs (Figure 2-27) there is a clear increase in
the intensity of the 10 peak, indicating the lateral growth of the graphitic phase. As was the case
with the micropore volume the D peak from the Raman spectroscopy of the KOH activated
miACs (Table 2-15) showed an initial decrease upon introduction of KOH to the system, and
showed a steady increase with increasing KOH. Associated with the increase in the D peak with
increasing KOH loading, was a decrease in the § and G peaks. This would suggest that both a
decrease in graphene layer edges with heteroatoms bound and a decrease in the more ordered
graphitic carbon is occurring, whilst there is an increase in the disordered graphitic carbon that
does not possess heteroatoms (indicated by the increase in the D peak). Furthermore, both the
observations from XRD and Raman spectroscopy are confirmed by the visual observations made

from TEM investigation of the KOH activated miACs (Figure 2-30-Figure 2-33).

The results of the gas physisorption, XRD, Raman spectroscopy and TEM paint a very different
picture of the development of the pore structure for the KOH activated miACs, than was
observed for the steam activated miACs. For the KOH activated miACs, KOH dual roles, the first
was to dehydrogenate the heavier components of the volatile matter, reducing the formation of
tars and thus allowing for the heavier components of the volatile matter to be retained and
carbonised [48]. The second role was as an oxygen source for the oxidation of the coal surface

[40, 49] (section 1.7.2).

Therefore, the use of KOH as a chemical activating agent was highly successful in producing
miACs with a narrow distribution of pore sizes. This should endow the KOH activated miACs
with molecular sieving properties, that may also result in limitations of mass transport, which

will be part of the gas separation investigations to be covered in the next chapter (Chapter 3).

2.6 Chapter Summary and Closing Remarks

Microporous activated carbons (miACs) were successfully produced using both chemical and
physical activation methods, with the effect of precursor carbon material also being investigated
for the physical activation method. A table summarising the major characterisation of all the

carbon materials in this chapter are shown in Table 2-17. These two classes of miACs

-141-



(chemically and physically activated) were vastly different from one another with respect to
composition, surface chemistry and structure (Table 2-17). This being a direct result of the vast
differences that exist between the underlying mechanisms for the two modes of activation,

especially with respect to pore development.

Table 2-17 ~ Overview of the Characterisation the Steam and KOH Activated miACs

Bulk Composition Surface Composition Structural Morphology
Elemental Analysis Contentration Surface Area Pore Volume
’ o, daa at% e 2
Sample (w J H/C  Ash (at%) (m*/g) (em’/g) DTru.c
Ratio  (wt%) Vonicro ensity
c H N Oy C 0 N DR BET ———————— Vi Vi &)
co, Ny
AC-N 763 0.8 1.0 219 012 109 915 78 0.2 799 645 026 036 012 038 1.48
VCB 614 44 06 335 086 0.4 - - - 148 - 0.05 - - 1.40
CH-45 91.7 14 0.9 6.0 018 3.2 90.1 94 0.5 620 263 020 014 004 017 1.84
AC-45 90,5 1.3 0.9 7.4 017 5.3 912 83 0.5 690 358 022 019 008 023 1.88
CH-90 899 1.1 0.5 8.4 0.15 3.8 90.1 94 0.5 640 282 021 016 006 018 1.85
AC-90 822 13 0.7 157 0,19 6.4 902 9.2 0.7 696 397 023 020 013 024 1.90
CH-180 940 1.2 1.0 3.7 016 3.0 90.8 89 0.3 626 304 021 016 006 020 1.84
AC-180 89.6 12 0.9 8.4 016 7.3 925 6.7 0.8 758 486 025 025 021 035 182
CHLR 740 1.1 0.6 243 018 6.0 878 113 09 609 384 020 022 002 029 1.83

AC-CHLR-90 756 1.0 0.6 228 016 5.2 910 79 11 623 351 020 023 005 027 1.88

CHRK 766 1.7 0.8 209 027 69 927 63 1.0 578 98 019 006 000 009 1.64

AC-CHRK-90 786 1.0 0.5 196 015 7.4 889 106 0.6 696 409 023 022 004 026 191

AC-KO 865 14 08 113 019 36 902 95 0.3 579 - 0.19 - - 1.35
AC-K5 835 12 1.1 141 017 6.2 873 114 08 551 16 0.18 0.0z 003 133
AC-K7.5 828 11 1.3 149 015 85 854 128 1.0 572 - 0.19 - - 1.35
AC-K10 792 11 1.2 184 017 101 875 107 10 639 56 0.21 0.02  0.05 138

The micropore volumes of the VBC derived carbon materials (0.05-0.23 cm3/g) were much
lower than that of AC-N (0.29 cm3/g, Table 2-17). A general rule for carbon materials, is that the
majority their pore volume resides in the micropores. For this reason it is this characteristic
that is used as the best preliminary predictor of the potential capacity for gas adsorption
applications [50]. On this basis alone, AC-N would be proposed as the best AC for CO; capture, of
the carbon materials presented here. For the steam activated miACs from both VBC and
industrial char precursors the development of pores by steam gasification slowly acted on the

carbon particles from the outside, resulting in pores with wide mouths. The degree of variation
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in the development of pores via steam gasification was also shown to be dependent on carbon
precursor used. For example for the VBC derived miACs, steam had a profound effect on the
development of both micro- and mesopores. Due to the presence of volatile matter within the
VBC sample, that can easily react with the steam during the activation process. Whereas for the
char derived miACs very little pore development was observed overall, owing to the non-
reactive nature of the parent carbons, for which most of the volatile matter has been removed

during the carbonisation process for producing the chars.

For the KOH activated miACs the KOH previously impregnated into the deepest regions of the
VBC pore structure, allowed for retainment of the heavier components of the volatile matter
[40, 48]. The retained components of the volatile matter could then be carbonised resulting in

the development of micropores at the expense of mesopores, and ACs with narrow PSDs.

Interestingly there was a clear overall relationship observed between the degree of pore
development and the bulk C content of the miACs and chars produced by both chemical and
physical activation. For example the VBC derived steam activated miACs possessed the highest
degree of development of both micro- and mesopores as well as the highest bulk C content of
any of the miAC series presented here (Table 2-17). Moreover, the bulk O and ash content of the
VBC derived steam activated miACs were the lowest as a series of any miAC series. Conversely
the char derived steam activated miACs exhibited the smallest degree of pore development of
any miAC series, as well as possessing the lowest bulk C, and highest bulk O of any miAC series.
The KOH activated miACs possessed similar micropore volumes to the steam activated miACs,
with substantially smaller mesopore volumes (Table 2-17). The bulk C content of the KOH
activated miACs was higher overall than the char derived steam activated miACs despite
possessing smaller mesopore volume; whilst the bulk C content is still smaller than the VBC
derived steam activated miACs, which possess the most well developed pore structure of all the
miACs. The KOH activated miACs also possess the highest bulk ash content of all the miACs, but
not the highest bulk O content. This is the result of two major differences that exist between the
KOH and steam activated miACs. The first is due to an expected reduced K phase, as the KOH
was reduced by the carbon precursor during the reaction process, with KOH acting as an oxygen
carrier. The second and probably more significant difference was in the post-synthetic
treatment of the KOH activated miACs as compared to the steam activated miACs, in that the
KOH activated miACs were acid washed (section 6.4.4.2.1) in order to remove excess inorganics
from the surface allowing the AC surface to be free for adsorption. As was outlined in section
1.7.2, the exact mechanism of action for KOH is the source of some conjecture. However, it is
known that KOH exerts it action as an activating agent predominately between graphene sheets.

This will have made complete removal of the reduced K phase incredibly difficult.
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The changes in chemical structure that were observed across the series of steam activated VBC
derived miACs and their analogues in the CH series took on the form of increases in the level of
order of the carbon structure. This was most clearly observed by the increases in the G peak
from the Raman spectroscopy of these carbons, which was visually confirmed by TEM, with no
such changes being identifiable in the XRD patterns of the carbons. The Raman spectra of the
VBC derived steam activated miACs and their analogues in the CH series showed a marked
decrease in the S peak, with no associated change in the D peak. This would suggest that the
manner in which heteroatoms bound to the graphene layer edges were removed was
destructive to the graphene layer edges themselves. If the heteroatoms had been removed in a
non-destructive manner, this would leave the layer edges intact, which would be indicated by an
increase in the area of the D peak. Interestingly from the XRD patterns of the VBC derived steam
activated miACs and their analogues in the CH series, there was no increase in intensity of the
MO peak with increasing bulk ash content. Despite there being no observed changes in the
chemical structure of the VBC derived steam activated miACs and their analogues in the CH
series, an overall increase in the order of the chemical structure was observed from the increase
in the G peak from the Raman spectroscopy, which was confirmed by the appearance of well

defined graphitic domains by TEM.

No such significant changes in the chemical structure were observed for the CHLR/AC-CHLR-90
pair, other than a decrease in the MO peak from the XRD patterns of the two materials (Figure
2-94). The lack of observable changes in the chemical structure added credence to the previous
assertions pertaining to the non-reactive nature of CHLR from both the compositional analysis

and gas physisorption studies (Table 2-17).

On the other hand the CHRK/AC-CHRK-90 pair did show some variation in chemical structure
as a result of the steam activation process. As was the case with all other steam activated miACs,
there were no noticeable differences in the 002, 10 or MO peaks of the XRD pattern of CHRK
and AC-CHRK-90 (Figure 2-9B). However, decreases in the S peak with an associated increase
in the D peak were observed in comparing the Raman spectra of AC-CHRK-90 to CHRK (Table
2-10). As noted previously such changes would suggest non-destructive removal of

heteroatoms from graphene layer edges, during steam activation.

The most profound changes in chemical structure were observed for the KOH activated miACs.
The Raman spectroscopy of the KOH activated miACs showed increases in the D peak with
increasing KOH loading (Table 2-15). This indicates that increasing the KOH loading resulted in
a increase in the number of graphene layer edges. Similarly from the XRD patterns on the KOH
activated miACs (Figure 2-27) an increase in the size of the graphitic domains was observed by

an increase in the intensity of the 10 peak. This observation from the XRD patterns is thus in

-144-



good agreement with the observations pertaining to the chemical structure of the KOH activated
miACs made by Raman spectroscopy. Further confirmation to this end was visually observed
from the TEM investigation of the KOH activated miACs (Figure 2-30-Figure 2-33), by increases

in the number and size of size of graphitic domains with increasing KOH loading.

Finally, as the compositional and structural aspects of the carbon materials have been discussed
the other major aspect that can affect their ability to adsorb CO; is their surface chemistry
(section 1.9.2). As has been noted several times throughout this chapter, the change in the
surface chemistry with the widest reaching implications for CO, capture were for the C-O-R
peak observed by XPS. Upon further investigation by NEXAFS spectroscopy the C-O-R groups
were found to be predominately hydroxyl groups, known to have the highest affinity for CO; of
all commonly occurring functional groups on an AC surface [1]. Overall, steam activation
resulted in increases in the concentration of C-0-R groups, whilst generally also resulting in an

overall decrease in the surface O concentration.

In general, steam activation resulted in a decrease in the surface concentration of C=0 groups as
determined by XPS. The sole exception to this was observed for the CHRK/AC-CHRK-90 pair,
where an increase in C=0 groups was observed as a result of steam activation (Table 2-8). For
the C=0 groups on the surface of the KOH activated miACs, no regular pattern was observed in
the variation as a function of KOH loading (Table 2-13). NEXAFS spectroscopy was used to
further identify the C=0 group detected by XPS, as a reasonably even distribution of ketones and
aldehydes, found to be the major contributors to this peak, with a very minor contribution, in
most cases, from quinones. The effect of the C=0 groups on the affinity of the AC surface for CO;

is relatively minimal, as compared to hydroxyl, ether and carboxylic acid groups [1].

From the XPS analysis of the surface concentration of COO-R groups, it was found that for all
miACs and chars produced here that these groups were present in the lowest amount of any of
the oxygenated surface functional groups. Moreover, further identification of the COO-R using
NEXAFS spectroscopy resulted in confirmation that the COO-R groups were predominately due
to carboxylic acids (COO-H), as had been predicted. It is of little surprise that carboxylic acids
were present in such low concentrations at the AC surface, due to their low thermal stability and
high chemical reactivity, especially under oxidising conditions. Under the activation conditions
employed in the production of miACs (both chemical and physical activation), carboxylic acids
either fail to form or are likely to react with either the steam or reactive components of the

parent material, resulting in the formation of ethers, lactones, ketones and/or aldehydes.

In closing, steam activated miACs were successfully produced from both VBC and VBC chars
(CHLR and CHRK). From the comparison of the physicochemical properties it was clear that the

miACs produced directly from VBC (a single stage process) possessed more desirable
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characteristics than the miACs produced from the industrial VBC chars (a two stage process).
This was due to the higher level of volatile matter present in the parent carbon (VBC) allowing
for the development of the pore structure and the surface chemistry to be directed to a much
higher degree. The ability to tailor pore development is of the utmost importance as the right
balance between micro- and mesoporosity much be achieved in order to maximise the capacity

of the material for gas adsorption, whilst also not limiting mass transport.

The use of KOH as an activating agent in the chemical activation of VBC was also highly
successful, producing miACs with high micropore volumes and narrow PSDs. Furthermore the
KOH activated miACs possessed the highest surface O content of any of the series of miACs. As
noted above, the PSDs were very narrow, with the KOH activated miACs possessing almost
negligible mesopore volumes, which is expected to impart molecular sieving properties to the

miACs, and may result in limited mass transport through the materials.

In the following chapter the gas separation properties of the miACs will be investigated using
partial pressure swing adsorption (PPSA) as a means to simulate the partial pressure conditions

of a vacuum swing adsorption (VSA) system.
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Gas Separation by Microporous

Carbons

3.1 Introduction

The previous chapter described the preparation and spectroscopic characterisation of carbon
materials produced by direct carbonisation, steam activation or chemical activation. In the
current chapter, the gas separation properties of these materials are studied using

thermogravimetric analysis (TGA) and their CO, adsorption behaviours are compared.

In the TGA studies, CO; adsorption pseudo-isotherms and simulations of VSA were undertaken
at a reference temperature of 293, 333 and 363 K, using partial pressure swing adsorption
(PPSA), whereby the concentration of CO2 in an argon gas stream is changed, thus changing the
CO; partial pressure; this is discussed in more detail in the follow section (for details refer to

section 6.6.4).

3.1.1 Partial Pressure Swing Adsorption (PPSA)

In this chapter (and chapter 5), partial pressure swing adsorption (PPSA) was used to study the
gravimetric adsorption-desorption of CO; gas on ACs using a thermogravimetric analyser (TGA).
As a direct vacuum couldn’t be applied to the sample using the TGA instrument, the VSA process
was instead simulated on a partial-pressure basis. In this research, three different approaches
were applied (details in Section 6.6.4). The first of these, known as the differential-step method,
involved the incremental dosing of CO; over the AC. After each dose, 20 min was allowed for
equilibration to be achieved. By following the mass changes of the AC sample after the
introduction or removal of CO; from the analysis chamber, the CO, adsorption pseudo-
isotherms could be constructed. The second method, known as the multi-cyclic method, was

used to simulate VSA CO; partial pressure conditions, similar to those proposed for use in VSA
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(Pcoz = 5-15 kPa), thereby enabling the determination of the working capacity of the ACs
(equation 6-11).

The assessment of competitive adsorption between CO; and H,0 was undertaken only on select
miACs, generally those which showed promise as CO; adsorbents. The competitive wet gas
adsorption was done over the same CO; partial pressure range as the multi-cyclic
measurements, however, only a single VSA cycle was simulated. Furthermore, the temperature
range used for the measurements was 363-378 K, as a temperature close to the boiling point of

H,0 was required to adequately investigate interactions at the gas-solid interface.

3.2 Physically Activated Carbons

The CO; adsorption studies over the steam activated miACs have been separated on the basis of
the AC precursor (VBC, CHLR, CHRK), the characterisation of which was presented previously in
section 2.2. In order to compare the performance of the newly prepared carbons, each material
was benchmarked against the commercial standard AC-N in differential-step and multi-cyclic

adsorption measurements.

3.3 Physically Activated Coal Derived Activated Carbons

3.3.1 Differential-step CO: Adsorption

The CO; adsorption pseudo-isotherms for the VBC derived miACs (AC-45, AC-90 and AC-180)
and their analogues from the CH series (CH-45, CH-90 and CH-180) obtained from
thermogravimetric PPSA analysis at 293, 333 and 363 K are shown in Figure 3-2A-F for CH-45,
AC-45, CH-90, AC-90, CH-180 and AC-180, respectively.

As one would expect from a physisorbent, the adsorption of gas increases with decreases in
temperature [1-3]. As such the differences in adsorption become much more apparent at lower
temperatures (Figure 3-2). Referring to Figure 3-1, it is clear that the CO; adsorption behaviour
of VBC was very poor, as one would expect from the low micropore volume and undetectable

mesopore volume it possessed (Table 2-5).
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Figure 3-1~ CO; Adsorption Pseudo-isotherms for VBC, taken via PPSA at 293, 333 & 363 K

From Figure 3-2, the most prominent feature of the CO; adsorption pseudo-isotherms obtained
for the steam activated VBC derived miACs is that generally they adsorbed an equivalent or
greater amount of CO; than one of the leading commercial product (AC-N), over all studied
temperatures and pressures. This is particularly interesting considering that CO; adsorption on
miACs is generally attributed to the pore volume of the carbonaceous material; with greater CO,
adsorption occurring on adsorbents with high micropore volumes compared to those with low
micropore volumes [4]. However, based on the pore volumes determined for the AC-N and the
VBC derived carbon materials (Table 2-5), AC-N might be expected to be a superior CO;
adsorbent. It seems possible, therefore, that the improved adsorbent properties of the VBC
derived carbon materials relative to AC-N (section 2.3.2), are the result of other characteristics

of these materials.
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Figure 3-2 ~ CO; Adsorption Pseudo-isotherms for Steam Activated Carbons derived from VBC, taken via
PPSA at 293, 333 & 363 K. Shown are the Pseudo-isotherms for A) CH-45, B) AC-45, C) CH-90, D) AC-90, E)
CH-180, and F) AC-180

Regarding the pseudo-isotherms obtained for the CH-45/AC-45 pair (Figure 3-2A and Figure
3-2B, respectively), it is interesting to observe that the use of steam during activation has led to

a relative decrease in CO; uptake with increasing CO; partial pressure. This does not correlate
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with the increase in the development of the overall pore structure (micro- and mesopore) that
was observed (Table 2-5). From the XPS and NEXAFS investigations of the surface chemistry of
the CH-45/AC-45 pair (Table 2-2 and Table 2-3, respectively), the use of steam in the activation
process resulted in a significant decrease in the surface concentrations of carbonyl and
carboxylic acid groups for AC-45 relative to CH-45, and a corresponding, but relatively small
increase in the surface concentration of undifferentiated hydroxyl and ether groups (C-O-R
peak, XPS). Moreover, the NEXAFS investigation of the CH-45/AC-45 pair showed there to be
little difference in the relative distribution of hydroxyl and ether groups (Table 2-3). Theory
predicts that higher concentrations of surface carboxylic and hydroxyl groups would enhance
the affinity of a carbon surface towards the adsorption of polar gases such as CO; [5, 6], which is
indeed what was observed. However, even though there was a small increase in surface
hydroxyl groups, the overall decrease in surface O for AC-45 relative to that of CH-45 was quite
significant. As such the overall reduction in surface polarity seems to have resulted in reduced

CO; adsorption for AC-45.

The adsorption pseudo-isotherms for CH-90 (Figure 3-2C) shows the greatest uptake of CO;
over the entire CO; partial pressure range, at 293 and 363 K of any materials of the CH series.
The increase in CO; uptake in comparison to that of CH-45 correlates with the increase in both
the micro- and mesopore volumes (Table 2-5). Conversely, the adsorption pseudo-isotherm
obtained for CH-90 at 333 K showed a slight decrease in adsorption relative to CH-45, across the
entire CO; partial pressure range. This was an interesting result, in that the investigation of the
surface chemistry of CH-90 showed only a very minor quantifiable increase in the C-O-R
(hydroxyl/ether) peak by XPS (Table 2-2), relative to CH-45. Furthermore, the NEXAFS
investigation of CH-90 showed it to possess a smaller proportion of hydroxyl to ether groups
relative to CH-45 (Table 2-3). However, there was a significant decrease in the concentration of
carboxylic acids on the surface of CH-90, relative to CH-45 (Table 2-2). This could be expected
to result in an overall decrease in the affinity for CO, by the CH-90 surface over CH-45, as

observed.

The adsorption pseudo-isotherms of AC-90 (Figure 3-2D) exhibited the greatest CO, uptake out
of all the carbon materials presented in section 3.3.1. As a result of steam activation, significant
increases in both the micro- and mesopore volume was observed for AC-90 relative to CH-90
(Table 2-5). The changes in pore structure that occur as a result of steam activation for the CH-
90/AC-90 pair can at least partially account for the increased CO, adsorption observed, but it is
likely that the surface chemistry is also influential. There was only a minor decrease in the
surface O concentration of AC-90 relative to CH-90 (XPS, Table 2-2), however, there was a

significant change in the distribution of oxygenated functional groups on the surface. This was
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observed as a significant decrease in carboxylic acid groups, with an increase in both hydroxyl
and ether groups, and a decrease in carbonyl groups. This shift in the distribution of oxygenated
functional groups from carboxylic acids to ethers and hydroxyls is also likely to have
contributed to the increase in the affinity of the AC-90 surface towards CO; relative to that of
CH-90 [5, 6]. As such, for AC-90 it can be said that the increased CO; adsorption was due to both
increases in pore development and the shift in surface chemistry towards a higher CO; affinity

surface.

The adsorption pseudo-isotherm obtained for the CH-180/AC-180 pair (Figure 3-2E and Figure
3-2F respectively) showed decreased CO; adsorption relative to the other VBC derived carbon
materials. In particular, the CO, adsorption exhibited by CH-180 was the lowest of all the VBC
derived carbon materials, over the entire temperature and CO; partial pressure range (Figure
3-2). At no temperature or CO; partial pressure did the CO, uptake of CH-180 ever exceed that
of AC-N, however, at 333 K it was nearly identical to AC-N. The differences between the CO;
adsorption pseudo-isotherms of CH-180 and AC-N diverged more significantly with increasing
CO; partial pressure (Figure 3-2E). Moreover, as there were only minor differences in the
micro- and mesopore volume of the CH-90 and CH-180 (Table 2-5), the change in pore
structure itself, does not account for the significant decreases in the CO, uptake observed for
CH-180 relative to either CH-90 or AC-N. Therefore some aspect of the surface chemistry of CH-
180 must be involved. The surface O concentration of CH-180 was slightly lower than that of
CH-90 (XPS, Table 2-2), however this was expressed mostly as a decrease in carbonyl groups.
Such a decrease in surface carbonyl group concentration should slightly decrease the overall
polarity of the CH-180 surface relative to CH-90, but this would not account for the decrease in
CO; adsorption observed. Moreover, the NEXAFS comparison of CH-90 and CH-180, showed CH-
180 to possess a higher proportion of hydroxyl groups to ethers at the surface relative to CH-90.
This might be expected to increase the affinity of the CH-180 surface for CO, compared to CH-
90. Furthermore, there were no other significant differences in any of the chemical or structural
characteristics of CH-180 that were able to explain the observed decrease in CO, adsorption of
CH-180 relative to CH-90 and AC-N. The difference in CO; adsorption from CH-180 relative to
CH-90 should be the source of further investigation between the two very similar carbon

materials.

Interestingly, AC-180 exhibited lower CO, adsorption relative to AC-90 at all temperatures and
CO; partial pressures. This decrease in adsorption also cannot be accounted for by changes in
the pore structure of AC-180 relative to AC-90, as AC-180 possesses both a higher micro- and
mesopore volumes relative to AC-90 (Table 2-5). In fact, the increase in the mesopore volume

from AC-90 to AC-180 was quite extensive (Table 2-5). As such the decrease in CO; adsorption
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must be due to some aspect of the surface chemistry of AC-180 relative to AC-90. The most
significant difference between the surface chemistry of AC-180 and any of the VBC derived
carbon materials is its low surface O concentration (XPS, Table 2-2). This will have directly
affected the polarity of the AC surface, thus decreasing its affinity for CO.. Moreover, the overall
decrease in surface O manifested itself as decreases in all the major oxygenated functional
groups (e.g. hydroxyl, ether, carbonyl and carboxylic acid). Therefore, it seems relatively clear
that the decrease in CO; adsorption of AC-180 relative to AC-90, despite an increase in
micropore volume, is due to the substantial decreases in the oxygenated surface functional

groups, and in turn the CO; affinity of the AC surface.

Overall, the differential-step CO, adsorption studies of the VBC derived carbon materials has
shown that AC-90 is the best of the VBC derived carbon materials (miAC and CH series) for CO,
adsorption at all temperatures and CO; partial pressures. This was attributed to it possessing
the ideal balance between porosity (mostly micropores) and surface oxygen functionality,
particularly a high surface hydroxyl concentration resulting in an AC surface with a high affinity
for CO2. The CH series showed a similar result, with a 90 min carbonisation time resulting in a
char that exhibited the best CO; adsorption within the CH series. It is in part for this reason why

the two industrial chars (section 3.4) were steam activated for this amount of time.

3.3.2 Multi-cyclic CO; Adsorption

The CO2 multi-cyclic adsorption investigation was undertaken in order to simulate the partial
pressure conditions of a VSA system, and to determine the working capacities for CO; that could
be achieved. Multi-cyclic adsorption was undertaken at 293, 333 and 363 K for the VBC derived
carbon materials are presented in Figure 3-3A-F. The details of how the multi-cyclic adsorption
measurement were taken are outlined in section 6.6.4.2. Briefly, the system was purged with an
Ar/CO; mixture (5% CO2) for one hour prior to analysis. This was then followed by 4 cycles of
adsorption with 15% CO; for 30 min and desorption with 5% CO; for 30 min. The working
capacities were calculated using equation 6-11 and were determined at each of the three
temperatures (293, 333 and 363 K) for every material are presented in Table 3-1. In addition to
calculating the working capacities, the heats of adsorption for the multi-cyclic process were
calculated as the average CO; heat of adsorption (4Ha4s) over the four adsorption cycles at 293 K

(section 6.6.4).
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Figure 3-3 ~ CO; VSA Simulation for Steam Activated Carbons derived from VBC, taken via PPSA at 293, 333
& 363 K. Shown is the Multi-cyclic Adsorption Data for A) CH-45, B) AC-45, C) CH-90, D) AC-90, E) CH-180,
and F) AC-180

Before delving into any discussion of the results of the multi-cyclic CO; adsorption studies of the
VBC derived carbon material it is crucial that one significant difference in the way the
measurements were done carried out between the multi-cyclic and differential-step adsorption

studies is addressed. In order to properly simulate a VSA cycle, it was appropriate to purge the
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TGA system with an Ar/CO; mixture giving a CO; partial pressure of 5 kPa, which is equivalent
to the lowest vacuum the proposed VSA system would utilise (for detail refer to section 6.6.4.2).
As will be seen from the results presented in Figure 3-3 this resulted in an increase in the
amount of CO; adsorbed at 5 kPa relative to that observed from the differential-step adsorption
studies presented in Figure 3-2. Moreover, this increased adsorption that was observed at 5
kPa CO; partial pressure from the multi-cyclic adsorption studies also resulting in increases in
the amount of CO, adsorbed at 15 kPa, as one might expect from incremental-step adsorption
studies such as these. This in itself is evidence that true equilibrium had not been achieved in
the differential-step adsorption studies at 5 kPa and potentially at 15 kPa. For physisorption
systems, equilibrium is generally achieved quite quickly [7], and It is commonly said in
adsorption science that 95 % of physisorption occurs within the first two minutes. However,
this is only the situation if there are no limitations on mass-transport [8]. Mass-transport
limitations arise in carbon materials predominately as a result of small mesopore volumes
limiting the rate of gas flow into the larger micropore volume, where the majority of adsorption

takes place [9].

From the multi-cyclic CO; adsorption studies for CH-45 (Figure 3-3A) the amount of CO;
adsorbed at all temperatures was equal or greater to that of the AC-N. The difference in the
amount of CO; adsorbed between CH-45 and AC-N were also more prominent with decreasing
temperature. This was an interesting result as the amount of CO; adsorbed by CH-45 at 5 kPa
and 15 kPa CO; partial pressure from the differential-step adsorption studies (section 3.2) was
lower overall, and lower than that of AC-N in many cases. As such it is clear that differences exist
between the CO; adsorption results from the two studies. Another interesting result of the
increased CO; adsorption from the multi-cyclic adsorption of CH-45, was that the working
capacities determined for CH-45 are significantly higher than for AC-N at all temperatures
(Table 3-1). Suggesting that not only was the absolute amount of CO; adsorbed on CH-45 higher
than AC-N, but that the difference in the amount adsorbed at 5 kPa and 15 kPa was also greater.

The CO; multi-cyclic adsorption studies for AC-45 (Figure 3-3B), exhibited lower CO;
adsorption relative to CH-45 (Figure 3-3A) across the entire temperature range. This is not
surprising as a similar result was also apparent from the comparison of the adsorption pseudo-
isotherms for the two carbon materials (Figure 3-2). In the discussion of the differential-step
adsorption studies of the CH-45/AC-45 pair (section 3.3.1) this was attributed to the overall
decrease in the surface O concentration of AC-45 relative to CH-45, despite an increase in both
micro- and mesopore volumes (Table 2-5). Furthermore, the amount of CO, adsorbed at 5 kPa
and 15 kPa CO; partial pressure from the multi-cyclic study of AC-45 exceed that observed from

the adsorption pseudo-isotherm at the same temperature and CO; partial pressure. As was
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noted in the opening discussion of this section, the increased adsorption of CO, at both 5 kPa
and 15 kPa relative to the pseudo-isotherms has been attributed to the pre-treatment of the
sample under a CO; partial pressure of 5 kPa for 1 h. Another result of the increased CO;
adsorption from the multi-cyclic studies relative to the differential-step studies, was that not
only was the absolute about of CO; adsorbed higher than AC-N, but also the working capacities
of AC-45 (Table 3-1) exceeded those of AC-N at all temperatures tested (293, 333 and 363 K).
The heat of adsorption at 293 K for AC-45 (4Hass = 56.0 kJ/mol) was higher than for CH-45
(AHaas = 54.5 k] /mol), despite AC-45 possessing a lower working capacity at this temperature.
This is likely to be associated with the increased surface hydroxyl concentration possessed by
AC-45 relative to CH-45 (XPS Table 2-2, and NEXAFS Table 2-3), as this functional group
possesses the highest affinity for polar gases [5]. It is also well known that increases in heats of
adsorption are strongly associated with increases in micropore volume, on account of the
increased number of sites onto which adsorption can occur [9]. As such, the increased heat of
adsorption for AC-45 at 293 K relative to CH-45, is likely due to a combination of both surface

chemistry and pore structure, despite the lower working capacity exhibited at this temperature.

Table 3-1 ~ Working Capacities of Physically Activated Coal Derived miACs Determined at 293, 333 and 363
K, and AH 45 determined at 293 K.

Sample Working Capacity (wt%) AH,,,

Name 293 K 333K 363K (K}/mol)
AC-N 146 0.55 0.28 553
CH-45 1.61 0.67 0.38 54.5
AC-45 1.54 0.62 0.31 56.0
CH-90 1.52 0.66 0.35 58.0
AC-90 1.78 0.76 0.39 58.7
CH-180 1.50 0.64 0.34 55.9
AC-180 1.60 0.61 0.32 53.3

From the multi-cyclic CO; adsorption studies for CH-90 (Figure 3-3C) there are clearly
observable increases in CO; adsorption at both 5 kPa and 15 kPa at all temperatures, relative to
that observed from the differential-step adsorption studies (Figure 3-2C). It was noted in the
opening discussion of this section that some of the increases in CO, adsorption at 5 kPa and 15

kPa CO, partial pressure were due to equilibrium not being achieved at low CO; partial
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pressures £ 5 kPa) in the differential -step adsorption studies, due to mass-transport
limitations. In the multi-cyclic adsorption studies, pre-treatment under a CO, gas stream of 5
kPa CO; partial pressure for 1 h allowed for equilibrium to be completely achieved at low CO;
partial pressure. The mass-transport phenomena at low CO; partial pressures is compounded
by the small mesopore volume of CH-90 (Table 2-5), with similar phenomena also being
observed for both CH-45 and AC-45. Moreover, it is due to this observed adsorption behaviour
at 5 kPa CO; partial pressure for CH-90 that explains the low working capacities observed at all
temperatures (Table 3-1). However, despite exhibiting higher overall CO; adsorption at 293 K
than either CH-45 or AC-45, the working capacity of CH-90 at 293 K was lower (Table 3-1).
Furthermore, it exhibited a higher heat of adsorption at 293 K than either CH-45 or AC-45. As
there was little overall difference between the surface O concentration of CH-45 and CH-90
(Table 2-2), the observed higher heat of adsorption is likely due to the slightly higher

micropore volume possessed by CH-90 [9].

The multi-cyclic CO; adsorption of AC-90 (Figure 3-3D) exhibited the highest adsorption of CO;
of any of the VBC derived carbon materials, which is consistent with the observations made
from the differential-step study in section 3.3.1. The working capacities determined at all
temperatures (Table 3-1) were significantly higher for AC-90 than any of the VBC derived
carbon materials, or AC-N. Moreover, the working capacity of AC-90 at 293 K was 1.78 wt%
(Table 3-1), by far the largest working capacity of any of the VBC derived carbon material. For
example, at 293 K AC-N possessed a working capacity of only 1.46 wt% (Table 3-1). It also
possessed the highest heat of adsorption (4Ha4s = 58.7 kJ/mol) for the multi-cyclic adsorption

process than any of the other VBC derived carbon materials or AC-N.

The increased CO, adsorption of AC-90 relative to the other VBC derived carbon materials and
AC-N was commented on in section 3.3.1, where it was attributed to both its favourable surface
chemistry and pore structure. Relative to CH-90, AC-90 possessed a significantly higher
mesopore volume; a result of the increased pore development that occurs during steam
activation (Table 2-5). The development of pore structure that occurs during carbonisation is
due to the removal of volatile matter from the semi-rigid skeletal carbon structure of the parent
carbon. However, during steam activation the removal of volatile matter from the parent carbon
occurs but, in addition, gasification of the carbon takes place most rapidly at the outside surface,
resulting in slit-shaped pores with wide mouths [10]. It is also for this reason that mass-
transport limitations were less pronounced over AC-90, due to its increased mesopore volume
despite the increased adsorption time at 5 kPa. Only minor increases in CO, adsorption were
observed at both 5 kPa and 15 kPa from the multi-cyclic studies of AC-90, relative to the

differential-step studies (Figure 3-3D). Moreover, AC-90 also exhibited a significant increase in
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mesopore volume relative to AC-45 (and CH-45 and CH-90), as a result of further increasing the
activation time (Table 2-5). In addition to the more favourable pore structure of AC-90, it
possessed surface chemistry which endowed its surface with a substantial increase in affinity
for CO, relative to the other VBC derived carbon materials. Specifically, AC-90 was shown to
possess the highest surface concentration of hydroxyl and ether groups of any of the VBC
derived carbon materials, and the highest surface concentration of carbonyl and carboxylic acid

groups of any of the miACs [5, 6].

Interestingly, the multi-cyclic CO; adsorption results (Figure 3-3E-F) for the CH-180/AC-180
pair exhibited increased adsorption between 5 kPa and 15 kPa, relative to those from the
differential-step adsorption study (Figure 3-2E-F). In fact, the multi-cyclic CO; adsorption of
both CH-180 and AC-180 increased so much as to exceed that of AC-N, which would imply that
mass-transport limitations are occurring. This has already been addressed regarding the other
VBC derived carbon materials, and has been attributed to equilibrium not be archived at low
CO; partial pressures € 5 kPa) during the differential -step CO; adsorption measurements.
However, AC-180 possesses a substantially higher mesopore volume than AC-N, an AC that
exhibits no differences in the adsorption between the differential-step and multi-cyclic
adsorption studies at either 5 kPa or 15 kPa (and thus no mass-transport limitations). This
implies that the mass-transport limitation for the VBC derived carbon materials discussed until
this point, may not be due entirely to small mesopore volumes, but may in fact be the result of
the inherent interconnectivity of the carbons produced from VBC. A further point of interest
regarding the increased multi-cyclic adsorption of CO, over AC-180, was that the increases in
adsorption were less prominent at higher temperatures. For example the working capacity of
AC-180 at 293 K was one of the highest observed for the VBC derived carbon material; whereas,
at 363 K it exhibited one of the lowest (Table 3-1). Moreover, AC-180 exhibited a heat of
adsorption at 293 K (4Ha4s = 53.3 k]J/mol), that was the lowest of all the VBC derived carbon
materials, and lower even than AC-N (4Hags = 55.3 KJ/mol). For the heat of adsorption to be so
low when such high adsorption is being exhibited, must mean that some aspect of the
interaction between CO; and the AC-180 surface is significantly different from that which
occurred for the other VBC derived carbon materials. Both the low heat of adsorption in the face
of high adsorption, and the decreases in the differences between multi-cyclic and differential-
step adsorption; can be explained by differences in the surface chemistry of AC-180 relative to
the other carbon materials discussed here. AC-180 possessed the lowest surface O
concentration of any of the VBC derived carbon materials, and was the only VBC derived carbon
to be lower than AC-N (Table 3-1). Furthermore, the concentrations of all the oxygenated

surface functional groups were the lowest of all the VBC derived carbon materials. Such a low
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surface O concentration will have acted to significantly decrease the surface polarity and hence

the affinity of the AC-180 surface for CO; [5, 6].

It was clear from the adsorption studies using the VBC derived carbon materials (presented in
section 3.3), that AC-90 was the best CO; adsorbent of the group and also outperformed the
commercial AC-N under all conditions tested. For this reason, a 90 min steam activation time
was used for activation of the two industrial chars (CHLR and CHRK). The CO, adsorption
studies conducted using the industrial chars and their steam activated counterparts are

presented in the following section, along with CH-90 and AC-90 for comparison.

3.4 Physically Activated Char Derived Activated Carbons

3.4.1 Differential-step CO: Adsorption

The CO; adsorption pseudo-isotherms obtained from the differential-step adsorption study for
CHLR and CHRK and their respective miACs (AC-CHLR-90 and AC-CHRK-90) are reported in
Figure 3-4A-D, with AC-N overlayed as was done in section 3.3.1.

From the differential-step adsorption study for CHLR (Figure 3-4A) it can be seen that at all
temperatures and CO; partial pressures CHLR underperforms relative to AC-N (Figure 3-2D).
The low CO; adsorption behaviour exhibited by CHLR is attributed to the low mesopore volume
possessed by CHLR (Table 2-11). CHLR did however possess a comparable micropore volume
to several of the VBC derived carbon materials (Table 2-5), indicating that it did possess the
potential for much higher CO; adsorption, but due to its low mesopore volume, mass-transport
limitations inhibit the timely uptake of CO.. Interestingly, CHLR possessed the highest surface O
content of any of the physically activated carbon materials (Table 2-8). Moreover, of this very
high surface O content a significant proportion was shown to be due to surface hydroxyl groups
(section 2.3.2). This high surface hydroxyl group concentration might be expected to result in a
carbon surface with a high affinity for CO; [5, 6]. However, due to the rate of CO, uptake being
retarded by mass-transport limitations, adsorption within a reasonable equilibration time

would make its use in its present form inefficient for CO, capture purposes.
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Figure 3-4 ~ CO; Adsorption Pseudo-isotherms for Steam Activated CHLR Carbons, taken via PPSA at 293,
333 & 363 K. Shown are the Isotherms for A) CHLR, B) AC-CHLR-90, C) CHLR, and D) AC-CHLR-90

In chapter 2 (section 2.4) the effect of steam activation of CHLR was investigated, resulting in
AC-CHLR-90. From the gas physisorption studies the presence of steam was found to have little
effect on the development of the pore structure of AC-CHLR-90 relative to CHLR, which was
attributed to the unreactive nature of CHLR. The CHLR char was produced industrially via
carbonisation of VBC briquettes in a Lurgi-style retort at 1173 K (section 6.3.2), where as the
steam activation was undertaken at only 1073 K. As such, very little carbon that was still
reactive under steam gasification conditions employed. From Figure 3-4B, it can clearly be seen
that AC-CHLR-90 exhibits greater CO; adsorption than CHLR over the entire CO; partial
pressure. Interestingly, AC-CHLR-90 possessed essentially the same micropore volume as CHLR
(Table 2-11), implying that steam activation did not significantly affect the development the
micropores. On the other hand, steam activation did increase the mesopore volume of AC-CHLR-
90 relative to CHLR (Table 2-11). The absolute value of the increase in mesopore volume may

seem small, but was in fact more than a doubling of the mesopore volume of CHLR. The actual
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effect the change in pore volume had on the CHLR/AC-CHLR-90 may also be understated by
these results, as a significant decrease in the total surface O content of AC-CHLR-90 was
observed relative to CHLR (Table 2-8). Such a significant decrease in surface O might be
expected to detrimentally effect the affinity of the carbon surface towards CO; [5, 6]. Due to the
low mesopore volume of CHLR, timely access to the adsorption sites within the micropores
would not have been able to be achieved over the timescale of the differential-step adsorption
studies. However, on account of the significant increase in mesopore volume of AC-CHLR-90
relative to CHLR, sites that were previously unable to be accessed could be, and so despite the
decrease in surface O concentration, more of these sites are still being made use of for AC-CHLR-

90 than for CHLR.

The differential-step CO; adsorption study of CHRK (Figure 3-4C) exhibited the lowest CO;
adsorption at all temperature and CO; partial pressures, of any carbon material presented in
section 3.4. This was to be expected, as CHRK possessed no detectable mesopore volume (Table
2-11), and mass-transport to the micropores would be limited [3, 4, 11]. However, CHRK did
possess a substantial micropore volume (Table 2-11). However, the surface O concentration of
CHRK was quite low (Table 2-8), and it possessed low concentrations of hydroxyl, ether and
carboxylic acid groups. The latter might have also played a role in the low CO; adsorption, as the
surface chemistry was such that CHRK would have possessed a much lower affinity for CO, than

other carbon material reported here.

Steam activation of CHRK resulted in an increase in micropore volume equivalent to that
observed for the mesopore volume (Table 2-11). The resulting increase in both the micro- and
the mesopore volumes of AC-CHRK-90 (relative to CHRK, Table 2-11) was reflected in the
pseudo-isotherms of the differential-step CO; adsorption studies for AC-CHRK-90, shown in
Figure 3-4E. The increased adsorption of CO; for AC-CHRK-90 relative to CHRK was observed at
all temperatures and CO; partial pressures. In addition to the increased micro- and mesopore
volumes of AC-CHRK-90 relative to CHRK, there was a significant increase in the surface O
content (Table 2-8). A substantial amount of the increase in surface O concentration was found
to be due to hydroxyl groups, with an associated decrease in cyclic aliphatic ethers
(hydroxylation) also being observed. This is a good indication that relative to CHRK, AC-CHRK-
90 possessed a surface with a higher affinity for CO; [5, 6], in addition to larger micro- and

mesopore volumes; thus accounting for the significant increases in CO; adsorption observed.

Relative to AC-90 (Figure 3-2D), both AC-CHLR-90 and AC-CHRK-90 (Figure 3-4B and Figure
3-4D, respectively) exhibited lower CO; adsorption at all temperature, especially at CO, partial
pressures above 5 kPa. This has been predominately attributed to the significantly higher

mesopore volume of AC-90, compared to either of the char derived miACs (Table 2-11).
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However, the effect of differences observed in the surface chemistry of the char derived miACs
and AC-90 cannot be discounted. The surface chemistry of AC-90 possessed as much in common
with either of the char derived miACs as they did with one another. Specifically, the
concentration of surface O for AC-90 was medially placed between that of AC-CHLR-90 and that
of AC-CHRK-90 (Table 2-8). However, AC-90 possessed a higher proportion of hydroxyl groups
to ethers than either of the char derived miACs (section 2.4.2). It is more likely that the superior
CO; adsorption exhibited by AC-90, was principally due to the significantly higher mesopore

volume, allowing for the timely adsorption of CO».

Overall, the effect of steam activation on the two industrial chars was shown to be favourable,
especially in the case of the CHRK/AC-CHRK-90 pair, which exhibited significant increases in
CO; adsorption as a result of steam activation. However, despite the increased adsorption of CO>
for the steam activated industrial chars, mass-transport limitations still seem to have impacted
the results. The effect of this on the multi-cyclic CO, adsorption will be investigated in the

following section.

3.4.2 Multi-cyclic CO; Adsorption

The multi-cyclic CO; adsorption studies of the two industrial chars and the miAC produced from
them are presented in Figure 3-5A-D. The working capacities (equation 6-11) determined for
the adsorption cycles between 5-15 kPa CO; partial pressure for both carbons are presented in
Table 3-2, along with those of AC-N, CH-90 and AC-90 for reference. The heats of adsorption at

293 K (AHa4s) were also calculated from the PPSA data, as outlined in section 6.6.4.

From the multi-cyclic CO, adsorption study of CHLR (Figure 3-5A) it can be seen that it
exhibited the closest adsorption behaviour to AC-N of any of the carbon materials presented in
this chapter. However, the working capacities of CHLR were slightly higher than those of AC-N
at all temperatures tested (Table 3-2). Relative to the adsorption behaviour exhibited from the
differential-step adsorption study by CHLR, there is an overall increase in the adsorption of CO>
at both 5 kPa and 15 kPa. A similar increase in CO, adsorption for the multi-cyclic adsorption
studies was observed from the multi-cyclic studies of the VBC derived carbon materials (section
3.3.2). This was attributed to equilibrium not being achieved within the 20 min step at low CO;
partial pressures during the differential-step adsorption measurements as a result of mass-
transport limitations. The mass-transport limitations are much more significant in the case of
CHLR due to its low mesopore volume (Table 2-11). This behaviour was observable in the
multi-cyclic adsorption studies due to the 1 h pre-treatment of the carbon material under a CO;

gas stream at 5 kPa CO; partial pressure, which was utilised for the PPSA measurements for the
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multi-cyclic studies and not in the differential-step adsorption studies. Similar behaviour was
observed for the VBC derived carbon materials (section 3.3), many of which possessed
significantly higher mesopore volumes than CHLR (Table 2-5). The effect that the surface
chemistry of CHLR had on its adsorption properties was discussed in the previous section, and
are equally as applicable here, but cannot account for the increased adsorption relative to the
differential-step adsorption studies. That is the high surface O concentration of the CHLR
surface might be expected to resulted in a carbon with a high affinity for CO, (Table 2-8), but
this appears to have been limited by the mass-transport phenomena arising from its small

mesopore volume.
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Figure 3-5 ~ CO; VSA Simulation for Steam Activated CHLR Carbons, taken via PPSA at 293, 333 & 363 K.
Shown are the VSA Studies for A) CHLR, and B) AC-CHLR-90

The multi-cyclic CO, adsorption studies of AC-CHLR-90 (Figure 3-5B) showed only minor
increases in CO, adsorption at both 5 kPa and 15 kPa CO; partial pressure, relative to CHLR
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parent material at all temperatures (Figure 3-5A). This was attributed for the most part to the
minor increase in micropore volume of AC-CHLR-90 (only observable from the N, data, no
detectable change was observed by CO. physisorption) relative to CHLR (Table 2-11).
Furthermore, AC-CHRL-90 possessed a higher mesopore volume to CHLR. This was probably a
result of CHLR being somewhat unreactive under the steam activation conditions utilised;
because it had been carbonised at a temperature 100 K higher than used in steam activation
(1073 K). Furthermore, the carbonisation treatment used to produce CHLR was carried out
under flue gas-like conditions, and as such a minor amount of gasification by the CO and CO; in
the gas stream will have occurred. This resulted in CHLR possessing an enriched surface O
concentration. However, it would seem that steam activation of CHLR to produce AC-CHLR-90,
resulted in the removal of many of the surface O groups; as characterised by the significant

decrease in surface O for AC-CHLR-90 relative to CHLR (XPS, Table 2-8).

Table 3-2 ~ Working Capacities of Physically Activated Char Derived miACs Determined at 293, 333 and 363
K, and AH 45 determined at 293 K.

Sample Working Capacity (wt%) AH
Name (Kj/mol)
293K 333K 363K

AC-N 1.46 0.55 0.28 56.3
CH-90 1.52 0.66 0.35 58.0
AC-90 1.78 0.76 0.39 58.7
CHLR 1.50 0.61 0.30 64.5
AC-CHLR-90 1.55 0.64 0.34 60.7
CHRK 1.39 0.54 0.28 59.8
AC-CHRK-90 1.54 0.68 0.39 59.8

In comparing the amount of CO; adsorbed from the differential-step adsorption studies of AC-
CHLR-90 relative to the multi-cyclic adsorption studies; it can be seen that there is an overall
increase in adsorption at both 5 kPa and 15 kPa for the multi-cyclic studies at all temperatures,
which is indicative of mass-transport limitations. These observed changes in the amount of CO;
adsorption at 5 kPa and 15 kPa from the multi-cyclic studies relative to the differential-step

studies are the result of equilibrium not being achieved at low CO; partial pressures (< 5 kPa) in
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the differential-step adsorption studies, which in turn is the result of the small mesopore
volume of AC-CHLR-90 (Table 2-11). The overall result of the increased adsorption from the
multi-cyclic studies of AC-CHLR-90 was that it possessed higher working capacities at all
temperatures tested, relative to AC-N. This was interesting, in that like the carbon materials
presented in section 3.3, despite mass-transport limitations being apparent, AC-CHLR-90
outperformed AC-N. In order to produce an miAC from CHLR with a more well developed pore
structure, a significantly more aggressive steam gasification procedure would be required, at a

much higher steam concentration and/or temperature.

The multi-cyclic adsorption studies for CHRK (Figure 3-5C) exhibited the lowest CO; adsorption
at both 5 kPa and 15 kPa of all the carbon materials presented in this chapter (except for VBC),
which was consistent with adsorption behaviour observed from the differential-step adsorption
studies for CHRK (Figure 3-4C). The low CO; adsorption behaviour of CHRK can be attributed to
the absence of any detectable mesopore volume (Table 2-11). Again the results of the multi-
cyclic adsorption studies for CHRK indicated an increase in the amount of adsorption of CO;
relative to that observed from the differential-step adsorption studies under comparable
conditions (i.e. temperature and CO; partial pressure). Despite the increased CO; adsorption
from the multi-cyclic studies for CHRK, the working capacities determined were lower than AC-

N, except at 363 K where they were equal (Table 3-2).

In addition to exhibiting lower adsorption to CHLR at both 5 kPa and 15 kPa, CHRK possessed a
much lower heat of adsorption (Table 3-2), which can be attributed mostly to the lower surface
O concentration of CHRK relative to CHLR. Moreover, CHRK possessed the lowest surface O
concentration of any of the carbon materials presented in this chapter (section 2.4.2). The low
surface O concentration coupled with the non-existent mesopore volume are the main reason

behind the low CO; adsorption observed over this carbon.

The multi-cyclic CO; adsorption of AC-CHRK-90 (Figure 3-5D) showed substantially increased
CO; adsorption relative to CHRK, beyond that which could have been predicted from the
differential-step adsorption studies (Figure 3-4D). This behaviour is indicative of mass-
transport limitation due to the small mesopore volume of AC-CHRK-90 (Table 2-11). The
mesopore volume of AC-CHRK-90 (Table 2-11) is small when compared to the VBC derived
carbon materials (Table 2-5), but it is still a significant increase in the mesopore volume of AC-
CHRK-90 relative to CHRK. From the working capacity determined for AC-CHRK-90 at all
temperatures closer evaluation shows that the adsorption between 5 kPa and 15 kPa has

increased (Table 3-2). Moreover, the working capacities for AC-CHRK-90 at 333 K and 363 K
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were equal to or higher than many of the VBC derived carbon materials (Table 3-1), as well as

CHLR, AC-CHLR-90 and CHRK (Table 3-2).

The increase in CO, adsorption for AC-CHRK-90 at 293 K relative to CHRK that would be
expected from the differential-step studies at 293 K was observed; however, there was no
change in the heat of adsorption (Table 3-2). There were significant increases in both the
micro- and mesopore volume, and in the surface O concentration of AC-CHRK-90 relative to
CHRK. As a result of which, there would be an expected increase in the heat of adsorption at 293
K for AC-CHRK-90 relative to CHRK [9]. This observation can be understood on the basis of the
increase in mesopore volume, counteracting the increases in micropore volume of surface O

concentration.

The working capacities of AC-CHRK-90 (Table 3-2) are higher compared to many of the VBC
derived carbons at each respective temperature (Table 3-1). Compared to the multi-cyclic
adsorption of CO; exhibited by AC-90 at 293 K (Table 3-1), both AC-CHLR-90 and AC-CHRK-90
significantly underperformed. However, at both 333 K and 363 K, AC-CHRK-90 exhibited

comparable working capacities to AC-90.

In summary, the differential-step and multi-cyclic adsorption studies of CHLR, CHRK and their
respective miACs, showed that steam activation of the chars resulted in significant
improvements in CO; adsorption behaviour of the miACs relative to the chars from which they
were derived. Furthermore, the miAC derived from the steam activation of CHRK (AC-CHRK-90)
exhibited superior CO; adsorption behaviour not only to AC-CHLR-90, but also many of the VBC
derived carbon materials. This CO; adsorption behaviour was attributed to the high micropore

volume and favourable surface chemistry possessed by AC-CHRK-90.

3.5 Chemically Activated Carbons

The introduction of KOH to the VBC was undertaken via a typical wet impregnation technique,
the details of which can be found in Section 6.4.4.1. Briefly, the KOH loading was varied on a
mass percentage basis, and the impregnated materials were thermally activated at 1073 K for
60 min. The KOH was removed post-synthetically by washing the ACs with HCI. The differential-
step and multi-cyclic CO; adsorption studies for the KOH activated miACs that were

characterised in the previous chapter (section 2.5), and are presented in the following two
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sections (sections 3.5.1 and 3.5.2 respectively). As was the case for the steam activated miACs,

the KOH miACs were benchmarked against the AC-N commercial standard.

3.5.1 Differential-step CO: Adsorption

The CO; adsorption pseudo-isotherms obtained from the differential-step adsorption studies for

the KOH activated miACs are presented in Figure 3-6A-D, overlayed with AC-N for comparison.

The CO; adsorption behaviour exhibited by the KOH activated miACs was significantly different
from that observed from the physically activated carbon materials presented in section 3.3 and
section 3.4. This might be expected from the substantial differences that existed between the
chemically activated miACs and the physically activated carbon materials (Table 2-17). From
the differential-step adsorption studies of the KOH activated miACs shown in Figure 3-6, it can
be seen that major increases in CO; adsorption relative to most of the physically activated
carbon materials. In fact, with the exception of AC-KO (Figure 3-6A4), which was not
impregnated with KOH; all of the KOH activated miACs (AC-K5, AC-K7.5 and AC-K10) exhibited

significantly higher CO; adsorption than AC-N at all temperatures and CO; partial pressures.

From the adsorption pseudo-isotherm of AC-KO at 363 K (Figure 3-6A4), it is clearly evident that
AC-KO possesses equivalent adsorption to AC-N across the CO; partial pressure range. At 293 K
and 333 K, AC-KO exhibits superior CO; adsorption to AC-N across the entire CO; partial
pressure range. This can be partially attributed to the high micropore volume of AC-KO (Table
2-16), in addition to its higher surface O concentration, relative to AC-N (Table 2-13). The
surface O concentration was even higher than any of the physically VBC derived carbon
materials (Table 2-3), although the distribution of oxygenated functional groups was vastly
different. Of particular importance were the high surface concentrations of hydroxyl/ether (C-
O-R peak) and carboxylic acid groups, as determined by XPS (Table 2-13). The NEXAFS
investigation of AC-KO showed that a substantial proportion of the groups responsible for the C-
0-R peak from the XPS were due to hydroxyl groups, with the remainder being ethers (Table
2-14). The high surface concentration of hydroxyl and carboxylic acid groups might have
resulted in the surface of AC-KO having a high affinity for CO: [5, 6].
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Figure 3-6 ~ CO; Adsorption Pseudo-isotherms for KOH Activated miACs taken via PPSA at 293, 333 & 363
K. A) AC-K0, B) AC-K5, C) AC-K7.5, and D) AC-K10

For the CO; adsorption pseudo-isotherms obtained from the differential-step adsorption studies
of AC-K5, this miAC exhibits far superior CO; adsorption at all temperatures and CO; partial
pressures than AC-N. Despite this improvement in CO; adsorption behaviour, AC-K5 exhibited
no significant difference in the micropore volume relative to AC-K0, and an incredibly small
mesopore volume (Table 2-16). Improvements in the surface chemistry of AC-K5 were however
observed relative to AC-KO0, that might increase the affinity of the surface towards CO: [5, 6].
Firstly, the total surface O concentration was substantially higher for AC-K5 than AC-KO (Table
2-13). The increase in surface O of AC-K5 relative to AC-KO, manifested in the XPS as a
substantial increase in C-O-R groups, and a less significant increase in C=0 groups; whilst a
decrease in COO-R groups was observed (Table 2-13). From the NEXAFS investigation of AC-K5
(Table 2-14), there was no significant changes in the distribution of hydroxyl and ether groups.
Therefore the overall increase in the C-O-R peak from XPS, coupled with the distribution of
hydroxyl and ether groups from NEXAFS, indicate an overall increase in the surface

concentration of hydroxyl groups (and ether groups) has occurred on the surface of AC-K5,
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relative to AC-KO. Such an increase in hydroxyl groups might be expected due to increase the

affinity of the AC-K5 surface for CO; [5, 6].

From the differential-step adsorption study of AC-K7.5 (Figure 3-6C) it can be seen that
increasing the KOH loading from 5-7.5 wt% had significant effects on the CO. adsorption
behaviour. As was the case of both AC-KO and AC-K5, the CO; adsorption for AC-K7.5 was higher
than AC-N, with the most significant increases being present between5 kPa and 30 kPa CO;
partial pressure. A very significant increase in CO, adsorption was also observed across the
entire CO; partial pressure range was observed for AC-K7.5 at 333 K, whereas at 363 K there
were no observable differences between the adsorption of CO; for AC-K7.5 or AC-K5. As there
was no significant change in the micropore volume of AC-K7.5 relative to AC-K5 (Table 2-16),
the differences in the surface chemistry of the two miACs must have played a major role in the
increase in CO2 adsorption (Table 2-13). The XPS analysis of the KOH activated miACs showed
there to be a significant increase in the surface O concentration of AC-K7.5 relative to AC-KS5,
which was accompanied by an equally significant shift in the distribution of oxygenated surface
functional groups (Table 2-13). This was primarily observed by XPS as an increase in C-O-R
groups that was larger than the increase in surface O itself, along with a significant decrease in
C=0 groups (Table 2-13). Although the NEXAFS investigation of AC-K7.5 and the KOH activated
miACs showed some variation in the proportions of certain functional groups, these were
relatively minor and had little effect on changing the distribution of hydroxyl and ether groups
(Table 2-14).

The highest CO; adsorption of any carbon material at all temperatures and CO; partial pressures
presented in this chapter, was observed from the adsorption isotherms of AC-K10 (Figure
3-6D). For the other KOH activated miACs (AC-KO, AC-K5 and AC-K7.5) the focus of the
discussion of the observed increases in CO; adsorption, as a function of KOH loading; whereas,
AC-K10 possessed a lower surface O concentration than either AC-K5 or AC-K7.5 (Table 2-13).
This would indicate that the surface chemistry was not the primary factor behind the significant
increase in CO; adsorption. Although there was an observed decrease in surface O concentration
of AC-K10 relative to the other KOH activated miACs, there was however, a very significant
increase in the micropore volume of AC-K10 (Table 2-16). The effect of the increased micropore
volume can be seen clearly from the pseudo-isotherm at 293 K (Figure 3-6D), whereby there is
a significant increase in CO; adsorption at higher CO; partial pressures, not seen for the other
KOH activated miACs that all possessed similar micropore volumes. Therefore, despite the
significant decrease in the surface O concentration of AC-K10 relative to either AC-K5 or AC-

K7.5, the significant increase in micropore volume was more than sufficient to counteract this.
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In summary, the adsorption pseudo-isotherms derived from the differential-step adsorption
studies of the KOH activated miACs, showed these carbon materials to possess substantially
higher CO, adsorption relative to the physically active carbons. Moreover, the results of the
adsorption pseudo-isotherms of the KOH activated miACs highlighted the delicate balance
between surface chemistry and pore structure, and how this affects CO; adsorption. Lastly, it is
important to make note of the incredibly small mesopore volumes determined for the KOH
miACs (Table 2-16), although the effect of this was not clear from the adsorption pseudo-
isotherms. It is predicted that such small mesopore volumes will result in mass-transport
limitations, which will come into play significantly for the multi-cyclic adsorption studies, that

will be presented in the following section.

3.5.2 Multi-cyclic CO; Adsorption

The multi-cyclic CO; adsorption screening was carried out on the KOH miACs between 5-15 kPa
CO; partial pressure. The multi-cyclic plots were under taken isothermally at 293, 333 and 363
K for miACs at KOH loadings of 0, 5, 7.5 and 10 wt% and are shown in Figure 3-7A-D. The

working capacities (equation 6-11) calculated from Figure 3-7 are presented in Table 3-3.

From the multi-cyclic adsorption studies of the KOH activated miACs (Figure 3-7), it can clearly
be seen that these carbon materials outperform AC-N at all temperatures. Moreover, the
working capacities were significantly higher than those of AC-N (Table 3-3). However, for each
miAC the amount adsorbed at 5 kPa and 15 kPa CO; partial pressure from the multi-cyclic
studies was greater than was observed from the differential-step studies (Figure 3-6) at the
same temperatures and CO; partial pressures. This is due to mass-transport limitations arising
from the small mesopore volumes of the KOH activated miACs (Table 2-16). This adsorption
behaviour is only observable due to equilibrium not being achieved at low CO; partial pressures
(= 5 kPa) in the differential-step adsorption studies (Figure 3-6), for which 20 min equilibration
times were applied for each step. Furthermore, for the measurements of the multi-cyclic CO»
adsorption studies, a 1 h pre-treatment under a gas steam at a CO; partial pressure of 5 kPa

used, ensuring that equilibrium was achieved at 5 kPa partial pressure.
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Figure 3-7 ~ CO; VSA Simulation for KOH Activated Carbons, taken via PPSA at 293, 333 & 363 K. A) AC-KQ0,
B) AC-K5, C) AC-K7.5, and D) AC-K10

From the multi-cyclic CO; adsorption studies of AC-KO (Figure 3-7A) some very interesting
results were observed. Firstly, at 363 K the amount of CO, adsorbed at 5 kPa CO; partial
pressure was identical to that of AC-N, an observation also made from the differential-step
adsorption study (Figure 3-6A). However, as has been noted the absolute amount of CO;
adsorbed at both 5 kPa and 15 kPa was higher in the multi-cyclic studies than was observed
from the differential-step studies. This has been attributed to mass-transport limitations arising
from the small mesopore volume of AC-KO and the KOH activated miACs. At 333 K the
differences between the adsorption from the differential-step and multi-cyclic studies was much
less pronounced for AC-KO than at 363 K. Although slight, an increase in the adsorption of CO;
was observed at both 5 kPa and 15 kPa CO; partial pressure from the multi-cyclic adsorption
study of AC-KO relative to that of the differential-step adsorption study. For the multi-cyclic
adsorption study of AC-KO0 at 293 K, proved to exhibit the least variation from the differential-
step adsorption study, yet still resulted in a working capacity (Table 3-3) higher than all of the
physically activated carbon materials, with the exception of AC-90 (Table 3-1). Similarly, the
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working capacities for AC-K0O at both 333 K and 363 K were higher than the majority of the
physically activated carbon materials. The impressive CO, adsorption behaviour exhibited by
AC-KO, having only undergone carbonisation with no chemical or physical activation; is
attributed to its high micropore volume and favourable surface chemistry (section 3.5.1). This
can in turn be directly attributed to the manner in which it was carbonised, using the secondary
quartz reactor, which limited the flow of N; through the sample, thus reducing the rate of
removal of volatile components within the VBC precursor relative to that of the physically

activated carbon materials (section 6.1).

The multi-cyclic CO; adsorption studies of AC-K5 (Figure 3-7B) showed increased adsorption at
both 5 kPa and 15 kPa relative to that observed from the differential-step adsorption studies.
Again, this has been attributed to equilibrium not being achieved at low CO; partial pressures in
the differential-step adsorption studies. At both 293 K and 333 K it is clearly evident that there
are substantial increases in adsorption at both 5 kPa and 15 kPa CO; partial pressure, relative to
AC-KO (Figure 3-7A). However, at 363 K the increase in CO; adsorption of AC-K5 relative to AC-
KO was limited to 15 kPa CO; partial pressure; which is consistent with the observations made
from the differential-step adsorption study (Figure 3-6B). However, the increase in CO;
adsorption at 15 kPa CO; partial pressure resulted in an increase in the working capacity for AC-
K5 at 363 K, relative to that of AC-KO (Table 3-3). Furthermore, as was noted in section 3.5.1,
the micropore volume of AC-K5 is essentially the same as AC-KO (Table 2-16). Whilst significant
increases in the surface O content of AC-K5 are observed relative to AC-KO, of which increases in
the concentration of C-O-R groups (hydroxyl and ether groups) predominated (Table 2-13).
This reaffirms the contention made in section 3.5.1, pertaining to the differential-step CO-
adsorption of AC-K5 and AC-K7.5 (Figure 3-6) that differences in adsorption behaviour are
dominated by changes in the surface chemistry rather than minor changes in pore volume. It is
also interesting to note that despite the increase in CO, adsorption at 293 K, at both 5 kPa and
15 kPa CO; partial pressure observed for AC-K5 relative to AC-KO, the working capacities of the
two carbons are essentially the same. Moreover, the value of heat of adsorption for AC-K5 at
293 K (4Ha4s = 59.1 K] /mol) increased relative to that of AC-KO (4Ha4s = 57.5 KJ/mol), indicative
of an increase in the strength of the interaction between the adsorbent and adsorbate [12]. This
is further evidence to the argument that the surface functionality of AC-KS5 is playing a dominant

role in determining the adsorption.
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Table 3-3 ~ Working Capacities of KOH Activated miACs
Determined at 293, 333 and 363 K, and AH 44s determined at 293 K.

Sample Working Capacity (wt%) AH ,ps

Name 293 K 333K 363 K (K1/mol)
AC-N 1.46 0.55 0.28 55.3
AC-KO 1.66 0.67 0.38 57.5
AC-K5 1.65 0.81 0.43 59.1
AC-K7.5 1.64 0.81 0.46 57.0
AC-K10 2.14 0.93 0.52 56.5

In the multi-cyclic adsorption studies of AC-K7.5 (Figure 3-7C), it is evident at all temperatures
that the CO; adsorption never achieves equilibrium at either 5 kPa or 15 kPa CO; partial
pressure. This type of adsorption behaviour is indicative of significant retardation in the rate of
adsorption, resulting from mass-transport limitations, which can be mostly; accounted for by
the small mesopore volume of the KOH activated miACs (Table 2-16). This slow adsorption was
also observed by AC-K5 at 293 K, but to a smaller extent. Furthermore, the level of adsorption
observed for AC-K7.5 at both 5 kPa and 15 kPa CO; partial pressure was significantly higher
than observed for AC-KS5, at all temperatures; which can be attributed to the increases in either
the micropore volume (Table 2-16) and/or the surface O content (Table 2-13). In particular,
there was a substantial increase in the concentration of C-O-R groups on the surface of AC-K7.5
relative to AC-K5. Although there was an increase in the surface O concentration of AC-K7.5
relative to AC-K5, the NEXAFS investigation of the AC-K7.5 surface showed only minor variation
in the distribution of hydroxyl and ether groups relative to AC-K5. Moreover, the high surface O
concentration of AC-K7.5, particularly the high hydroxyl group surface concentration, will have
likely resulted in the surface of AC-K7.5 having a much higher affinity for CO, than the other
KOH activated miACs [5, 6]. Interestingly, despite the increased adsorption of CO; at both 5 kPa
and 15 kPa for AC-K7.5 relative to AC-K5 at all temperatures, there were no significant increases
in the working capacities of AC-K7.5 relative to AC-K5. Moreover, at 293 K, despite exhibiting
higher overall adsorption of CO; and a similar working capacity (Table 3-3), AC-K7.5 possessed
a lower heat of adsorption at 293 K (4Ha4s = 57.0 k] /mol) than AC-K5 (4Ha4s = 59.1 kJ/mol). This
is seemingly contradictory to what would be expected, as relative to AC-K5, AC-K7.5 possessed
essentially the same micropore volume as AC-K5 and a higher surface O concentration, which
would be expected to result in an increase in the heat of adsorption. It is proposed that this

inconsistency can be ascribed to the fact that at 293 K equilibrium was never truly achieved. In
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order to achieve a trend in the average heat of adsorption at 293 K for the multi-cyclic study of
AC-K7.5, the achievement of complete equilibria would be required; for these experiments the

equipment used for the measurements did not facilitate this.

The multi-cyclic adsorption studies of AC-K10 exhibited the highest CO; adsorption of any
carbon material presented in this thesis so far (Figure 3-7D). This was to be expected from the
adsorption pseudo-isotherms present in section 3.5.1 (Figure 3-6D). However, again the
amount of CO2 adsorption at 5 kPa and 15 kPa from the multi-cyclic adsorption studies do not
match the amount of CO; adsorbed at the same CO; partial pressures from the differential-step
adsorption studies at the equivalent temperature, due to mass-transport limitations (Table
2-16). As noted in section 3.5.1, the high CO; adsorption behaviour exhibited by AC-K10 can be
attributed mostly to its high micropore volume (Table 2-16), rather than to aspects of its
surface chemistry (Table 2-13). The surface O concentration of AC-K10 was substantially lower
than that of AC-K7.5 or AC-K5 (XPS, Table 2-13). However, from the NEXAFS analysis for AC-
K10, there was no net change in the distribution of hydroxyl groups on the surface of AC-K10
relative to AC-K7.5 (Table 2-14). Thus, from the XPS and NEXAFS analyses of the AC-K10
surface, it can be said that the affinity of the AC-K10 surface for CO; might have been lower than
that of AC-K7.5 [5, 6]. However; due to the significant increase in micropore volume for AC-K10
an overall increase in CO; adsorption was observed. AC-K10 exhibited much higher adsorption
at both 5 kPa and 15 kPa, relative to AC-K7.5, resulting in the highest working capacities
observed at every temperature of any carbon materials reported in chapter 3 (Table 3-3).
Interestingly, the heat of adsorption for AC-K10 at 293 K was the lowest observed for an of the
KOH miACs (4Haes = 56.5 kJ/mol), despite possessing the highest amount of adsorption at this
temperature. This can be partially accounted for by the decrease in the concentration C-O-R
groups on surface of AC-K10 relative to AC-K7.5, but the surface concentration of C-O-R groups
for AC-K10 is still significantly higher than that of AC-KO (Table 2-13). Further complicating the
situation is the fact that AC-K10 possesses a significantly higher micropore volume than AC-KO
(Table 2-16), which is also known to result in increases in the heat of adsorption [9]. However,
as equilibrium was never truly achieved over AC-K10 it is difficult to surmise the actual heat of

adsorption at 293 K (also true for AC-K7.5).

Overall, the high capacity of all of the KOH miACs can be attributed to the two most stand-out
characteristics of these materials. That is the increased oxygen content of the carbon surface,
and the narrow micropore structure of the carbons themselves. The gas physisorption, TEM,
Raman spectroscopy and pycnometry data all indicate that the pore structure of these miACs is

that of narrow slit-shaped micropores; however, the pores are more abundant than for other
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miACs presented here. The details of this will be dealt with at a later stage of this chapter when

making a direct comparison between the physically and chemically activated carbon materials.

3.6 CO:2/H:0 Competitive Adsorption

3.6.1 Physically Activated Carbons

As outlined in the experimental section (section 6.6.4) all carbon materials that underwent
COz/H20 competitive adsorption studies were pre-treated with wet Ar gas for 60 min prior to
beginning of the simulated VSA single cycle. As such equilibration of H,O with the AC had been
achieved prior to the start of the CO, adsorption analysis. The CO partial pressures employed
for simulated VSA cycle were the same as those for the multi-cyclic studies (5-15 kPa). The
C0O2/H20 competitive gas adsorption studies were undertaken at both 363 K and 378 K, as this
was the temperature range to be applied to the PEI-AC composite systems; as well as the
probable temperature range for a VSA cycle. The simulated single VSA cycle studies for AC-90
under dry and wet gas conditions taken at 363 K and 378 K are presented as Figure 3-8.

From the simulated VSA single cycle study of AC-90 at 363 K under both wet and dry conditions
(Figure 3-84), it is clearly evident that the presence of H»0 in the gas stream has little effect on
the adsorption of CO;. There is however, a slight lag in both the adsorption and desorption of
CO; when H;0 was present in the gas stream. Furthermore, though relatively minor, a decrease
in CO, adsorption was observed when H,0 was present. Both the lag and decrease in CO;
adsorption in the presence of H,0 can be attributed to the manner in which the VSA single cycle
measurements were taken. Prior to initiating the CO; adsorption step of the cycle, the sample
was pre-treated under a wet Ar gas stream for 1 h. Hence there will have been pre-adsorbed
H>0, which will have had to be displaced by the incoming CO; in order for adsorption to occur. It
is apparent that some competitive adsorption was occurring between CO and H:0, although the
degree to which this occurred was limited. This was an interesting result, as one of the major
aspects of AC-90 that made it such a good CO; adsorbent was its favourable surface chemistry
(section 2.3.2). The surface hydroxyl and carboxylic acid functional groups that endow the AC-
90 surface with a high affinity for CO; should also result in the surface having a high affinity for

H0 [6], and this was not observed.
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Figure 3-8 ~ CO; Wet & Dry Gas Single VSA Cycle for AC-90 taken via PPSA. Shown are the Wet & Dry VSA
Studies taken at A) 363 K, and B) 378 K

For the VSA single cycle study for AC-90 at 378 K (Figure 3-8B) a similar lag was observed
under wet gas conditions for both adsorption and desorption. This can again be attributed to
competitive adsorption between CO, and the pre-adsorbed H,0. However, unlike the study
undertaken at 363 K, at 378 K there was little decrease in the CO; adsorption. More importantly,
the amount of CO; adsorbed in the adsorption step of the VSA cycle. Due to the higher
temperature of the measurement, H,0 will be less likely to condense on the AC surface, as the

boiling point of H,0 (373 K) is lower than the measurement temperature.

3.6.2 Chemically Activated Carbons

The single VSA cycle CO2/H20 competitive adsorption studies for AC-K10 under dry and wet gas
conditions taken at 363 K and 378 K are presented as Figure 3-9.

The single VSA cycle study of AC-K10 at 363 K (Figure 3-9A), exhibited similar adsorption
behaviour to AC-90 (Figure 3-8A). However, the overall adsorption of CO; at both 5 kPa and 15
kPa CO; partial pressure exhibited by AC-K10 was substantially higher than that of AC-90. This
is in agreement with the results of both the differential-step and multi-cyclic adsorption studies.
Furthermore, the same slight lag in the uptake of CO; at both 5 kPa and 15 kPa CO; partial
pressure were observed in the presence of H;0, as was observed for AC-90 at 363 K, which has
been attributed to the time require for CO, to displace the pre-adsorbed H,0 from the AC

surface.
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Figure 3-9 CO,; Wet & Dry Gas Single VSA Cycle for AC-K10 taken via PPSA. Shown are the Wet & Dry VSA
Studies taken at A) 363 K, and B) 378 K

The adsorption behaviour observed for AC-K10 (Figure 3-9B) under dry gas conditions at 378
K are with the expected results at this temperature, however, under wet conditions at 378 K the
amount of CO, adsorbed was significantly lower than under dry gas conditions. The decrease in
CO; adsorption being undeniable evidence of CO2/H>0 competitive adsorption. This has been
attributed to the structure of the pores and the access by water at 363 K and 378 K. At 363 K,
the water in the gas stream is not as energetic as at 378 K, it is still below the boiling point of
water and as such its access to the pores of AC-K10 being as small and narrow as they are would
be limited. At 378 K, the water vapour in the gas stream would be more energetic, and with this
extra energy it would be more likely for the water molecules to be able to diffuse into the

narrow pores of AC-K10.

Furthermore, under dry gas conditions at both 363 K and 378 K, AC-K10 adsorbed more CO;
than AC-90 (Figure 3-8) under comparable conditions. This result is in itself not surprising as
AC-K10 possessed a similar micropore volume to AC-90, whilst AC-K10 possessed a surface

with a much higher O concentration than AC-90.

3.7 CO: Separation by Microporous Carbons

In order to properly assess the applicability of miACs for CO; capture purposes it is helpful to
compare the behaviours of both physically (steam or carbonisation) and chemically (KOH)

activated carbons. The chemically activated miACs possessed much higher working capacities
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and exhibited greater CO, uptake than the physically activated carbon materials, across the
entire CO; partial pressure range and at all tested temperatures. This behaviour was attributed
to the differences in both the surface chemistry and chemical and physical structure of the two

types of materials.

Differences in the amount of CO; adsorbed at 5 kPa and 15 kPa between the differential-step
and multi-cyclic adsorption studies were observed for many of the carbon materials presented
in this chapter. This was primarily attributed to true equilibrium not being achieved at low CO,
partial pressures (< 5 kPa) in the differential-step adsorption studies. As the equilibration time
used in the differential-step adsorption studies was 20 min, which is fully sufficient for other
materials, this adsorption behaviour strongly indicates that there are mass-transport
limitations at play. This made sense, as many of the carbon materials suffering from such mass-
transport limitations possessed small mesopore volumes, which would limit the rate at which
diffusion into the micropores could be achieved. In the multi-cyclic adsorption studies, the
carbon materials were pre-treated under a CO;/Ar gas stream at a CO; partial pressure of 5 kPa

for 1 h, which was found to be sufficient for equilibrium to be achieved.

It was found from the multi-cyclic adsorption studies, that equilibrium was achieved at both 5
kPa and 15 kPa much faster for the physically activated carbon materials, than for the
chemically activated miACs. This significant difference in adsorption behaviour of the two
classes of carbon materials can be attributed to the differences in the mesopore volume,
possessed by each class. For example the chemically activated miACs possessed very small
mesopore volumes; and such small mesopore volumes led to significant limitations to the

diffusion of gas into and out of the micropores.

The differences in the pore size distributions are the result of the different mechanisms
responsible for pore development during activation, for the different methods of activation.
Physical activation via steam gasification involves the reaction between the surface of the
carbon precursor and the steam. The steam reacts with the opening of the pore, resulting in a
pore with a wide mouth and wider initial channel (usually a mesopore). This must occur in
order for the steam to access the inner microporosity, which is subsequently developed. In
chemical activation however, the activating agent is impregnated into the carbon precursor
prior to carbonisation, and so acts from the inside of the carbon particles. As mentioned in
section 1.7.2_the exact mechanism of action by alkali metal hydroxides is a source of conjecture
amongst researchers, however, all agree that the site of action of the alkali metal hydroxide is

within the pores itself.

The reactor configuration may also have played a role in the differences observed. The

physically activated carbon materials were produced in a steel mesh reactor that allowed for

-182-



unhindered flow of the reactive gas. The activation process used for chemical activation
required the use of the quartz reactor, due to the corrosive nature of the KOH towards the steel
working tube of the tube furnace. The quartz reactor used had a sintered disc of porosity grade
1 (150-90 pm). The flow of gas through this sintered disc was significantly reduced compared to
that of the steel mesh reactor used to produce the physically activated carbon materials. It is
thought that this may have further aided in the development of micropores over mesopores
through extended slower removal of volatile matter from the carbon precursors. The miACs
produced in this way possessed working capacities higher than those produced using the steel

mesh reactors.

The affect of the activation process was well exemplified in the case of AC-K0, which exhibited
higher working capacities at all temperatures than any of the physically activated carbon
materials. AC-KO was produced using the same reactor configuration as the chemically activated
miACs, but no activating agent was used (i.e. carbonisation alone). As such the increased CO;
adsorption behaviour exhibited by AC-KO must be the result of the reactor configuration, not a

difference in activation mechanism.

From the differential-step adsorption studies the physically activated carbon materials
exhibited higher CO; adsorption at lower partial pressures than AC-N. Whereas, at CO; partial
pressures above 5-15 kPa many of these carbon materials exhibited lower CO, adsorption than
AC-N as CO; partial pressures increased. Similarly for the chemically activated carbon materials,
the amount of adsorption at low CO; partial pressures exceeded that of AC-N. However, as the
CO; partial pressure was increased, so too did the amount of CO, adsorbed relative to AC-N. For
the KOH activated carbon materials and AC-90, the high adsorption at higher CO; partial
pressures was interesting even if not applicable to the VSA post-combustion capture process
that was the focus of this thesis. As such these materials may hold wider applications for CO;

separation from other point sources, such as in natural gas separation of chemical processes.

From the multi-cyclic adsorption studies it was interesting to note that despite the differences
in working capacities observed within the series of physically activated carbons, the amount of
adsorption at a CO; partial pressure of 5 kPa was very similar at each temperature. This was
not true for the KOH activated carbon materials. As has been noted, the differences in the
amount of CO; adsorption were observed between the differential-step and multi-cyclic
adsorption studies, due to mass-transport limitations arising from the small mesopore volumes
of the carbons in question. This was observable due to a pre-treatment of the carbons at 5 kPa
CO; partial pressure, done in order to simulate the lowest vacuum applied during a VSA process.
This was however, not the only difference in the measurements of differential-step and multi-

cyclic adsorption studies. The equilibration time for each step in the differential-step adsorption
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measurements was 20 min, whereas that of the multi-cyclic adsorption measurements was 30
min for adsorption and 40 min for desorption. For the physically activated carbon materials this
difference in the equilibration time for the 5-15 kPa step had no significant effect. However, for
the chemically activated carbon materials it was seen to be much more significant. As the KOH
loading of the chemically activated carbon materials increased, it became apparent that
equilibrium was not being achieved within either the 30 min adsorption cycle, or the 40 min
desorption cycle employed in the measurements of the multi-cyclic adsorption studies. This was
clear evidence that the mass-transport limitations of the chemically activated carbon materials

would play a major role in determining their suitability for such a multi-cyclic process.

The competitive adsorption studies with wet and dry gas for both AC-90 (Figure 3-84) and AC-
K10 (Figure 3-9A) showed that at 363 K the presence of water had little effect on the amount of
CO; adsorbed. Furthermore, for AC-90 at 378 K (Figure 3-8B) there were no significant
differences in the CO; adsorption under wet or dry gas conditions. Conversely, at 378 K, AC-K10
exhibited significant competitive adsorption with water, proving to affect the total amount of
CO; adsorbed over the timeframe of the adsorption cycle. This was an important result, in that
although AC-K10 exhibited much higher CO; adsorption to AC-90, its performance under
realistic conditions would be adversely affected by the presence of water in the gas stream at

temperatures at or around 378 K, whilst AC-90 would not.

3.8 Summary and Conclusions

In summation, it is clear that miACs can be produced from VBC which possess high CO, uptake
and working capacities over the partial pressure (5-15 kPa) and temperature range (293-363 K)
of interest. Importantly, the quantities of CO, adsorbed by the miACs produced in this work
were close to, and in many cases, greater than the CO; adsorbed by the AC-N commercial
carbon. As previously stated, this commercial AC was chosen due to its high capacity for CO, and
wide use in the literature as a CO; adsorbent. In particular, two miACs were identified as
possessing outstanding CO» adsorption properties compared with the commercial standard: the
steam activated AC-90, and the KOH activated AC-K10. Both of these materials were then
further tested under wet gas conditions to investigate the effect of water in the gas stream, and
to identify if any competitive adsorption of CO, with H,O was occurring. For AC-90 carbon the
presence of water had little effect at either 363 or 378 K, and any competitive adsorption
occurring between CO; and H,O was found to be negligible. For AC-K10, no significant

competitive adsorption between CO; and H>0 was found at 363 K, but significant effects were
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observed at 378 K. This was attributed in part to its increase acidic surface chemistry, as any

such groups that would increase CO; adsorption would also show great affinity towards H-0.

An important point to be made regarding the preparation of the miACs by both physical and
chemical activation methods, was that in each case the methods used were mild compared to
those usually applied in the production of miACs. For the physically activated carbons the
amount of steam employed (0.25 cm3/min) was significantly less than that used in most of the
previous studies presented in the literature (5-10 cm3/min) [13-17]. This is important from a
perspective of the economic and industrial viability of such a process, with potential for use of
already existing equipment instead of new builds or retro-fitting, thus potentially lowering the

capital cost of implementing such a process.

For the chemical activation protocols presented here, utilising KOH as the activating agent
significant improvements were achieved on the commonly used pre-existing industrial
protocols. Most significant was the large decrease in the quantity of KOH that was required,
being only 5-10 wt% that of the VBC, compared to 400-600 wt% commonly employed
industrially and in the literature [18-24]. Secondly, by introducing the KOH directly into the
coal, rather than into an already produced char, a single-stage process is possible. Again, by
having a single reactor instead of two would significantly reduce the capital cost the process, in

addition to the running cost of producing such miACs.
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Synthesis and Characterisation

of Mesoporous and Amine

Modified Carbons

4.1 Introduction

Polyethylimine (PEI) loaded mesoporous silica materials are promising materials for CO;
capture [1-5]. These solid adsorbents exploit a reversible chemisorption process involving a
reaction between CO; and the basic amine groups of PEI to yield a carbamate/carbonate species
[6]. Although these CO; capture systems have been successful, they suffer from drawbacks
associated with the high cost and labour-intensive nature of mesoporous silica production. As
such, the objective of the current part of the project was to produce inexpensive mesoporous

carbons that could be used as alternative support materials for PEI

Mesoporous activated carbons (meACs) were prepared by the catalysed steam activation of VBC
or AC-90 by lanthanide oxide catalysts (LnxOy, where Ln was Ce or La). These two lanthanide
oxides were used due to their reported catalytic properties in promoting oxidative reactions,
which has been shown to facilitate mesopore development [7-9]. The CeO; and La,03 were used
to catalyse partial oxidation reactions of the carbon precursor, and in the process, to aid in the
creation or widen the pores of the carbonaceous materials. Both spectroscopic analysis and
PXRD were used to confirm that the Ce and La precursors formed oxides in the gasification

process.

Post-synthetic catalyst removal was achieved using a novel concentrated H,SO. washing
procedure, devised from the refinery process used to remove La and Ce from monazite [10]. The
materials were thoroughly characterised before and after catalyst removal in terms of their
surface morphology, surface chemistry, microscale structure and chemical composition.
Analysis of the surface areas and pore size distributions measured for the materials prior to
catalyst removal revealed that the majority of pores in the materials were small (micropores)

and were blocked by catalyst. However, after acid washing, the measured pore diameters of the
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materials increased into the mesopore range which indicated the removal of the catalyst and

unblocking of the pores.

Based on their desirable surface morphologies (e.g. large pore diameter, high surface area,
narrow PSD), some of the meACs were selected for PEI impregnation (90% pore filling basis).
The PEl-loaded materials were characterised in terms of their surface morphology and chemical
composition. Interestingly, the PEI impregnated carbons were not vacuum stable (section 6.5),
which could limit their applicability to CO, separation in a vacuum swing adsorption (VSA)

scenario.

4.2 Catalysed Physical Activation

In order to prepare the meACs, the Ln catalyst precursor (Ce(NO3)3;.6H20 or La(N03)3.6H20) was
introduced directly into the VBC or the pre-activated AC-90 (steam activated, 90 min, see
Chapter 2); this was done on a 3 wt% loading on a metal basis for both Ce and La. The Ln doped
carbon materials were then subjected to steam activation for 90 min, in a fixed bed reactor.

After activation, the materials were washed with H,SO4 (conc.) to remove the catalyst.

Table 4-1 ~ Nomenclature of CeO; and Laz03 Catalysed Physically Activated Carbons

Sample Name Pf:::::;r Catalyst E::]ll?gt Wiﬂ:de d
(with)
AC-Ce3-90 VBC CeQ, 3 No
AC-Ce3-90-AW VBC Ce0, 3 Yes
AC-90-Ce3-90 AC-90 Ce0, 3 No
AC-90-Ce3-90-AW AC-90 CeO, 3 Yes
AC-La3-90 VBC Lay04 3 No
AC-La3-90-AW VBC Lay04 3 Yes
AC-90-La3-90 AC-90 La,04 3 No
AC-90-La3-90-AW AC-90 La; 04 3 Yes

* wit%, on a metal loading basis

Prior to acid washing the Ln-meACs are referred to as “as produced”, as this was the form of the

material directly after being produced. After acid washing the Ln-meACs are referred to as acid
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washed, and are given the suffix of “-AW” (Table 4-1). The production of the VBC derived
meACs differ from AC-90 only by the presence of the lanthanide oxide catalyst, and as such will

regularly be referred to as a catalysed analogue of AC-90.

In Chapters 2 and 3, a commercial miAC (AC-N) was used for benchmarking purposes. In the
current chapter, however, AC-90 is used as a reference material because the meACs produced

here were either catalysed analogues of AC-90 or were directly prepared from it.

4.3 Ceria Catalysed Physically Activated Carbons

The characterisation results for the cerium oxide (ceria) physically catalysed carbons are
presented in this section. The materials were each assessed in terms of their bulk composition,
surface chemistry (XPS and NEXAFS) and structural morphology (gas physisorption, Raman
spectroscopy, XRD and TEM) in order to gain an understanding of the physio-chemical
properties of the materials that effect CO; adsorption behaviour under post-combustion VSA

conditions (Chapter 5) and to also determine candidate materials for use as PEI supports.

4.3.1 Composition of Ceria Catalysed Activated Carbons

The composition of the catalytically and non-catalytically steam activated carbons were
investigated using ultimate (Vario MICRO cube, Elementar) and ash analysis (Mettler Toledo,
TGA/DSC 1). This was undertaken both prior to and post the acid washing to remove the

catalyst, the results of which are presented in Table 4-2 for the ceria catalysed meACs.

From the results in Table 4-2, it can be seen that there is some small variation in the bulk
nitrogen and hydrogen content of the Ce-meACs; however, these changes are too small to have
significant effect on the physio-chemical or adsorption properties of these materials. On the
other hand, the nitrogen and hydrogen content of the two “as produced” Ce-meACs differ
significantly. Interestingly, the carbon content of AC-Ce3-90-AW was lower than that of AC-Ce3-
90; yet conventional logic would dictate that acid washing to remove the CexOy should result in
enrichment of carbon in the resulting material. From the TEM-EDX of AC-Ce3-90 (Figure 4-9B)
it can be seen that the Ce is very well distributed throughout the particle being investigated. As
such, a likely explanation for the reduction, rather enrichment of carbon in AC-Ce3-90-AW, may
be due to partial collapse of the carbon structure. This could potentially result in sections of

carbon that formed around CexOy, to have fractured or collapsed upon removal of the Ce;Oy, and
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removed during the washing procedure. Further evidence for this hypothesis may also be
observed from the mesopore volumes determined by N physisorption results for the AC-Ce3-
90/AC-Ce3-90-AW pair (Table 4-6), with a significant decrease in mesopore volume being
observed of AC-Ce3-90-AW relative to AC-Ce3-90.

Table 4-2 ~ Composition of Ceria Catalysed Physically Activated meACs

— [Y‘:f;g Elemental Analysis (wt%, dafb) Rl:‘iico [2;12)
C H N 0

VBC - 61.4 4.4 0.6 335 0.86 0.4
AC-90 43.4 82.2 1.3, 0.7 15.7 0.19 6.4
AC-Ce3-90 41.6 81.6 o | . 16.3 0.16 9.2
AC-Ce3-90-AW - 78.6 1.5 0.8 19.1 0.23 5:3
AC-90-Ce3-90 33.2 74.5 1.3 0.7 23.5 0.21 11.8
AC-90-Ce3-90-AW - 84.0 1.6 0.7 13.7 0.23 3.6

It's also interesting to note the significant reduction in ash content as a result of the acid
washing; this reduction was so significant as to result in meACs with lower ash content than AC-
90. This would indicate that along with Ce O, other inorganic components of the ash were

removed.

4.3.2 Surface Chemistry of Ceria Catalysed Activated Carbons

The determination of the surface chemistry of carbon materials is notoriously difficult; no one
method alone is able to be used. Instead results from multiple spectroscopic and wet chemical
analyses are typically used. Due to issues of reproducibility of many of the wet chemical

methods often employed, only spectroscopic investigations have been applied in this study [11].

4.3.2.1 X-ray Photoelectron Spectroscopy (XPS)

An XPS survey scan was performed on each material to establish the presence of C 1s, O 1s, N 15,
and Ce 3d atomic species, for which high-resolution scans were subsequently conducted. In
order to determine the concentrations of these elements at the surface, and the distribution of

the chemical species associated with them, peak fitting was undertaken. The fitted XPS spectra
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obtained for the Ce-meACs are shown in Figure 4-1-Figure 4-2 and the derived surface
concentrations are reported in Table 4-3, for ease of comparison. Possibly the most important
observation to make note of was the C 1s to O 1s peak ratios for the different oxygen functional
groups. In the case of the Ce-meACs it is important to note that the C:0 ratio of all COO-R peaks

were approximately 1.

Acid washing of the Ce-meACs (Figure 4-1 and Figure 4-2) resulted in XPS spectra that showed
an overall increase in the surface concentration of all oxygen functional groups, despite an
overall decrease in surface O content. This would suggest that the acid washing itself had no

clearly discernible effects on the surface chemistry other than to remove the ceria cations.

In all cases (both acid washed and non-acid washed) the C:0 ratio of the C-0-R peak, was 2,
which can only be accounted for by the presence of ether group. A low concentration of
hydroxyl groups will have a two-fold effect, firstly it will result in low CO; selectively [12, 13],
and secondly and it is also likely to mean it will have a lower affinity for the PEI as compared to
mesoporous silica materials. The surface of mesoporous silica is covered with hydroxyl groups,
that interact with the amine groups of the PEI, binding to the material more strongly. A lack of

such groups is likely to result in weak association between PEI and the AC surface.

In sections 2.4.2.1 and 2.5.2.1, the XPS results for the steam activated and KOH activated miACs
were presented, where it was noted that the reductions observed in the C-C and C=C peaks
could be accounted for by the changes in the concentration and distribution of oxygenated

functional groups; that is also true of the Ce-meACs.

The XPS analysis of the Ce 3d spectra is much more complicated than those of C 1s or O 1s
spectra, owing to the doublets arising from the 3d3/2 and 3d5/2 electron spin states (refer to
section 1.9.2.2). These two electron states being designated the letters v and u respectively, as
is standard nomenclature [14, 15]. Furthermore, certain peaks are typical to one of the two
oxidation states of CesO,, with the vy, v/, up and u’ peaks being associated with the Ce(IlI)
oxidation state (i.e. Ce;03) and the v, v”, v, u, u” and u””’ being associated with the Ce(IV)
oxidation state (i.e. CeOz) [14-18]. The vy and uy peaks were not observed for the acid washed or
“as produced” Ce-meACs. They are both known to be difficult to clearly detect unless the Ce(III)
oxidation state is present in significant amounts due to overlapping of peaks [19, 20]. If not

present in significant amounts, the vy and uy peaks are easily hidden under the v and u peaks,

making quantification of materials with both Ce (III) and (IV) oxidations states difficult.
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Figure 4-1 ~ High Resolution XPS Spectra of C 1s, O 1s and Ce 3d for AC-Ce3-90 and AC-Ce3-90-AW. Shown
are A) C 1s Spectra of AC-Ce3-90, B) C 1s Spectra of AC-Ce3-90-AW, C) O 1s Spectra of AC-Ce3-90, D) O 1s
Spectra of AC-Ce3-90-AW, E) Ce 3d Spectra of AC-Ce3-90, and F) Ce 3d Spectra of AC-Ce3-90-AW
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Figure 4-2 ~ High Resolution XPS Spectra of C 1s, O 1s and Ce 3d for AC-90-Ce3-90 and AC-90-Ce3-90-AW.
Shown are A) C 1s Spectra of AC-90-Ce3-90, B) C 1s Spectra of AC-90-Ce3-90-AW, C) O 1s Spectra of AC-90-
Ce3-90, D) O 1s Spectra of AC-90-Ce3-90-AW, E) Ce 3d Spectra of AC-90-Ce3-90, and F) Ce 3d Spectra of AC-
90-Ce3-90-AW
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Table 4-3 ~ XPS Peak Fitting for AC-Ce3-90, AC-Ce3-90-AW, AC-90-Ce3-90 and AC-90-Ce3-90-AW

Surface Concentration (at%)

Peak Binding
Assignment  Energy (eV)
AC-90 AC-Ce3-90 AC-Ce3-90-AW  AC-90-Ce3-90 AC-90-Ce3-90-AW
C1s 284.0 90.16 91.10 91.66 91.68 93.16
c=C 283.6 6.04 5.17 2.63 9.86 3.09
c-c 284.4 68.28 69.52 74.22 69.81 75.79
C-0-R 286.3 8.48 7.24 B8.13 5.19 6.08
c=0 288.3 2.80 2.26 2.07 2.42 3.27
COO0-R 289.2 156 0.86 1.10 052 0.89
n-n* 290.2 3.00 6.06 3.51 3.88 4.02
01s 532.0 9.16 7.86 7.60 6.83 6.47
Cc=0 531.4 2.96 2.08 2.22 2.37 291
C-O-R 532.8 4.60 3.48 4.07 2.63 2.98
COO0-R 534.7 1.59 0.98 1.09 0.54 0.58
Ce-0 529.7 - 1.32 0.22 1.29 0.00
N1s 400.0 0.68 047 0.63 0.93 0.38
Ce 3d 900.0 . 0.56 0.11 056 0.00
v 882.3 - 0.09 0.00 0.09 0.00
v 884.9 - 0.08 0.07 0.05 0.00
v 888.9 - 0.07 0.00 0.09 0.00
v 898.2 - 0.09 0.00 0.11 0.00
u 901.0 - 0.06 0.00 0.06 0.00
u' 903.5 . 0.05 0.04 0.03 0.00
u" 907.5 - 0.05 0.00 0.06 0.00
u™ 916.9 . 0.06 0.00 0.07 0.00

From the XPS peak fitting of AC-Ce3-90 and AC-90-Ce3-90 (Figure 4-1E and Figure 4-2E,
respectively), some of the peaks from both oxidation states are clearly present. However, from a
comparison of the Ce 3d spectra of AC-Ce3-90 to AC-Ce3-90-AW (Figure 4-1), it can be seen that
the acid washing procedure used resulted in the incomplete removal of Ce (III) oxides, due to
the presence of v’ and u’ peaks in the Ce 3d spectra of AC-Ce3-90-AW. The presence of only the v’
and u’ peaks in the Ce 3d spectra of AC-Ce3-90-AW indicates that the Ce remaining is in the form
Cez03 (section 6.6.2.1). Furthermore, as the amount of Ce;03 remaining was much less due to
the reduction in the v’ and u’ peaks, but as the vy and uy peaks are so small relative to the v’ and
u’ peaks, it is not surprising that they were unable to be clearly resolved. It is known that the
solubility of Ce is lowest for the Ce(IlI) oxidation state [21], requiring more aggressive acids to
solubilise it. This is not the case for Ce in the Ce(IV) oxidation state, which can be solubilised by

a wider range of inorganic acids [21]. A similar observation was however not made in the case
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of the AC-90-Ce3-90/AC-90-Ce3-90-AW pair, with no Ce peaks being detected on the acid
washed sample for either oxidation state. This would indicate more efficient washing of this
sample was achieved. From the TEM results of the Ce-meACs (Figure 4-9-Figure 4-12), it was
possible to see that the CexOy particles were not as well dispersed on AC-90-Ce3-90 as they were
on AC-Ce3-90. This would likely result in both Ce oxidation states occurring within the same

particles, and thus Ce(III) would be more easily removed along with the Ce(IV).

Overall, two very different pairs of meACs were produced, with equally different surface
chemistry. It was also apparent that the effectiveness of the acid washing procedure to remove
the CecOy was dependent on the initial distribution of CexOy through the material. Furthermore,
the acid washing resulted in a clear increase in the surface concentration of C with an associated

decrease in surface O concentration.

4.3.2.2 Near Edge X-ray Adsorption Fine Structure (NEXAFS) Spectroscopy

NEXAFS spectroscopy was only undertaken on the AC-Ce3-90-AW and AC-90-Ce3-90-AW
meACs due mostly to instrument availability, but also due the fact that these two Ce-meACs
were to be used for further study in the production of PEI-AC composites. The peak fitting of the
C 1s and O 1s NEXAFS spectra of meACs was the same as that used for the fitting of the NEXAFS
spectra of the miACs, described in Chapter 6 (section 6.6.2.2). The results of the peak fitting for
the NEXAFS spectra for both AC-Ce3-90-AW and AC-90-Ce3-90-AW are shown in Table 4-4, the
processed spectra are present in Figure 4-3. The complete fitting for both the C 1s and O 1s
spectra can be found in Appendix 2 - NEXAFS Spectroscopy Peak Fitting, for all of the carbon

materials investigated.

Making use of the data from Table 4-4, further information pertaining to the identification of
certain functional groups that were unable to be fully resolved by XPS was achieved (Table 4-3),
such as the identification of the carbonyl groups as aldehyde, ketone and even quinone groups.
No significant changes in the distribution of carbonyl groups (€1, €3, 01 and 02, Table 4-4)
were observed from the C 1s and O 1s NEXAFS of AC-Ce3-90-AW relative to AC-90-Ce3-90-AW.
However, changes in the absolute concentrations of these groups at the meAC surface exist, but
that the relative distribution of these groups to one another to be resolved by the NEXAFS

spectra.

It is a well established fact that for carbon materials the C-O-R groups from the XPS analyses are
attributed to hydroxyl and/or ether groups, as these cannot be sufficiently resolved by XPS, but
can be by NEXAFS spectroscopy. The changes in the C-O-R groups from the XPS analysis of AC-
90-Ce3-90-AW, relative to AC-Ce3-90-AW were also observed in both the C 1s and O 1s NEXAFS
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for these carbons. This was observed as a decrease in the area of the €6 peaks and increase in
the 04 peaks, assigned to hydroxyl groups. There were no discernible differences in the relative
proportion of aliphatic or aromatic ether groups for AC-Ce3-90-AW or AC-90-Ce3-90-AW (C5,
C8, 03 and 06). The overall change in the distribution of hydroxyl and ether groups observed
from the NEXAFS is with the change in peak ratios observed from the XPS.
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Figure 4-3 ~ C 1s and O 1s K-edge NEXAFS Spectra of AC-90, AC-Ce3-90-AW & AC-90-Ce3-90-AW. Shown are
A) C 1s K Edge NEXAFS Spectra of AC-90 & AC-Ce3-90-AW, B) O 1s K Edge NEXAFS Spectra of AC-90 & AC-
Ce3-90-AW, C) C 1s K Edge NEXAFS Spectra of AC-90 & AC-90-Ce3-90-AW, D) O 1s K Edge NEXAFS Spectra of

AC-90 & AC-90-Ce3-90-AW

From the XPS analysis of the Ce-meACs (Table 4-3) significant surface concentrations of COO-R
groups were found to be present, which are the result of both carboxylic acids and lactones

surface groups. Both these groups are known to commonly be present on the surface of ACs
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[22], with the former generally being present in higher concentrations than the later [12]. The
decrease in the COO-R groups observed from the XPS of AC-90-Ce3-90-AW relative to AC-Ce3-
90-AW was observed only as a modest decrease in the €4 peak in the C 1s NEXAFS spectra. The
presence of carboxylic acids (and hydroxyls) will potentially have a strong effect on the
selectivity of the meACs towards both CO; and the amine groups within the PEI polymer [1, 23,
24].

Table 4-4 ~ C 1s & O 1s K Edge NEXAFS Peak Fitting of AC-Ce3-90-AW and AC-90-Ce3-90-AW

K Photon Peak Area %
Ed Name Group Assignment Energy
Be (eV) AC-90 AC-Ce3-90-AW AC-90-Ce3-90-AW
ci c=0 * Carbonyl substltu.ted aromatic 283.0 11 1.9 1.8
carbon (quinone)
c-C Aromatic carbon, or aliphatic
C2 * g i 284.1 31.3 30.5 30.7
c=C substituted aromatic carbon
C-OH ;
c3 ™ Phenol or ket?ne substituted 285.6 8.5 155 16.2
Cc=0 aromatic carbon
COOH . R -t
ca - La.rbuxyllc acid substituted 286.9 11.2 8.4 75
Co0 aliphatic carbon (lactone)
C1ls Cc5 C-0-C m* Cyclic ether carbon 288.0 13.3 7y 8.4
C-OH
cé S - e b 2893  10.5 13.2 119
c=0 substituted aliphatic carbon
£7 Goon g orepicatimbdiial g, goy 105 11.0
aromatic carbon
c8 Cc-0-C o* Cyclic ether carbon 2919 6.4 10.6 10.6
C-C ;
co o* S 2930 25 16 19
c=C (long range order)
o1 C=0 - Aliphatic (linear or cyclic) 599.6 6.4 14.6 13.6
aldehyde oxygen
02 C= w* ketonic oxygen 530.8 16.5 4.6 45
03 C-0-C m* Aliphatic cyclic ether 532.7 16.4 10.1 9.2
01s 04 C-OH m* Hydroxyl oxygen (alcohol) 535.7 24.6 50.4 52.9
C-0H Hydroxyl or carbonyl oxygen
05 o* o 538.0 17.0 9.8 9.7
C= of carboxylic acid
06 C-O0-C o* Aromatic cyclic ether 543.0 14.7 3.0 2.8
07 C-OH o* Phenolic oxygen 549.8 45 7.6 7.3
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There was no significant difference between the €2 or €9 peaks of the C 1s NEXAFS spectra of
either AC-Ce3-90-AW or AC-90-Ce3-90-AW, indicating that the two meACs possessed a similar

amount of surface aromaticity/degree of long range order.

Compared to AC-90, both AC-Ce3-90-AW and AC-90-Ce3-90-AW show significant decreases in
both C 1s (€5) and O 1s (03 and 06) ether peaks (Table 4-4). Similar decreases were not
observation for the C-O-R peak from the XPS of the Ce-meACs compared to AC-90(Table 4-3).
This can be accounted for by the significant increase in phenols (€3 and 07). Whilst this
resulted in no quantifiable change in the C-O-R XPS peak, a significant shift in the distribution of
groups is observed. This shift in the distribution of functional groups is likely due to the
aggressive acid washing procedure used to remove the CeO; phase. It is expected that the
increase in surface hydroxyl groups should increase the affinity of the surface of the meACs for
the PEI relative to the miACs, as is the case with the hydroxyl rich surface of mesoporous silica

materials [23].

The shift in the distribution of surface functional groups of the acid washed Ce-meACs showed
an overall decrease in the €4, C7 and €5 carboxylic acid peaks, and an increase in the €2 and 04
hydroxyl group peaks relative to AC-90. The overall effect of which is predicted to increase the
affinity of the AC surface for both CO; and PEI, which is in agreement with the increase in C-0-R

groups observed as an effect of acid washing by XPS of the Ce-meACs.

4.3.3 Structure of Ceria Catalysed Activated Carbons

Gas physisorption methods were primarily employed in order to determine the structure of the
catalysed physically activated meACs; however, transmission electron microscopy (TEM), x-ray

diffraction (XRD) and Raman spectroscopy were also employed.

4.3.3.1 Chemical Structure of Ceria Catalysed Activated Carbons
4.3.3.1.1 Raman Spectroscopy

Raman spectroscopy of the Ce catalysed physically activated meACs was undertaken both
before and after the H,SO4 washing to remove the catalyst. Spectral collection was done in the
same manner as for the miACs, which is outlined in chapter 6 (section 6.6.3.1.1). No
adjustments to the energy range was required as the Raman scattering of Ce Oy occurs at much
lower range as carbon [25, 26], and therefore would not cause any interference with the Raman
active signals from carbon. The same data treatment involving baseline correction,

normalisation and multiple peak fitting was undertaken for all spectra. As with the multiple
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peak fitting of the miACs close attention was paid to the S, D and A peaks. The Raman spectra for
the Ce catalysed physically activated meACs are presented in Figure 4-4. The spectral
deconvolution and peak fitting was carried out as per that reported by Sadezky et al [27], and

are presented in Table 1-4.

Treatment of carbon materials with concentrated H;SO,4 in order to remove the CeO; is also
known to remove some of the outer carbon layers along with CeO; [28, 29]. As such, it is

expected that differences in the chemical structure of the Ce-meACs will arise as a result of acid

washing.
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Figure 4-4 ~ Raman Spectra of Ceria Catalysed Physically ACs. Shown are the peaks for the (—) Normalised
Data, (—) Sum of Deconvoluted Peaks, (—) S band, (—) D band, (—) A band, (—) G band, A) AC-Ce3-90, B)
AC-Ce3-90-AW, C) AC-90-Ce3-90, and D) AC-90-Ce3-90-AW
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From the Raman spectra of AC-Ce3-90 and AC-90-Ce3-90, it can be seen that the area of the §
peak of AC-90-Ce3-90 is much smaller than that of AC-Ce3-90. There was also a significant
difference in the area of the D peak for AC-Ce3-90 and AC-90-Ce3-90. However, the combined
area of the § and D peaks of AC-90-Ce3-90 show it to possess a greater amount of disordered
graphitic carbon relative to that observed for AC-Ce3-90. This agrees well with the differences
observed in the peak area of the A peak for both Ce-meACs (Table 4-5). The area of the A peak
observed for AC-90-Ce3-90 (Figure 4-4C) was significantly lower than that of AC-Ce3-90
(Figure 4-4A), despite possessing the same Ce loading. This would indicate that ACs produced
from AC-90 possessed a lower amount of amorphous carbon. Whether this is the result of AC-

90-Ce3-90 having gone through a second activation step will require further study.

For both the AC-Ce3-90/AC-Ce3-90-AW and AC-90-Ce3-90/ AC-90-Ce3-90-AW pairs, the area of
the § peak increased after acid washing. Thus as the § peak area increases, there are a greater
number of hetero-atoms (H, N and O, not Ce) bound to the edges of the graphene sheets, as a

result of oxidation of the carbon by the H,S0s4.

The changes in area of the D peak as a result of acid washing were different for AC-Ce3-90 and
AC-90-Ce3-90. The area of the D peak of AC-Ce3-90-AW was significantly higher than that of AC-
Ce3-90. The combined increases in the area of the § and D peaks upon acid washing of AC-Ce3-

90 are equal to the decrease observed in the area of the 4 peak.

Table 4-5 ~ Raman Peak Fitting for CeO; Catalysed Physically Activated Carbons

Peak Area
Sample S D A G
Name
Disordered Disordered Amorphous Ideal Graphitic

Graphitic Lattice*  Graphitic Latticet Carbon Lattice

AC-90 117 62.4 12.7 13.0

AC-Ce3-90 10.4 60.2 17.3 12.0

AC-Ce3-90-AW 11,1 65.9 10.4 12.4

AC-90-Ce3-90 g 68.8 11.2 12.2

AC-90-Ce3-90-AW 10.1 67.5 9.8 12.5

* Heteroatoms Bond to Graphene Layer Edges

t Graphene Layer Edges

The area of the A peak also changed upon acid washing of both AC-Ce3-90 and AC-90-Ce3-90,

with the peak decreasing as a result of acid washing. This would indicate that there has been an
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overall decrease in amorphous carbon as a result of acid washing. Interestingly though, there
was little variation in the area of the G peak as a function of which starting material was used, or
whether or not acid washing had taken place. As such the increase in ordered carbon has
manifested as an increase in disordered graphitic carbon. This statement may seem
counterintuitive, but the so called “disordered graphitic carbon” possesses a much higher

degree of order than amorphous carbon.

Relative to the Raman spectra of AC-90 (Figure 2-8D), the Ce-meACs, both “as produced” and
acid washed exhibited a slightly lower amount of ideal graphitic carbon. A much higher degree
of similarity was observed overall between AC-90 and the AC-Ce3-90/AC-Ce3-90-AW pair,
which was a “catalysed analogue” of AC-90, differing in the way it was produced only by the
presence of CeO>. This is particularly true in respect of the § and D peak areas, with a great deal
more variation being observed for the area of the A peak of the AC-Ce3-90/AC-Ce3-90-AW pair
relative to AC-90, than to one another. These observations are consistent with what would be

expected from a catalysed analogue of AC-90.

The combined peak areas of the § and D peaks for the AC-90 derived Ce-meACs showed more
similarity to AC-90 than the VBC derived Ce-meACs, in that there was less variation. However,
the combined peak areas of the § and D peaks of the AC-90-Ce3-90/AC-90-Ce3-90-AW pair was
slightly higher than AC-90, whilst the area of the 4 peak for both AC-90-Ce3-90 and AC-90-Ce3-
90-AW were slightly lower. This suggests that undergoing a second round of steam activation
has resulted in a slight increase in the order within the chemical structure of the carbon, with

amorphous carbon being possibly restructured into disordered graphitic carbon.

The overall changes in chemical structure that were observed by Raman spectroscopy for both
the VBC and AC-90 derived Ce-meACs showed two quite different types of carbons, with
significantly different carbon chemical structures. Those derived from VBC were CeO; catalysed
analogues of AC-90, and exhibited many similarities with it. The Ce-meACs derived from AC-90
itself, exhibited a lower amount of amorphous carbon, with an associated increase in disordered
graphitic carbon, which suggests that a second round of steam activation in resulted in a
increase in the order within the chemical structure of the carbon within the AC-90-Ce3-90/AC-
90-Ce3-90-AW pair. The observed differences between the two carbon types may be attributed
to the second round of steam activation, but may also be influenced by the degree of dispersion
of CeO; throughout the material. From the TEM images of AC-Ce3-90 (Figure 4-9), CeO: is
shown to be highly dispersed, whilst the TEM images of AC-90-Ce3-90 (Figure 4-11) show the
Ce0; to be badly dispersed; being located predominately within the pore structure.
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4.3.3.1.2 Powder X-Ray Diffraction (PXRD)

The x-ray diffraction pattern (XRD) patterns of the Ce-meACs were taken prior to and
subsequent to acid washing. A pure ceria (CeOz) standard was run as a reference, this is shown

below in Figure 4-5, the diffraction pattern for the Ce-meACs are presented in Figure 4-6.

The characteristic Ce peaks observed from the XRD patterns of the CeO, (Figure 4-5) reference
material were only observed to be present in AC-Ce3-90 (Figure 4-6A), and not for AC-90-Ce3-
90 (Figure 4-6B). Only very slight indication of any of the characteristic CeO, peaks (Figure
4-5) were detected for the XRD patterns of the AC-90-Ce3-90 (Figure 4-6B). This is likely due to
the presence of the majority of the CeO2 being within the pore structure where it cannot diffract
significant quantities of x-rays. For AC-90-Ce3-90 it is due to the Ce being poorly distributed,
being present predominately within the pores; which can be clearly observed from the TEM
images of AC-90-Ce3-90 (Figure 4-11). Overall the characteristic CeO, peaks observed are in

line with those observed for similar AC-Ce0Q; composite materials reported by Shen et al [7, 8].
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Figure 4-5 ~ X-ray Diffraction Pattern of the Ceria Standard

Furthermore, in all cases the XRD patterns of the acid washed meACs were very similar to that
of the AC-90 benchmark. This would indicate that the acid washing resulted in a high level of
ceria removal from the meACs. The main peaks observed for the AC phase were the 002 and 10
(overlapping 100 and 101 reflections) peaks, which are typical of the diffraction pattern of
amorphous carbons [7, 30-35]. The 002 reflection arises from the diffraction by parallel
graphitic domains, and slight increases are observed in the intensity of this peak for the acid
washed meACs, relative to AC-90. This can be a strong indication of the presence of micropores,

that in ACs can exist between parallel graphene sheets [30]. The presence of the 10 reflection
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indicates the presence of lateral order within the graphitic domains [31, 35]. Furthermore, as
was noted in section 2.3.3.1.2 for AC-90, a third peak can be observed in the carbon phase at 27
26°. This peak is assigned to amorphous metal oxides (MO), such as those present within the
ash of coal [33]. Of interest however, is the observation of this peak in the diffraction pattern of

AC-90-Ce3-90, indicating that the CexO, may be somewhat amorphous.

AC-90 AC-Ce3-90-AW AC-Ce3-90 ——AC90 ——AC-90-Ce3-90-AW —— AC-90-Ce3-90

A) B)

20 30 40 50 60 20 30 40 50 60

Figure 4-6 ~ X-ray Diffraction Patterns of the Acid Washed and “as produced” Ceria Catalysed Steam
Activated Carbons. Shown are the XRD Patterns Highlighting the 002, 10 and MO Peaks for the AC Phase and
the Peaks for the CeO; Phase (®) for A) AC-Ce3-90 & AC-Ce3-90-AW, and B) AC-90-Ce3-90 & AC-90-Ce3-90-
AW

It is also of interest to note that the peaks typical of a CeO; diffraction pattern were not as clear
for AC-90-Ce3-90 (Figure 4-6B) as they were for AC-Ce-90 (Figure 4-6A). This may indicate the
activation after impregnation into VBC results in larger Ce.Oy particles, whilst impregnation and
activation into AC-90 results in finer particles of CexOy being formed. However, the TEM of these
two Ce-meACs shows there is no significant difference in the sizes or distribution of sizes of the
CeO; particles between to the two Ce-meACs. It is also likely that the CeO; phase in AC-90-Ce3-
90 formed an amorphous phase, evidence of which can be seen by the presence of the MO peak
in the diffraction pattern of AC-90-Ce3-90 but not AC-Ce3-90 (Figure 4-6). In the work of Shen
et al a well defined XRD pattern for CeO, was not observed until temperatures of 1143 K [7]. In
this work the Ce was introduced into preformed ACs, not the AC precursor; as such as the VBC
underwent pyrolysis and oxidation the (Ce(NO3)3.6H0 salts will have more easily been oxidised

to CexOy than when AC was used as the carbon precursor.
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In summary, despite observing clearly distinct AC and CeO; diffraction patterns, once the Ce-
meACs had been acid washed, no CeO; phase was observed, leaving only a typical AC diffraction

pattern, essentially indistinguishable from AC-90.

4.3.3.2 Physical Structure of Ceria Catalysed Activated Carbons
4.3.3.2.1 Gas physisorption

The surface area and porosity of each AC was determined from the adsorption isotherms of N;
and CO; at 77 and 273 K, respectively. The details outlining the analysis conditions used to
obtain the isotherms by the adsorption of the aforementioned gases onto the physically
activated Ce-meACs can be found in section 6.6.3.2.1, in addition to the models and equations
used for data analysis. The surface morphology of the CeO, was determined before and after

catalyst removal, and are presented in Table 4-6.

CO; Physisorption

The CO; adsorption isotherms taken at 273 K for the Ce-meACs were carried out on a TriStar Il
3020 instruments (Micromeritics), over a relative pressure range of 0-0.03. The CO; isotherms
for AC-Ce3-90, AC-Ce3-90-AW, AC-90-Ce3-90 and AC-90-Ce3-90-AW are presented in Figure
4-7. The surface areas and micropore volumes calculated using the DR equation (equation 6-1)
presented in Table 4-6, along with the BET surface areas, micropore volumes (calculated using
the DR equation for both CO; and N3), the mesopore volumes (BJH) determined from N

physisorption and true density values determined by He displacement.

There was an observed decrease in micropore volume for the acid washed Ce-meACs relative to
their “as produced” counterparts (Table 4-6). This is primarily the result of removal of the CeO;
phase, thus widening the diameter of the micropores, in some cases to mesopores. The pore
expansion observed upon acid washing was not due to a change in the carbon pore structure
itself, but to removal of the Ce, Oy coating the walls of the pores. Furthermore, the PSD of CeO; is
generally quite broad, possessing both micro- and mesopores. As such some of the reduction in

micropore volume may be due to the removal of CeO and the microporosity inherent within it.

Furthermore, the micropore volumes determined from the CO; physisorption data for the Ce-
meACs show that the AC-Ce3-90/AC-Ce3-90-AW pair possessed lower micropore volumes
relative to AC-90. On the other hand the micropore volumes of the AC-90-Ce3-90/AC-90-Ce3-
90-AW pair were both higher than AC-90, showing no change as a result of acid washing. This
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observation is as would be expected as the latter pair had undergone a second round of steam

activation.

Table 4-6 ~ Surface Area, Pore Volume & True Density of CeO; Catalysed Physically Activated meACs

Surface Area Pore Volume
Sample (m*/g) (em®/g) True
Name co, N, co, N, Density
(g/cm’)
DR BET Vmicm Vmir:rn vmesn vtnl:al
VBC 148 - 0.05 - - - 1.40
AC-90 696 397 0.23 0.20 0.13 0.24 1.90
AC-Ce3-90 614 450 0.20 0.23 0.16 0.32 1.92
AC-Ce3-90-AW 616 300 0.20 0.17 0.07 0.19 1.77
AC-90-Ce3-90 792 458 0.26 0.24 0.16 0.35 2.03
AC-90-Ce3-90-AW 707 418 0.23 0.22 0.16 0.31 1.82
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Figure 4-7 ~ CO; Adsorption Isotherms taken at 273 K for the CeO; Physically Activated Carbons

Nz Physisorption

The N, adsorption-desorption isotherms taken at 77 K for the Ce meACs and their acid washed
counterparts were taken over a P/Py range of 0-0.99 on an ASAP 2020 HP instrument
(Micromeritics), from which PSDs were determined using the BJH method; which are shown in

Figure 4-8. The BET surface areas and mesopore volumes (BJH) are given in Table 4-6, along
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with the micropore volumes calculated using the DR equation for both CO; and N; physisorption

(equation 6-1).
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Figure 4-8 ~ N, Adsorption Isotherms and PSDs taken at 77 K for the CeO; Loaded Physically Activated
Carbons. Shown are A) Isotherms for AC-Ce3-90 & AC-Ce3-90-AW, B) PSDs for AC-Ce3-90 & AC-Ce3-90-AW,
C) Isotherms for AC-90-Ce3-90 & AC-90-Ce3-90-AW, and D) PSDs for AC-90-Ce3-90 & AC-90-Ce3-90-AW

The N adsorption isotherms for the Ce-meACs all exhibit standard type IV isotherms with type
H4 hysteresis loops. Prior to the acid washing both the Ce-meACs exhibited isotherms that
exhibited complete closure of the hysteresis loop, where as those which were acid washed
possess isotherms with hysteresis loops that never fully achieve closure. In chapter 2 for the
microporous carbon materials this was attributed to low pressure hysteresis (LPH), that can
arise due to incomplete equilibrium being achieved during the measurement of the adsorption
branch of the isotherm (a common problem for microporous materials)[36-38]. The type H4
hysteresis loops are indicative of materials that possess a mixture of both micro- and mesopores

(e.g. a broad PSD).

The micropore volumes determined for the Ce-meACs (Table 4-6) by applying the DR equation
to the micropore region of the N; physisorption data tell a slightly different story to the

micropore volumes determined from the CO; physisorption data. The differences between the
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two data sets can be attributed to have arisen from three potential sources. Firstly, the N;
physisorption data obtained at 77 K was not obtained to relative pressures as low as was done
for the CO, physisorption measurements obtained at 273 K (section 6.6.3.2.1). As such the
shape of the adsorption isotherms for the Nz and CO physisorption data sets will differ slightly.
Secondly, the entire purpose of applying the DR equation to the N, physisorption data, was to
obtain micropore data that would not be potentially compromised by interactions between the
adsorbate and the surface chemistry of the adsorbate. The investigations of the surface
chemistry of the meACs (section 4.3.2) indicated the presence of several functional groups that
may significantly affect the adsorption of CO», which is as applicable to the adsorption at 273 K
as it would be at 293-378 K. Such complications should not arise from the interactions of N,
with the meAC surface, and thus discrepancies between the two data sets may imply such
effects are at play. Finally, some of the ACs presented in this thesis may possess micropores with
very small diameters (i.e. ultramicropores and supermicropores [39]), such that the adsorption

of N2 at 77 K into the inner depths of the micropores by N, molecules is not possible.

For the N; physisorption of both AC-Ce3-90 and AC-90-Ce3-90, it is interesting to note the
strong similarities between the two samples, despite them having been produced from two
different precursors. Moreover, it can be seen from Table 4-6 that both these meACs possess
near identical mesopore volumes. The similarity between these materials strongly deviates
upon acid washing, with AC-Ce3-90-AW possessing a lower mesopore volume than AC-90. Since
the Ce 3d XPS spectra of AC-Ce3-90-AW indicated the retention of some of the Ce on the surface,
this may explain in part the reduction in pore volume, as pore blockage may have persisted.
Conversely the Ce 3d XPS spectra of AC-90-Ce3-90-AW show no significant amount of Ce
remaining on the surface as a result of the acid washing. Since the precursor used to produce
AC-90-Ce3-90 was AC-90, which already had well developed porosity, it is likely that the second
stage of activation will have enabled the development of a greater mesopore volume, regardless

of the presence of any CeO- phase.

Overall, due to the development of the acid washing procedure, it was able to be determined,
that a significant degree of the mesoporous character of the “as produced” Ce-meACs was
actually due to the porous nature of the CexO,. In previous works published in the literature
(most notably those of Shen et al [8, 40] and Yoshizawa et al [41, 42]), the CeO, was not
removed from the Ce-meACs. As such certain aspects of the Ce-meAC morphology was never
investigated, such as the amount of the porosity measured that was due to the CexOy and not the
AC. Here it has been shown that supposed improvements in pore volume were likely to be

owing to that which is inherent in the Ce.Oy in addition to that of the AC. Although increases in
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the mesopore volume of the Ce-meACs (produced here) were achieved relative to AC-90, this

was not as extensive as had been sought.

4.3.3.2.2 Transmission Electron Microscopy (TEM)

The physical structure of several of the Ce-meACs were futher investigated using TEM. The TEM
micrographs along with the EDX elemental mapping of C, O and Ce for AC-Ce3-90, AC-Ce3-90-
AW, AC-90-Ce3-90 and AC-90-Ce3-90-AW are shown in Figure 4-9-Figure 4-12, respectively.
For each material imaging and mapping of 3-4 particles was undertaken, with the most

representative being presented here, as was the case for the miACs in Chapter 2.

From the TEM micrograph of AC-Ce3-90 (Figure 4-9) showed a significant number of Ce.Oy
particles dispersed throughout the dense amorphous carbon phase. The CeiO, particles were
able to be clearly differentiated from the carbon phase by their distinct particle edges, spreading
out in 3 dimensions, as compared to the graphitic carbon phases possessing striations. The
elemental mapping of AC-Ce3-90 shows the Ce phase to be highly dispersed throughout the
entire particle mapped, chosen for its excellent representation of the majority of particles

investigated.

From the TEM micrograph of AC-Ce3-90-AW (Figure 4-10) it can be seen that the structure of
the carbon is very similar to that of AC-Ce3-90 (Figure 4-9). Furthermore, AC-Ce3-90-AW
possessed significant amounts of amorphous carbon with no well defined graphitic carbon
being observed; although, some alignment of the carbon structure can be observed on the outer
edges of the particle. The acid washing resulted in a material with substantially reduced CexO,,
as is evident from the elemental mapping shown in Figure 4-10E. Overall, TEM has shown AC-
Ce3-90-AW to possess no distinct structure features, which is in good agreement with the

Raman spectroscopy results (Table 4-5).
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Figure 4-9 ~ Transmission Electron Micrograph and Elemental Mapping of Ce Catalysed Physically
Activated meAC AC-Ce-90. Shown is A) High Magnification Electron Micrograph, CeO; particle circled ( O),
lattice fringes of graphitic domain (O ), B) Bright Field Image of Mapped Particle, C) EDX Mapping of the C
K-edge, D) EDX Mapping of the O K-edge, and E) EDX Mapping of the Ce L-edge
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Figure 4-10 ~ Transmission Electron Micrograph and Elemental Mapping of Ce Catalysed Physically
Activated meAC AC-Ce-90-AW. Shown is A) High Magnification Electron Micrograph, B) Bright Field Image

of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-edge, and E) EDX Mapping
of the Ce L-edge
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Figure 4-11 ~ Transmission Electron Micrograph and Elemental Mapping of Ce Catalysed Physically
Activated meAC AC-90-Ce-90. Shown is A) High Magnification Electron Micrograph, CeO; particles { O, O
,O), B) Bright Field Image of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-
edge, and E) EDX Mapping of the Ce L-edge
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Figure 4-12 ~ Transmission Electron Micrograph and Elemental Mapping of Ce Catalysed Physically
Activated meAC AC-90-Ce-90-AW. Shown is A) High Magnification Electron Micrograph, B) Bright Field
Image of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-edge, and E) EDX
Mapping of the Ce L-edge
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The TEM micrograph of AC-90-Ce3-90 (Figure 4-11) showed it to possess similar morphology
to AC-Ce3-90 (Figure 4-9), despite having been produced by a different activated method.
Particles of CexOy are clearly visible from the distinct layer edges of their crystallites, these
particles were not well dispersed throughout the amorphous carbon. Unlike for AC-Ce3-90
(Figure 4-9), the distribution of Ce,Oy was clearly concentrated within the pore structure of the
material. This is consistent with what would be expected to be observed, as the AC-90 precursor
of AC-90-Ce3-90 possessed a very well developed pore structure, unlike the VBC precursor of
AC-Ce3-90. The structure of the carbon within AC-90-Ce3-90 was similar to that observed for
AC-Ce3-90 and AC-Ce3-90-AW (Figure 4-9 and Figure 4-10, respectively), with no well defined
graphitic carbon; being predominately amorphous in nature. However, some alignment of the
carbon structure was observed around the edges of the particles. The lack of a well defined
carbon structure in the case of AC-90-Ce3-90 is in good agreement with the Raman
spectroscopy results, where the major types of carbon was that of disordered graphitic and

amorphous carbons (Table 4-5).

From the TEM micrograph of AC-90-Ce3-90-AW (Figure 4-12) it can be seen that the effect of
acid washing on morphology was minor, other than to act in the removal of the Ce.0y particles.
No well defined graphitic phases were observed within the carbon itself, which is consistent
with the results of the Raman spectroscopy that the major carbon types were disordered
graphitic and amorphous (Table 4-5). From the elemental mapping of Ce on the chosen particle
only a slightly higher signal was obtained for this particle than for the background. This was in
good agreement with the XPS and XRD results obtained for the AC-90-Ce3-90/AC-90-Ce3-90-
AW pair (Figure 4-6 and Table 4-3, respectively), where significant reduction in the amount of
CexOy was observed. Furthermore, no significant graphitic carbon phase of any consequence

was observed for any particles investigated.

Overall, few structural features were observed in the carbon structure, as was apparent from
the TEM investigation of the miACs. This became more clearly evident upon acid washing, as
there were no well defined graphitic domains observed, which is assumed to be a result of the

acid washing itself, with the CeO, phase having been removed.

4.3.4 Summary

The production of meACs using ceria catalysed physical activation was achieved by two
different activation protocols. The protocol used in the production of the AC-Ce3-90/AC-Ce3-

90-AW pair involved the use of VBC as the carbon precursor, making it, in many respects a
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catalysed analogue of AC-90; whereas, the AC-90-Ce3-90/AC-90-Ce3-90-AW pair were
produced using AC-90 as the carbon precursor. This resulted in two distinctly different types of
ACs being produced. Compositionally, AC-90-Ce3-90 (Table 4-2) possessed a lower bulk carbon
content relative to AC-Ce3-90, which, when it is considered that AC-90-Ce3-90 had undergone
two rounds of steam activation, this might be expected. The most significant differences in
composition of the Ce-meACs that were observed were in the bulk oxygen concentrations, being
the result of the two different methods used to produce the two different types of Ce-meACs.
Furthermore, it is apparent that a significant amount of inorganic matter has been removed as
part of the acid washing procedure, used to remove CeOy. In fact the ash content of AC-Ce3-90-
AW and AC-90-Ce3-90-AW were lower than that of AC-90, which would suggest that some of the

inorganic material present within the coal was removed in addition to the CeO,.

From the investigation of the surface chemistry small overall differences were observed in the
amount of surface C and O, relative to AC-90 (XPS, Table 4-3). Only minor overall differences in
the C or O surface concentration were observed as a function of which procedure was used to
prepare the Ce-meACs. For both the AC-Ce3-90/AC-Ce3-90-AW and AC-90-Ce3-90/AC-90-Ce3-
90-AW pairs, XPS showed the acid washing to result in a slight increase in surface C, with an
associated decrease in surface O. The decrease in surface O that was observed as a result of acid
washing, was in part due to the removal of O in the form of CexOy (Ce-O peak, XPS). This was
however, further complicated by the fact that some surface O will have been shielded from
detection by Ce-O, and some surface O associated with surface functional groups appears to
have been removed or introduced via reactions with the H;SO4 used in the acid washing.
Further to the changes in surface C and O, were the changes in the distribution of surface

functional groups, which required the use of both XPS and NEXAFS to fully understand.

XPS showed that for both the VBC and AC-90 derived Ce-meACs, acid washing resulted in
increases in the surface concentration of the three major oxygenated surface functionalities (C-
0-R, C=0 and C-OOR, Table 4-3). The AC-90 derived Ce-meACs exhibited lower amount of C-O-
R, C=0 and C-OOR groups, relative to the VBC derived Ce-meACs. Further investigation of the
surface of the acid washed Ce-meACs showed the distribution of C-O-R groups detected by XPS
to be predominately due to surface hydroxyl groups. In fact the proportion of hydroxyl groups
on the surface of AC-Ce3-90-AW and AC-90-Ce3-90-AW were close to twice that present on the
surface of AC-90 (Table 4-4). Furthermore, NEXAFS showed the proportion of carboxylic acids
and ethers of the acid washed Ce-meACs were significantly lower than observed for AC-90, and
that the distribution of carbonyl groups relative to AC-90 were shifted towards aldehydes over
ketones. As such the polarity of the surface of the acid washed Ce-meACs will be significantly

higher than that of AC-90, and this could potentially increase the affinity of the AC surface for
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both CO; and PEI [12, 13]. Moreover, there were no clearly discernible correlations between the

changes in the bulk and surface compositions.

From the Raman spectroscopy of the Ce-meACs (Table 4-5) there was a small but distinct
difference between the areas of the G peak for the Ce-meACs relative to AC-90. Furthermore,
regardless of production method or whether or not acid washing had taken place, there was no
significant change in the area of the G peak for any of the Ce-meACs. This would suggest that the
Ce-meACs possessed a slightly lower amount of carbon in the ideal graphitic form, but that the
way in which CexOy was introduced and the precursor carbon affected this. There was a very
clear relationship between amorphous carbon (4 peak) and disordered graphitic lattice carbon
(S and D peaks). Specifically, acid washing of the Ce-meACs resulted in a decrease in the area of
the A peak and an increase in the area of the S peak. There was also a decrease in the D peak, but
relative to the increase in the § peak this was minor and an overall increase in disordered

graphitic lattice carbon (S and D) was observed as a result of acid washing.

The XRD investigation of the Ce-meACs revealed two broad peaks being assigned to the 002 and
10 reflections, typical of the diffraction pattern of amorphous carbons (Figure 4-6).
Furthermore, the XRD pattern of AC-Ce3-90 (Figure 4-6A) clearly exhibited the typical Ce
diffraction peaks of CeO. (Figure 4-5), whereas, AC-90-Ce3-90 (Figure 4-6B) exhibited very
weak reflections of the main peaks. This was attributed to the Ce O, being located
predominately within the pore structure of the material, where it would be unable to be
detected; or to the structure of the Ce.Oy itself. This difference between the dispersion of the
VBC and AC-90 derived Ce-meACs was confirmed by TEM-EDX mapping (Figure 4-9-Figure
4-12). Moreover, the XRD analysis of the Ce-meACs also reviled that upon acid washing, none of
the signature peaks of CeO; remained present. Alternatively, the CecOy phase formed under the
activation conditions may be somewhat amorphous, which is consistent with the observed XRD
results and those of Shen et al [7]. In the work of Shen et al [7], it was shown that a clear XRD
pattern for CeO, was not observed until an activation temperature of 1143 K; whereas the

activation temperature used here was 1073 K.

The significant differences in the chemical structure of both the VBC and AC-90 derived Ce-
meACs were further seen in the gas physisorption results (Table 4-6). From the N;
physisorption results it was seen that both the “as produced” and acid washed Ce-meACs
exhibited type IV isotherms with H4 type hysteresis loops (Figure 4-8), typical of materials
possessing both micro- and mesopores [43]. The CO; physisorption showed all the Ce-meACs to
exhibit type I isotherms (Figure 4-7), typical for the adsorption of non-condensable gases in

materials possessing micropores [43].
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The N; physisorption data (Table 4-6) showed the acid washing of the Ce-meACs to result in
decreases in the micropore volume and surface area. In the case of the AC-Ce3-90/AC-Ce3-90-
AW pair, the decrease in pore volume that arose from acid washing extended beyond just the
micropore volume, to significant decreases in the mesopore volume. The extent of this was such
that AC-Ce3-90-AW possessed a lower mesopore volume than AC-90, of which it was a catalysed
analogue. The significant decrease in the micro- and mesopore volumes of AC-Ce3-90-AW
relative to AC-Ce3-90, may in fact be due to the high degree of dispersion of the Ce.0Oy, as this
was not observed for the AC-90-Ce3-90/AC-90-Ce3-90-AW pair. The TEM-EDX mapping of AC-
Ce3-90 (Figure 4-9) showed Ce to be very well dispersed, relative to that of AC-90-Ce3-90
(Figure 4-11). The TEM-EDX mapping of Ce for AC-90-Ce3-90 showed it to be mostly located
within the pore structure of the Ce-meAC particles. It is proposed that removal of the well
dispersed Ce0y of AC-Ce3-90 could likely result in pore collapse of micro- or mesopores, which

would be less likely to occur in the case of the less well dispersed AC-90-Ce3-90 material.

Furthermore, the decrease in the micropore volume that resulted from acid washing of AC-Ce3-
90, was only observed from the N, physisorption data, whereas the CO, physisorption data
showed no such decrease (Table 4-6). However, a direct comparison of the pore structure from
the CO2 and N physisorption data of the “as produced” and acid washed Ce-meACs was
complicated by the fact that CesOy itself possesses a wide PSD [7, 26, 44-46]. As such, it is
difficult to say with absolute certainty what proportion of the micro- and mesopore volume of

the “as produced” Ce-meACs was due to CexOy and what was in fact due to the AC.

Other than the Ce.Oy structural features observed from the TEM micrographs of the Ce-meACs,
no significant graphitic domains were observed, for either the “as produced” or acid washed Ce-
meACs (Figure 4-9-Figure 4-12). Some alignment of the carbon structure was observed, but
none that could be termed a well defined graphitic domain as were observed for the miACs in

chapter 2.

To conclude, the use of Ces0y as a catalyst in the physical activation of VBC and VBC derived ACs
with the purpose of producing ACs that possessed predominately mesopore character was
reasonably unsuccessful. Although the mesopore character of the “as produced” Ce-meACs was
promising, upon acid washing the some of the desired mesopore character was also removed
along with the Ce. Oy phase. This is however an important step, as previous investigations along
similar lines from the literature, such as those of Shen et al [8, 40]; never investigated this
aspect of the meACs produced. Regardless, the two acid washed Ce-meACs (AC-Ce3-90-AW and
AC-90-Ce3-90-AW) were subsequently chosen to be impregnated with PEI as support materials.
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4.4 Lanthana Catalysed Physically Activated Carbons

Lanthanum oxide (lanthana) was also used as a catalyst for the development of mesopores in
ACs. The La;03 was introduced into the carbon precursor is the same manner as for CexOy
(section 4.3), as a nitrate salt (La(N0O3)3.6H20). In the opening discussion of this chapter, it was
noted that both Ln oxides (LnxOy, where Ln is La or Ce) were introduced into either VBC or AC-
90 prior to steam activation, at a loading of 3 wt% on a metal loading basis. After steam
activation, La;03 was removed by washing with concentrated H,SO4 using the same protocol as
was used for acid washing of the Ce-meACs. The nomenclature used for naming the La-meACs

was the same as the Ce-meACs, and is outlined in section 4.2 (Table 4-1).

4.4.1 Composition of Lanthana Catalysed Activated Carbons

The composition of the catalytically and non-catalytically steam activated carbons for the
lanthana catalysed meACs were investigated using elemental (Vario MICRO cube, Elementar)
and ash analysis (Mettler Toledo, TGA/DSC 1). This was undertaken both prior to and
subsequent to the acid washing to remove the lanthana catalyst, the results of which are

presented in Table 4-7, compared to AC-90 for benchmarking.

Table 4-7 ~ Composition of Laz03 Catalysed Steam Activated meACs

— z::?n: g Elemental Analysis (wt%, dafb) Rl_:‘ ’;::0 ( i :E]
C H N 0

VBC - 61.4 4.4 0.6 33.5 0.86 0.4
AC-90 43.4 82.2 1.3 0.7 15.7 0.19 6.4
AC-La3-90 42.5 74.7 1.4 0.8 23.1 0.22 9.1
AC-La3-90-AW - 87.8 1.5 1.0 97 0.20 0.9
AC-90-La3-90 315 829 1.1 0.8 15.1 0.16 8.2
AC-90-La3-90-AW - 85.5 1.7 0.8 12.0 0.23 0.3

There is little change in either the nitrogen or hydrogen content for the La-meACs, regardless of
activation process or whether or not they had been acid washed. Interestingly the level of ash
observed after acid washing for both the AC-La3-90 and AC-90-La3-90 decreased remarkably to

< 1 wt%. Such a significant decrease in the ash content was not observed for the Ce-meAC
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series, implying that the acid washing protocol was much more efficient for the solubilisation of

La;03 than it was at solubilising CeO, (Table 4-2).

Another interesting result was the significant decrease in the bulk oxygen content of AC-La3-90-
AW compared to its unwashed counterpart AC-La3-90 (40puik = 13 wt%). This was not observed
for the acid washing of AC-90-La3-90 (forming AC-90-La3-90-AW), despite an even more
significant degree of ash reduction as a result of the acid washing (40puix = 3 wt%). This would
indicate that the oxygen incorporated into the AC-90 (used as the precursor of AC-90-La3-90)
was much more stable against the acid washing than the oxygen incorporated into the AC-La3-

90 by using VBC as the precursor.

A great deal of variation was observed in the bulk content of the La-meACs relative to AC-90, as
a function of both the carbon precursor and acid washing. Decreases in the O content were
observed as a result of acid washing, with profound decreases in the bulk ash content, to level
close to VBC itself. That is the say that not only was the La;03; phase removed, but the majority

of the ash from the produced material as well.

4.4.2 Surface Chemistry of Lanthana Catalysed Activated Carbons
4.4.2.1 X-ray Photoelectron Spectroscopy (XPS)

The XPS analyses of the La-meACs were carried out in an analogous manner to the Ce-meACs.
The high resolution XPS spectra for the C 1s, O 1s and La 3d are presented in Figure 4-13 for the
AC-La3-90/AC-La3-90-AW pair, and Figure 4-14 for the AC-90-La3-90/AC-90-La3-90-AW pair.
The tabulated peak fitting data is shown in Table 4-8, with peak assignments being made as per

the nomenclature outlined in section 6.6.2.1.

Firstly it should be noted that the XPS results show that for both AC-La3-90 (Figure 4-13) and
AC-90-La3-90 (Figure 4-14) that the acid washing removed all detectable La;03 on the surface
(Table 4-8). This agrees well with the compositional results (Table 4-7), showing significantly
reduced ash content, implying that remaining ash is free of La;03; or that the La,03 that remains

is not located on the surface but deep within the pore structure (section 6.6.2.1).

Interestingly both La-meACs showed an increase in the peak area of the carbonyl peak and a
decrease in that of the C-O-R peak as a result of the acid washing. The shift in both peak areas
correlated well to one another, suggesting a possible relationship between to two group types.
Under the highly acid conditions of the acid removal ether formation is possible, through a
hemiacetal intermediate [47]; further study would however be required to confirm both the

relationship and mechanisms involved. Moreover, for the acid washed La-meACs the C 1s to O
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1s ratio of the ether/hydroxyl peaks possess a 2:1 ratio, this in itself is indicative of the presence

of ether groups.
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Figure 4-13 ~ High Resolution XPS Spectra of C 1s, O 1s and La 3d for AC-La3-90 and AC-La3-90-AW. Shown
are A) C 1s Spectra of AC-La3-90, B) C 1s Spectra of AC-La3-90-AW, C) O 1s Spectra of AC-La3-90, D) O 1s
Spectra of AC-La3-90-AW, E) La 3d Spectra of AC-La3-90, and F) La 3d Spectra of AC-90-La3-90-AW
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Figure 4-14 ~ High Resolution XPS Spectra of C 1s, O 1s and La 3d for AC-90-La3-90 and AC-90-La3-90-AW.
Shown are A) C 1s Spectra of AC-90-La3-90, B) C 1s Spectra of AC-90-La3-90-AW, C) O 1s Spectra of AC-90-
La3-90, D) O 1s Spectra of AC-90-La3-90-AW, E) La 3d Spectra of AC-90-La3-90, and F) La 3d of AC-90-La3-
90-AW
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Table 4-8 ~ XPS Peak Fitting for La203 Catalysed Physically Activated Carbons

Surface Concentration (at%)

Peak Binding
Assignment  Energy (eV)
AC-90 AC-La3-90 AC-La3-90-AW  AC-90-La3-90 AC-90-La3-90-AW
Cl1ls 284.0 90.16 88.01 92.90 90.65 92.93
c=C 283.6 6.04 4.37 4.16 3.37 2.33
c-C 284.4 68.28 66.18 73.38 69.18 76.58
C-0-R 286.3 8.48 10.39 7.07 8.32 5.69
Cc=0 288.3 2.80 0.98 2.56 1.05 2.54
CO0-R 289.2 1.56 1.21 0.93 1.24 1.57
n—n* 290.2 3.00 1.87 4.79 7.48 1.22
01s 532.0 9.16 9.84 6.71 7.52 6.87
Cc=0 531.4 2.96 0.94 2.39 1.01 2.58
C-0-R 5328 4.60 5.27 3.43 4.22 2.87
CO0-R 534.7 159 1.17 0.90 1.18 1.43
La-0 529.7 2.46 0.00 1.11 0.00
N1s 400.0 0.68 0.65 0.39 1.06 0.20
La 3d 853.0 - 1.50 0.00 0.77 0.00
3d g cf 8355 0.23 0.00 0.09 0.00
1
3dsp of 838.8 0.40 0.00 0.23 0.00
antibonding
& sz_cr' 8415 - 0.22 0.00 0.12 0.00
bonding
3dgpcf 8524 - 0.25 0.00 0.11 0.00
1
_3" 3”_“ 855.7 = 0.26 0.00 0.14 0.00
antibonding
1
3d 57 of 858.6 0.10 0.00 0.08 0.00
bonding
3d;,
£ 848.1 - 0.04 0.00 0.00 0.00
plasmon

As has been previously noted for most of the ACs presented in this thesis, for the La-meACs the

C 1s to O 1s ratio of the peak areas of the COO-R peak is approximately 1:1; which would

suggest that anhydrides are possibly present in addition to surface carboxylic acid groups.

All in all the acid washing of the La-meACs resulted in an increase in the surface C concentration

and a decrease in the surface O, as would be expected from the removal of the La;03; phase,

exposing more of the AC surface in the process.
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4.4.2.2 Near Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy

Both oxygen and carbon K-edge NEXAFS spectra of the acid washed La catalysed physically ACs
were taken on the soft x-ray (SXR) beamline at the Australian Synchrotron (AS), Victoria,
Australia. As was the case for the Ce-meACs, only the acid washed La-meACs were studied by
NEXAFS spectroscopy due to constraints on the beam time available. The details under which all
spectra were collected and processed can be found in section 6.6.2.2 and the NEXAFS spectra
are presented in Figure 4-15 and the results of the peak fitting of both C 1s and O 1s spectra are
reported in Table 4-9. The complete fitting for both the C 1s and O 1s spectra can be found in
Appendix 2 - NEXAFS Spectroscopy Peak Fitting, for all of the carbon materials investigated.
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Figure 4-15 ~ C 1s and O 1s K-edge NEXAFS Spectra of AC-90, AC-La3-90-AW & AC-90-La3-90-AW. Shown
are A) C 1s K Edge NEXAFS Spectra of AC-90 & AC-La3-90-AW, B) O 1s K Edge NEXAFS Spectra of AC-90 &
AC-La3-90-AW, C) C 1s K Edge NEXAFS Spectra of AC-90 & AC-90-La3-90-AW, D) O 1s K Edge NEXAFS
Spectra of AC-90 & AC-90-La3-90-AW
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Table 4-9 ~ C 1s & O 1s K Edge NEXAFS Peak Fitting of AC-La3-90-AW & AC-90-La3-90-AW

Photon Peak Area %
Edge Name Group Assignment Energy
g (eV) AC-90 AC-La3-90-AW AC-90-La3-90-AW
c1 c=0 o Carbonyl substitu.ted aromatic 283.0 11 15 14
carbon (quinone)
¢-C Aromatic carbon, or aliphatic
C2 ¥ s ! 284.1 31.3 277 28.5
c=C substituted aromatic carbon
C-OH :
c3 o Phenol or ket?ne substituted 285.6 8.5 141 143
Cc=0 aromatic carbon
COOH g :
c4 - Ca_rboxyrhc acid substituted 286.9 11.2 8.8 8.8
oo aliphatic carbon (lactone)
Cils C5 c-0-C m* Cyclic ether carbon 288.0 13,3 9.3 8.7
C-0H
c6 T I i i+ 2893 105 15.2 159
Cc=0 substituted aliphatic carbon
c7 COOH  o* Carboxylic a(_:ld substituted 290.6 15.2 108 108
aromatic carbon
c8 C-0-C o* Cyclic ether carbon 291.9 6.4 10.0 10.4
C-C ic e
co o Pom——— . 2930 25 25 2.4
c=C (long range order)
o1 €=0 o Aliphatic (linear or cyclic) 529.6 6.4 8.8 79
aldehyde oxygen
02 c=0 * ketonic oxygen 5308 16.5 8.1 8.5
03 c-0-C m* Aliphatic cyclic ether 532.7 16.4 6.4 5.7
01s 04 C-OH m* Hydroxyl oxygen (alcohol) 535.7 24.6 39.6 39.0
C-0H Hydroxyl or carbonyl oxygen
05 o* i 538.0 17.0 8.5 10.9
Cc=0 of carboxylic acid
06 C-0-C o* Aromatic cyclic ether 543.0 14.7 25 2.0
07 C-OH o* Phenolic oxygen 549.8 4.5 26.1 26.1

From the peak fitting of the C 1s and O 1s NEXAFS spectra (Figure 4-15) of AC-La3-90-AW and
AC-90-La3-90-AW in Table 4-9, a very minor increase can be seen in the €2 peak of AC-90-La3-
90-AW relative to AC-La3-90-AW. Furthermore, no change of any consequence was observed
for the €9 peak, meaning that, in addition to the similarities in the aromatic nature of the carbon

surface, the long range order of these carbons also possessed a great deal of similarity.

The decrease observed in the comparison of the XPS analysis (Table 4-8) of AC-90-La3-90-AW
to AC-La3-90-AW with respect to the C-O-R peak was mirrored in both the C 1s and O 1s
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NEXAFS of the two La meACs. This was expressed as a decrease in both the €5 and 03 peaks,

assigned to aliphatic ethers.

Furthermore, the increases in the COO-R peak seen from the XPS analysis of AC-90-La3-90-AW
as compared to that of AC-La3-90-AW was also detected in the O 1s NEXAFS spectra (05) of the
two carbons, but not in the C 1s NEXAFS spectra (€4 or €7). It is difficult to gain further insight
as to the nature of this change, as no respective change in the C 1s NEXAFS was observed, nor
have any similar observations been reported in the literature. As such further identification of

these groups as carboxylic acids or lactones was not pursued.

As was the case for the Ce-meACs (section 4.3.2.2), the ether peaks from the C 1s (€5) and O 1s
(03 and 06) NEXAFS showed a significant decrease, with a consequent increase C 1s (€3 and
C6) and O 1s (04 and 07) in hydroxyl peaks. The shift towards a surface with a higher
concentration of hydroxyl groups should increase the affinity of the AC surface for PEI,

particularly at higher temperatures [23].

To summarise the NEXAFS spectroscopy was successfully used to expand on the investigation of
the surface chemistry by XPS, allowing for further identification of the C=0, C-O-R and COO-R
groups. These were found to be due to ketones, aldehydes, ethers, hydroxyls and carboxylic
acids, with a much higher proportion of hydroxyl groups than was observed for the miACs,

which is expected to increase the affinity of the surface for both CO; and PEL

4.4.3 Structure of Lanthana Catalysed Activated Carbons

Similarly to the Ce-meACs, gas physisorption, transmission electron microscopy (TEM), x-ray
diffraction (XRD) and Raman spectroscopy were also employed to characterise the structural

features of the La-meACs.

4.4.3.1 Chemical Structure of Lanthana Catalysed Activated Carbons
4.4.3.1.1 Raman Spectroscopy

The Raman spectra for the La-meACs were collected, processed and analysed in the same
manner used for the Ce-meACs (section 4.3.3.1.1). The deconvoluted, peak-fitted spectra are

shown in Figure 4-16 and the corresponding peak data are presented in Table 4-10.

The acid washing of AC-La3-90 (resulting in AC-La3-90-AW) resulted in similar changes to the
meAC as was observed for the AC-Ce3-90/AC-Ce3-90 pair (Table 4-5). That is to say that

although differences were observed between the peak area of the § and D peaks, there was no
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significant change in the combined area of the § and D peaks. This was the result of the removal
of the La;03 phase, thus exposing both the graphene layer edges (D peak) and the hetero-atoms
bound to it (S peak). Additionally acid attack on the graphene layer edges will have acted to
induce new chemical functionality, resulting in an increase in the § peak area. Furthermore, the
removal of the La;03 from the AC-La3-90 also resulted in an increase in the amount of graphitic

layers (G peak) previously covered by the La;0s.

The decrease in the amorphous phase (A4 peak) observed from the acid washing of the AC-La3-
90 was not due to an actual decrease in the amorphous carbon on the surface, but to the

increase in other groups, previously covered by the La;03 phase.

AC-La3-90 AC-La3-90-AW
A) : B)
-
- 3
3 &
g -y
2 2
7] L
g E
£
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)
AC-90-La3-90 AC-90-La3-90-AW
C) ) D) i
8 =
Iy )
& 2
] 3
= =

1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)

Figure 4-16 ~ Raman Spectra of Lanthanum (3 wt% La) Catalysed Physically ACs. Shown are the peaks for
the (—) Normalised Data, (—) Sum of Deconvoluted Peaks, (—) S band, (—) D band, (—) A band, (—) G
band, A) AC-La3-90, B) AC-La3-90-AW, C) AC-90-La3-90, and D) AC-90-La3-90-AW
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Interestingly the changes that were observed as a result of acid washing of the AC-90-La3-90,
were opposite to those observed from the acid washing of AC-La3-90 (Table 4-10). This does
despite first appearances make sense. From the XPS peak fitting for AC-90-La3-90 (Table 4-8) it
could be seen that the surface concentration of La was half that of AC-La3-90. As half the
amount of La (in the form of La,03) was present on AC-90-La3-90 than on AC-La3-90, only half
the amount of La;03 was present on the surface to react with the H,SO4. This being the case,
more of the meAC surface reacted with the H,SO4 and thus more of the meAC surface will have
been degraded. The degradation of the surface will have occurred via acid attack of the
graphene layer edges, both ordered and disordered alike (i.e. reduction in the area of the §, D

and G peaks).

The overall changes in the order of the carbon chemical structure that were detectable by
Raman spectroscopy for the La-meACs were relatively small both as a function of starting

material and a function of acid washing.

Table 4-10 ~ Raman Peak Fitting Data for Lanthana Catalysed Physically Activated Carbons

Peak Area
Sample S D A G
Name
Disordered Disordered Amorphous Ideal Graphitic

Graphitic Lattice*  Graphitic Latticet Carbon Lattice

AC-90 117 62.4 12.7 13.0

AC-La3-90 6.9 70.0 11.5 11.4

AC-La3-90-AW 7.6 69.6 10.1 12.6

AC-90-La3-90 10.1 67.6 8.9 13.2

AC-90-La3-90-AW 9.7 67.2 11.2 11.7

* Heteroatoms Bound to Graphene Layer Edges

t Graphene Layer Edges

4.4.3.1.2 Powder X-Ray Diffraction (PXRD)

The x-ray diffraction (XRD) pattern of the La-meACs we taken prior to and subsequent to acid
washing. Due to the separate nature of the different catalysts used for mesopore development,
the spectra have been separated on this basis. A Lanthanum reference was run that was
produced from the same La precursor as was used in the La-meACs, treated under the same

thermal and oxidative conditions as the La-meACs (section 6.6.3.1.2), this is shown below in
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Figure 4-17, with the XRD spectra of the La-meACs are presented in Figure 4-18, overlayed
with that of AC-90 for benchmarking purposes.

The La reference material showed incomplete oxidation to La,0s, with a La(OH); phase also
being present (Figure 4-17). Interestingly, the XRD pattern of AC-La3-90 (Figure 4-18A)
exhibits reflections that correlate with the La,03 diffraction pattern only; whilst AC-90-La3-90
(Figure 4-18B) exhibits reflections correlating to both the La;0s; and La(OH)sz diffraction
patterns. This would indicate that AC-La3-90 possesses only a La;03 phase, whilst AC-90-La3-90
possesses both a La;03; and La(OH)s phase. From the XPS of AC-90-La3-90 (Table 4-8) there
was no evidence of an La(OH)3 phase, which may only indicate that the La(OH)3 phase identified
by XRD was not present at the surface of AC-90-La3-90 in sufficient quantities to be detected by
XPS. Furthermore, for AC-90-La3-90 the peaks were much broader than observed for AC-La3-
90, which strongly indicates that the La,03; and La(OH)3 phases were more amorphous than the
La;03 phase of AC-La3-90. The situation becomes more complicated where both La;03; and
La(OH)s phases are present, as many of the reflections observed in the diffraction pattern of

each overlap with one another [48].

101
101
002

110+ 101*
j\MwMWANWﬂHKMWwJH

102/201*

100*

Figure 4-17 ~ X-ray Diffraction Pattern of the Lanthanum Reference, shown the both La:03 and La(OH);
phases. The La(OH)s phase diffraction pattern is denoted by * after the peak assignment

The XRD pattern of both the acid washed La-meACs were very similar AC-90, with no peaks

other that those observed in the AC-90 are present. This does not necessarily indicate complete
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removal of the La;03 and La(OH)3 phases from the meAC, but it does suggest a high degree of its
removal, in agreement with the XPS data for the acid washed La-meACs (Table 4-8). This was
also the case for the Ce-meACs, with two major broad peaks being observed for the carbon
phase of the La-meACs was attributed to the 002 and 10 reflections (24° and 43° 26,
respectively). The 002 reflection indicating well structured graphitic domains, with the 10 peak
(100 and 101 overlapping peaks) due to lateral order within the graphitic domains [30-35].
There was no observable change in the intensity of the 10 reflection of the acid washed La-
meACs relative to AC-90, however, small increases in the intensity of the 002 reflection were
observed, possibly suggesting some small increase in the number of graphitic domains in the
acid washed La-meACs. Additionally, a peak was present at 27 26°, denoted as the MO peak,
arising from the diffraction of x-rays by amorphous metal oxides. This peak has been observed
in the diffraction pattern of most ACs produced in this thesis, and is particularly prominent in

the diffraction pattern of AC-90.

——AC-90 ——AC-La3-90-AW ——AC-La3-90 ——AC-90 —AC-90-La3-90-AW —AC-90-La3-90
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Figure 4-18 ~ X-ray Diffraction Pattern of La:03 Catalysed Physically Activated Carbons. Shown are the XRD
Patterns Highlighting the 002, 10 and MO Peaks for the AC Phase and the Peaks for the La:03/La(OH);
Phases (®) for A) AC-90, AC-La3-90 and AC-La3-90-AW, and B) AC-90, AC-90-La3-90 and AC-90-La3-90-AW

In summation there are clearly defined AC and La;03/La(OH)s; phases present in the La-meAC
composite materials. However, once acid washing had been undertaken, no identifiable La,03 or
La(OH)3; phases were detected, leaving on an AC phase with an XRD pattern that was essentially
identical to AC-90.
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4.4.3.2 Physical Structure of Lanthana Catalysed Activated Carbons
4.4.3.2.1 Gas Physisorption

The surface area and porosity of each AC was determined from the adsorption isotherms of N;
and CO; at 77 and 273 K respectively. The details outlining the analysis conditions used to
obtain the isotherms by the adsorption of the aforementioned gases onto the physically
activated meACs can be found in section 6.6.3.2.1, in addition to the models and equations used
for data analysis. The surface morphology of the La-meACs before and after catalyst removal are

shown in Table 4-11.

CO; Physisorption

The CO; adsorption isotherms taken at 273 K for the La-meACs were carried out on a TriStar Il
3020 instruments (Micromeritics), over a relative pressure range of 0-0.03. The CO; isotherms
for AC-La3-90, AC-La3-90-AW, AC-90-La3-90 and AC-90-La3-90-AW are presented in Figure
4-19. The DR-derived surface areas and micropore volumes calculated (equation 6-1) from

these isotherms are given in Table 4-11.

Table 4-11 ~ Surface Morphology of La;03 Catalysed Steam Activated meACs

Surface Area Pore Volume
Sample (m’/g) (cm’/8) Tru?
Name co, N, o, N, Den513ty
(g/cm’)
DR BET vmicrn vmir_‘ro Vmesn thal
VBC 148 - 0.05 - - - 1.40
AC-90 696 397 0.23 0.20 0.13 0.24 1.90
AC-La3-90 634 426 0.21 0.23 0.14 0.31 2.05
AC-La3-90-AW 664 329 0.22 0.18 0.09 0.24 1.83
AC-90-La3-90 727 545 0.24 0.29 0.24 0.40 2.04
AC-90-La3-90-AW 666 396 0.22 0.21 0.14 0.30 1.75

From the CO; physisorption study of the AC-La3-90/AC-La3-90-AW pair (Figure 4-194) it can
be seen that both the meACs possess similar micropore volumes, both to each other and to AC-
90 (Table 4-11). This indicates that either the La,03; phase possessed very little microporosity,

or that the micropore volume of the acid washed meAC was remarkably similar to that of the “as
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produced” La-meAC. Moreover, the CO; isotherms for both AC-La3-90 and AC-La3-90-AW were

quite similar across the whole relative pressure range tested (Figure 4-19A).

The effect that acid washing had on the La-meACs was much more pronounced from the CO;
isotherms of the AC-90-La3-90/AC-90-La3-90-AW pair (Figure 4-19B) than it was for the AC-
La3-90/AC-La3-90-AW pair (Figure 4-194). However, the observed differences in the CO;
isotherms were predominately at higher relative pressures (P/P, > 0.01), as such much less
significant differences were observed in micropore volumes determined (Table 4-11).
Moreover, the small degree of variation in the micropore volumes calculated for the AC-90-La3-
90/AC-90-La3-90-AW pair was strong evidence that the La;03 phase present within these La-
meACs possessed few micropores. This was in good agreement with the CO; physisorption
results for the AC-La3-90/AC-La3-90-AW pair, with little change in the micropore volume as a

result of acid washing to remove the La;03 phase.
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Figure 4-19 ~ CO; Adsorption Isotherms taken at 273 K for the La;03 Physically Activated Carbons. Shown
are the isotherms for A) AC-La3-90 and AC-La3-90-AW, and B) AC-90-La3-90 and AC-90-La3-90-AW

It is also important to keep in mind that as AC-90-La3-90 (and AC-90-La3-90-AW) were
produced using AC-90 as the parent carbon, which itself possessed a much more well developed
pore structure, which would have allowed for a greater dispersion of the La,03; phase across
both the micro- and mesopore region. As such pore blockage would be less likely to occur than
in the VBC derived AC-La3-90 and AC-La3-90-AW, as the VBC parent carbon possessed no

discernible well developed pore structure.
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Nz Physisorption

The N, adsorption-desorption isotherms taken at 77 K for the La-meACs and their acid washed
counterparts were taken over a P/Py range of 0-0.95, from which PSDs were determined using
the BJH method are shown in Figure 4-20. The BET surface areas and mesopore volumes being
given in Table 4-11, along with the limiting micropore volumes calculated using the DR

equation (section 6.6.3.2.1).
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Figure 4-20 ~ N; Adsorption Isotherms PSDs at 77 K for La Catalysed Steam Activated meACs. Shown are
the A) Isotherms for AC-La3-90 and AC-La3-90-AW, B) PSDs for AC-La3-90 and AC-La3-90-AW, C) Isotherms
for AC-90-La3-90 and AC-90-La3-90-AW, and D) PSDs for AC-90-La3-90 and AC-90-La3-90-AW

Discrepancies were observed between the CO; and N; physisorption data obtained for the La-
meACs with respect to the micropore volumes determined from the physisorption data,
similarly to that observed for the Ce-meACs. This can again be the result of one or all of the
three main potential phenomena that can cause such discrepancies to arise. Briefly, this can be
caused by interactions between the surface of the AC with CO, due to aspects of the surface
chemistry that do not affect the adsorption of N»; by the differences in the relative pressure

ranges investigated for each adsorbate; or by steric hindrances of N, by micropores with very
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small pore diameters (i.e. ultramicropores and supermicropores [39]). Regardless of the
discrepancies between the results from the two adsorbates, it is clear that overall the La-meACs
possessed larger micropore volumes compared to their analogous Ce-meACs (AC-Ce3-90/AC-

Ce3-90-AW and AC-90-Ce3-90/AC-90-Ce3-90-AW).

The N; isotherms of the La-meACs exhibited type IV isotherms with H4 hysteresis loops, which
is consistent with similar observations made for the Ce-meACs (Figure 4-8). The hysteresis
loops of the AC-La3-90 and AC-90-La3-90 isotherms achieved complete closure, which was also
observed for the “as produced” Ce-meACs. Conversely, the acid washed La-meACs never fully
achieved closure of their hysteresis loops, again this was also observed for the acid washed Ce-
meACs. In the case of the Ce-meACs this adsorption behaviour was attributed to LPH, resulting
from equilibrium not being achieved between the adsorbate and adsorbent over the micropore

region [36-38].

Furthermore, the effect that acid washing had on the N, adsorption and mesopore volumes, was
to significantly reduce both. This implies that a high proportion of the mesoporosity in the “as
produced” samples was due to the La;O3; phase itself, as mentioned in the CO; adsorption
section. It should also be noted that the total pore volume (combined micro- and mesopore

volumes) were the largest of all ACs presented in this thesis.

The PSDs of the La-meACs are a continuum; as such there was no clear distinction between
micro- and mesopore regions. For AC-La3-90 and AC-90-La3-90 as the PSDs approached the
lower pore diameters a clear increase was observed in micropore volume. For both the acid
washed La-meACs the pore volume increased less at smaller pore diameters than was observed
for the “as produced” La-meACs. This was due to low relative pressures not being able to be
obtained for the acid washed La-meACs compared to that achieved for the “as produced” La-
meACs. Furthermore, the increase in pore volume with increasing pore diameter for AC-La3-90
was not mirrored for AC-La3-90-AW. However, for the AC-90-La3-90/AC-90-La3-90-AW pair,
an increase in pore volume was observed with increasing pore diameter for both ACs. As
previously mentioned this has been mostly attributed to the removal of the La;03 phase, which

possessed its own inherent porosity in addition to taking up pore volume prior to its removal.

In short, the use of La;03 as a catalyst in the physical activation of VBC in an analogous manner
to AC-90 was unsuccessful, resulting in an AC with less developed micro- and mesopore
volumes. The La-meACs did possess a higher ratio of micro- to mesopore volume than AC-90,
however, the total mesopore volumes were only slightly higher for both the “as produced” and

acid washed La-meACs than AC-90 (Table 4-11).
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4.4.3.2.2 Transmission Electron Microscopy (TEM)

In order to observe futher details of the physical structure of the La-meACs, TEM was
undertaken on the La-meACs and their acid washed countparts. This was carried out on an JEOL
2100F FEGTEM microscope in addition to elemental mapping of C, O and La by EDX. The
micrographs and mapping for AC-La3-90, AC-La3-90-AW, AC-90-La3-90 and AC-90-La3-90-AW
are presented in Figure 4-21-Figure 4-24, respectively.

The TEM micrograph of AC-La3-90 (Figure 4-21A) showed it to be significantly amorphous,
interlaced with La;03 particles. The La;03 particles were clearly differentiated by the striated
structure of the particles, as compared to the CeO; particles, that possessed a more of mesh-like
architecture. From the La L edge elemental mapping of AC-La3-90, it can be seen that the La is
well dispersed throughout the particle being investigated. Moreover, the La;03 particles can be
seen to be concentrated within the particle as bright areas, which are presumably located
within the pore structure of the La-meAC particle (Figure 4-21B). Additionally, the bright areas
observed from the La 3d mapping of AC-La3-90 have analogous areas in the O K edge mapping
of AC-La3-90 (Figure 4-21C). These analogous areas between the mapping of the O K edge and

La L edge are a strong indication of the presence of LayOy, most likely present as La;0s.

Acid washing of AC-La3-90 resulted in a meAC (AC-La3-90-AW) that showed little visual signs
of a La;03 phase (TEM micrograph, Figure 4-22). The highly amorphous structure exhibited by
AC-La3-90-AW possessed no ordered graphitic domains, nor La;03 crystallites. However, the
elemental mapping of AC-La3-90-AW showed that some La still remained (Figure 4-22E). The
amount of La remaining was small, as can be seen by the intensity of La for the particle relative
to that of the background (Figure 4-22E). The background intensity of La shown for AC-La3-90-
AW (Figure 4-22E) is significantly higher than observed for AC-La3-90 (Figure 4-21E). Despite
the lack of observable graphitic domains, some ordering of the graphitic layer edges was

observed around the edges of the meAC particles.
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Figure 4-21 ~ Transmission Electron Micrograph and Elemental Mapping of La Catalysed Physically
Activated meAC AC-La3-90. Shown is A) High Magnification Electron Micrograph, La;0;3 particles (O, O),
B) Bright Field Image of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-edge,
and E) EDX Mapping of the La L-edge
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Figure 4-22 ~ Transmission Electron Micrograph and Elemental Mapping of La Catalysed Physically
Activated meAC AC-La3-90-AW. Shown is A) High Magnification Electron Micrograph, B) Bright Field Image

of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-edge, and E) EDX Mapping
of the La L-edge
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Figure 4-23 ~ Transmission Electron Micrograph and Elemental Mapping of La Catalysed Physically
Activated meAC AC-90-La3-90. Shown is A) High Magnification Electron Micrograph, La;0;z particles (O,O
,O), B) Bright Field Image of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-
edge, and E) EDX Mapping of the La L-edge
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Figure 4-24 ~ Transmission Electron Micrograph and Elemental Mapping of La Catalysed Physically
Activated meAC AC-90-La3-90-AW. Shown is A) High Magnification Electron Micrograph, B) Bright Field
Image of Mapped Particle, C) EDX Mapping of the C K-edge, D) EDX Mapping of the O K-edge, and E) EDX
Mapping of the La L-edge
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The TEM micrograph of AC-90-La3-90 (Figure 4-23) shows a meAC with much greater La
density than that of AC-La3-90, the distribution of La,03 particles is less diffuse and the particles
more strongly entrenched into the meAC structure. Upon mapping AC-90-La3-90 it can be seen
that the La;03 is much more concentrated within the particle structure. This was also observed
from the TEM analysis of AC-90-Ce3-90 (Figure 4-11), in both cases this is attributed to the fact
that the precursor was an AC, not the VBC and as such had already had a well defined pore
structure into which the metal salts could be impregnated. As was also observed for AC-La3-90
(Figure 4-21), the TEM of AC-90-La3-90 showed strong concentrations of La;03 particles from
the bright field image in Figure 4-23B. Moreover, the bright spots observed in Figure 4-23B
correlate well to concentrations of particles in the O K and La L edge mapping (Figure 4-23C

and Figure 4-23D, respectively).

The TEM micrograph of AC-90-La3-90-AW showed good similarity to its unwashed counterpart
(AC-90-La3-90, Figure 4-23) in that it possessed a condensed highly amorphous carbon phase,
with no visible signs of graphitic domains. Furthermore, the mapping of AC-90-La3-90-AW
revealed an ever weaker signal for La that was observed for AC-La3-90-AW (Figure 4-22),

indicating a higher degree of removal of the La,03 phase.

Overall, the TEM investigation of the La-meACs showed meACs with no significant well
structured carbon domains. Of the few structural features that were observed for the La-meACs,
most were due to the La;03 phase and not the carbon itself. This is particularly apparent for the

acid washed meACs, with no clearly observable structural features whatsoever.

4.4.4 Summary

For the “as produced” (non-acid washed) La-meACs derived from both VBC and AC-90 (AC-La3-
90 and AC-90-La3-90, respectively) exhibited substantial differences in the yield of La-meAC
produced. A lower yield was obtained for AC-90-La3-90 compared to AC-La3-90 is of little
surprise, as the same result was obtained for the Ce-meACs, being attributed to the reactive
nature of AC-90, having already had most of the volatile matter already removed. The bulk C
content of AC-90-La3-90 was higher than AC-La3-90 by 8.2 wt%, whilst the bulk O of AC-90-
La3-90 is lower than that of AC-La3-90 by 8.0 wt%. For both the “as produced” La-meACs, acid
washing resulted in an increase in the bulk C and massive decrease in the ash content. Along
with the increases in the bulk C content of AC-90-La3-90 relative to AC-La3-90, there was an
increase in the surface concentration of C of AC-90-La3-90, relative to AC-La3-90. Although the
overall surface O concentration was observed to decrease as a result of acid washing, this was

predominately due to the removal of the La;03; phase from the surface of the La-meACs (XPS,
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Table 4-8). Furthermore, the C-0-R groups were determined by XPS to by the most prominent
functional group on the surface of both the “as produced” and acid washed La-meACs. Further
investigation of the C-O-R groups observed from the XPS analysis of the La-meACs by NEXAFS
spectroscopy (Table 4-9), elucidated that the groups assigned to the C-O-R groups were
predominately due to hydroxyl groups. The increase in the distribution of hydroxyl groups as
determined by NEXAFS spectroscopy for the La-meACs relative to AC-90 showed there was
significant increase in the €3, C6, 04 and 07 peaks, all of which are assigned to hydroxyl groups
(Table 4-9), as was the case with the NEXAFS investigation of the Ce-meACs (Table 4-4)
relative to AC-90. In addition to the changes observed for the C-O-R groups as a result of the acid
washing of the La-meACs, there were significant increases in the surface concentration of C=0
groups (XPS, Table 4-8). Further investigation by NEXAFS spectroscopy as to the distribution of
functional groups assigned to the C=0 group from XPS, found that there was a relatively even

distribution of ketones and aldehydes (01 and 02 peaks, Table 4-9).

The Raman spectroscopy of the La-meACs (Table 4-10) showed that AC-90-La3-90 possessed
30% higher peak area for the § peak and a 3% lower peak area of the D peak, relative to AC-La3-
90. For AC-90-La3-90 there was also a decrease in the peak area of the A peak, with an
associated increase in the peak area of the G peak relative to AC-La3-90, suggesting an overall
increase in the order of the chemical structure of the carbon as a result of using AC-90 as the
parent carbon over VBC. It may seem somewhat irrelevant to point out the changes in the
chemical structure of the “as produced” La-meACs, rather than for the acid washed La-meACs.
However, despite the changes in bulk and surface C as a result of acid washing, there were no
significant changes in the chemical structure of either La-meAC as a result of acid washing, at
least not from the Raman spectroscopy. Moreover, as was the case with the Ce-meACs (Figure
4-6), the XRD patterns of the La-meACs (Figure 4-18) showed that the only major difference
between the “as produced” and acid washed La-meACs was the lack of any distinguishable
diffraction pattern for an La;03/La(OH); phases. Other than the evidence from the bulk and
surface composition, and XRD patterns suggesting significant removal of the La;03/La(OH)3
phases, TEM also strongly suggested this to be the case (Figure 4-21-Figure 4-24). This was
both observable from the TEM images themselves as well as the EDX elemental mapping for the
La 3d edge (Figure 4-21-Figure 4-24). Although an La(OH)3; phase was observed for AC-90-La3-
90, this phase is unlikely to interact with the CO, during the adsorption studies as no evidence
of this phase was observed by XPS and as such it is not present in sufficient amounts at the
surface to interact with CO,. The observation of an La(OH)s phase is indicative of incomplete
oxidation of the La precursor salt, and as this was only observed for AC-90-La3-90; which from
the TEM was shown to possess a highly segregated La;03 phase. As AC-La3-90 possessed a well
distributed La;03 phase with no evidence of a La(OH)s phase, which would indicate that the
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presence of an La(OH)3; phase in AC-90-La3-90 was due to incomplete oxidation of the La salt at
the centre of the La;03 phase.

In addition to higher bulk and surface C for AC-90-La3-90 relative to AC-La3-90, higher volumes
for micro- and mesopores were also observed (4Vmicro = 0.05 cm3/g and AVipeso = 0.10 cm3/g).
The differences in pore volume between AC-La3-90 and AC-90-La3-90 became much more
substantial upon acid washing, and thus removal of the La;03 phase from the meAC (Table
4-11). AC-La3-90-AW possessed a slightly higher micropore volume than AC-La3-90 (4Vmicro =
0.01 cm3/g), as a result of acid washing. Whereas the mesopore volume of AC-La3-90-AW had
decreased by a third, compared to AC-La3-90 (4Vpmeso = 0.03 cm3/g). The changes in pore volume
for AC-90-La3-90-AW as a result of the acid washing were significantly greater than those
observed for the AC-La3-90/AC-La3-90-AW pair. The decreases in pore volume for both sets of
La-meACs as a result of the acid washing has been attributed to a loss in pore volume possessed
by the La;03 phase, and to an actual decrease in the pore volume of the meACs themselves. This
was also the case for the Ce-meACs, however, in the case of the La-meACs acid washing also
resulted in considerable decrease in the ash content of the meACs. This could potentially have
resulted in some of the pore structure having also collapsed, as the ash could have been well

ingrained into the carbon structure.

The use of La;0;3 in the catalysed physical activation of VBC and AC-90 resulted in meACs that
possessed a higher ratio of mesopores to micropores, but were inferior in many respects to AC-
90. The surface chemistry was shown to potentially possess similar attributes that could make
them well suited for PEI impregnation, however, due to the lower than desired mesopore
volumes their usefulness as support materials may show to outweigh any advantages. How
these meACs fare in the separation of CO; from flue gas stream will be the focus of the following

chapter (chapter 5), as both acid washed meACs and as supports for PEl impregnation.

4.5 Amine Modified Activated Carbons

Amine-modification of solid adsorbents has been shown to significantly increase the selectivity
of adsorbents towards CO,. However, many mesoporous adsorbents commonly used (e.g. SBA-
15, MCM-41) are likely to be costly to produce on a large scale. As such the use of coal derived
ACs with a reasonable degree of mesoporosity may enable such amine-modified adsorbents to

be more industrially viable.

Unlike their silica analogues, the meACs produced in this work possess significantly lower

mesopore volumes. This has been attributed to the semi-rigid structure of brown coal, and an
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inability to truly drive the formation of mesopores without over gasifying the parent material to

produce something akin to fly ash.

Several ACs produced in this work (AC-90, AC-Ce3-90-AW, AC-90-Ce3-90-AW, AC-La3-90-AW
and AC-90-La3-90-AW) were identified as potential candidates to be used as supports for

impregnation with an amine-based polymer, PEL

4.5.1 Amine-modification of Activated Carbons

The full details of the modification procedure used can be found in section 6.5. Briefly, the ACs
selected for impregnation with PEI (AC-90, AC-Ce3-90-AW, AC-90-Ce3-90-AW, AC-La3-90-AW
and AC-90-La3-90-AW) were dispersed in methanol (MeOH), then mixed with a PEI-MeOH
solution via sonication at ambient temperature for 2 h. The MeOH was then removed via rotary
evaporation and the PEI-AC composites dried in a vacuum oven at 333 K for 48 h to remove any
volatile low molecular weight PEIL. The PEI loading was done on a 90% pore volume basis, and
the samples were given the suffix 90PEI-R prior to the vacuum treatment and 90PEI-VT after

the vacuum treatment.

4.5.2 Composition of Amine Modified Activated Carbons

The compositions of the PEI-AC materials are presented in Table 4-12. Both the elemental and
ash contents were determined using the same methods used elsewhere in this thesis (CHN and
TGA respectively). In addition to the elemental composition and ash content of these materials,
those of their non-modified counterparts are also presented in Table 4-12. The most important
feature of Table 4-12, is the nitrogen content of the PEI loaded ACs and their non-modified
counter parts. Particular attention should also be focused on the second column of nitrogen data
for the PEI-AC composites. This value is the “adjusted nitrogen” (N*), which takes into account
the nitrogen already present in the parent AC (prior to PEI impregnation). This is calculated by
subtracting the nitrogen present in the support carbon from the PEI-AC, such that only the
nitrogen introduced as a result of the PEI impregnation is determined. The importance of this
value will become apparent later (section 5.6.2), as it allows for the “amine efficiency” to be

determined according to equation 6-10 (section 6.6.4).

The most important thing to make note of regarding the compositional results of the PEI-AC
composites and their supports (Table 4-12) are the changes in the nitrogen (both absolute and
adjusted) and hydrogen content. Both nitrogen and hydrogen significantly increased with PEI

loading, however, the true indication of the increase in nitrogen as a result of PEI impregnation
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is also shown in Table 4-12 as the “adjusted nitrogen” concentration. Furthermore, as the
nitrogen and hydrogen content had increased through the impregnation of PEI, consequent
decreases in carbon, oxygen and ash contents would be expected. This is indeed what is
observed, however, no actual change in the elemental composition of the support carbons has
actually occurred. It is also interesting to note the difference in bulk N between AC-90-90PEI-R
and AC-90-90PEI-VT, which indicates the degree of PEI loss that has occurred as a result of the

vacuum treatment used to remove the low molecular weight PEIL.

Table 4-12 ~ Composition of Amine Modified & Non-modified Activated Carbons

Elemental Analysis (wt%, dafb)

Sample H:C Ash

Name C H N N’ 0 Ratio (wi%o)
VBC 61.4 44 0.6 - 33.5 0.86 0.4
AC-90 82.2 1.3 0.7 - 15.7 0.1% 6.4
AC-90-90PEI-R 741 4.2 8.1 7.4 13.4 0.68 3.6
AC-90-90PEI-VT 77.5 3.3 6.9 6.1 12.3 0.51 3.6
AC-Ce3-90-AW 78.6 1.5 0.8 - 19.1 0.23 5.3
AC-Ce3-90-90PEI-VT 77.0 31 5.5 4.7 14.4 0.49 1.5
AC-La3-90-AW 87.8 1.5 1.0 - 9.7 0.20 0.9
AC-La3-90-90PEI-VT 80.7 3.6 7.0 6.1 8.7 0.54 0.5
AC-90-Ce3-90-AW 84.0 1.6 0.7 - 13.7 0.23 3.6
AC-90-Ce3-90-90PEI-VT 767 4.3 8.9 8.2 10.1 0.67 11
AC-90-La3-90-AW 85.5 1.7 0.8 - 12.0 0.23 0.3
AC-90-La3-90-90PEI-VT 791 4.0 7.9 7.1 9.0 0.60 0.0

* Adjusted nitrogen, the nitrogen present within the PEf only

4.5.3 Structure of Amine Modified Activated Carbons

Due to concerns with the vacuum stability of the PEI loaded ACs, no electron microscopy studies
were undertaken to determine their surface morphology. Furthermore, as impregnation with

PEI would have had no effect on the AC structure, Raman spectroscopy was not carried out on
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the PEI-AC composites. With the above considerations taken into account, gas physisorption

was the only technique used for elucidation of the structure of the PEI loaded ACs.

4.5.3.1 Physical Structure of Amine Modified Activated Carbons
4.5.3.1.1 Gas Physisorption

In addition to the above mentioned complications with structure analysis methods only N
physisorption was undertaken in order to determine the pore structure of the PEI loaded ACs.
The use of CO, was avoided as even at 273 K, some chemisorption would inevitably occur,
greatly skewing the results. The results for the N, physisorption over PEI-AC composite
materials at 77 K are presented in and the mesopore and total pore volumes derived from these

presented in Table 4-13.

Table 4-13 ~ Surface Area & Pore Volume of PEI-AC Composites & Their Carbon Supports

Surface Area Pore Volume
L (m?/g) (em*/8)
Name
DRo; BETy, Vinicra Vinesa Viotal

VBC 148 - 0.05 - -
AC-90 646 397 0.21 0.13 0.24
AC-90-90PEI-R - 0.3 - 0.00 0.00
AC-90-90PEI-VT - 0.3 - 0.00 0.00
AC-Ce3-90-AW 570 300 0.18 0.07 0.19
AC-Ce3-90-90PEI-VT - 0.2 - 0.00 0.00
AC-La3-90-AW 655 329 0.21 0.09 0.24
AC-La3-90-90PEI-VT - 0.0 = 0.00 0.00
AC-90-Ce3-90-AW 702 418 0.23 0.16 0.31
AC-90-Ce3-90-90PEI-VT - 1.1 - 0.00 0.00
AC-90-La3-90-AW 657 396 0.21 0.14 0.30
AC-90-La3-90-90PEI-VT - 1.2 - 0.00 0.00
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The pore morphology of the carbon supports were presented earlier in this chapter, but are
presented here again in Table 4-13 for the purpose of comparison. From Table 4-13 it can be
seen that upon the introduction of PEI to the carbon support, that both the surface area and
pore volume become substantially reduced. Essentially there is no surface area or pore volume
remaining in the resulting PEI-AC composites. Since the carbon supports were impregnated

with PEI on a 90% pore filling basis, this is in line with expectations.

4.6 Chapter Summary and Closing Remarks

In this chapter it was shown that ACs possessing desirable pore characteristics were able to be
produced from VBC and AC-90. This was accomplished through the use of lanthanide (Ln)
oxides (LnxOy, where Ln is Ce and La) to catalyse the partial oxidation reactions responsible for
pore development. Furthermore, methods were developed for the removal of the lanthanide
oxides, without severe degradation to the structure of the carbons themselves, something that
has never been reported in the literature [8, 40]. In the closing discussion to this chapter, the
primary focus will be on the comparison of the physicochemical characteristics of the acid

washed CeO; and La;03 catalysed physically activated meACs derived from both VBC and AC-90.

Almost all of the acid washed Ln-meACs possessed a bulk C content several percent higher than
AC-90, with the sole exception being AC-Ce3-90-AW (Table 4-14). On the other hand the bulk O
content of the acid washed meACs varied over a range (40pui =9.5-19.5 wt%) relative to that of
AC-90 (Opui = 15.7 wt%). Interestingly the H/C ratio of the acid washed Ce-meACs (~0.23) show
no significant level of variation as a function of which carbon precursor was used. Whilst AC-90-
La3-90-AW also possessed a H/C ratio of 0.23, AC-La3-90-AW only possessed a H/C ratio of 0.20
(Table 4-14). The surface chemistry of the Ln-meACs showed them to possess surface O
concentrations that were lower than AC-90. The decrease in surface O content of the meACs
relative to AC-90 by XPS (Table 4-14), were attributed to decreases in all major oxygenated
functional groups on the AC surface (C=0, C-O-R and COO-R).

The most prominent decreases in the oxygenated functional groups detected by XPS were
observed for the C-O-R groups. Interestingly from the NEXAFS spectroscopy investigation of
these groups for the Ln-meACs, there was a significant shift in the distribution of both ether and
hydroxyl groups relative to that observed for AC-90 (Table 4-4 and Table 4-9 for the Ce-meACs
and La-meACs, respectively). As such there may have been little overall change in the hydroxyl
group content, and thus the decrease in the C-O-R groups from the XPS of these meACs can be

mostly attributed to decreases in the ether content of the meAC surface, relative to AC-90. This
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potential lack of a change in the hydroxyl group content should act to maintain the strong

affinity of the meAC surface to both CO; and PEI that was also possessed by AC-90 [12, 13].

Table 4-14 ~ Characterisation Summary Table for meACs and PEI-AC Composites

Bulk Composition Surface Composition Structural Morphology
Elemental Analysis Contentration Surface Area Pore Volume
Sample (wt%, daf) H/C  Ash (at%) (m*/g) (cm’/g) D::;:ty
Ratio (wt%) Viicro 3
C H N N Oy c 0 N DR BET —— Voo Viera /™)
€0, Ny

VCB 614 44 0.6 - 335 086 0.4 - - - 148 = 0.05 - - 1.40
AC-90 822 13 07 - 157 019 64 902 92 07 696 397 023 020 0.13 0.24 1.90
AC-Ce3-90 816 1.1 11 - 163 016 92 911 79 05 614 450 020 023 016 0.32 192
AC-Ce3-90-AW 786 15 08 - 191 023 53 917 76 06 616 300 020 017 0.07 0.19 1.77
AC-90-Ce3-90 745 13 07 - 235 021 118 917 68 09 792 458 0.26 024 0.16 0.35 2.03
AC-90-Ce3-90-AW 840 16 07 - 137 023 36 932 65 04 707 418 0.23 022 0.16 031 1.82
AC-La3-90 747 14 08 - 231 022 91 880 98 07 634 426 021 023 014 031 2.05
AC-La3-90-AW 878 15 1.0 - 97 020 09 929 67 04 664 329 022 0.18 0.09 0.24 1.83
AC-90-La3-90 829 11 08 - 151 016 82 907 75 11 727 545 0.24 029 0.24 040 2.04
AC-90-La3-90-AW 855 1.7 08 - 120 023 03 929 69 0.2 666 396 022 021 014 0.30 1.75
AC-90-90PEI-R 741 42 81 74 134 068 3.6 - - - - 0.3 - - 0.00 0.00 -
AC-90-90PEI-VT 775 33 69 61 123 051 3.6 - - - - 0.3 - - 0.00 0.00
AC-Ce3-90-90PEI-VT 77.0 3.1 55 47 144 049 1.5 - " 0.2 " ” 0.00 0.00
AC-90-Ce3-90-90PEI-VT 76.7 43 89 82 101 067 1.1 m " " " 11 = - 0.00 0.00
AC-La3-90-90PEI-VT 80.7 36 7.0 61 87 054 0.5 - - - - 0.0 - - 0.00 0.00 -
AC-90-La3-90-90PEI-VT 79.1 4.0 7.9 7.1 9.0 060 0.0 - , = = 12 . & 0.00 0.00 -

* Adjusted nitrogen, the nitrogen present within the PE{ only

The decreases in the COO-R peaks showed from the XPS of the Ln-meACs relative to AC-90, was
also mirrored in the NEXAFS spectroscopy investigation by decreases in the €7 and 05 peaks
(Table 4-4 and Table 4-9). This could result from conversion of the carboxylic acid groups to

anhydrides, a commonly known reaction to occur between H,SO4 and carboxylic acids [49].

For the C=0 peaks observed from the XPS investigation of the Ln-meACs there is a great deal of
variation in the quantification across both series, although never exceeding the quantity present
for AC-90 (Table 4-8). From the NEXAFS investigation of AC-90 the distribution of aldehyde and
ketone groups (01 and 02, respectively) was shown to favour a higher concentration of ketones

on the surface. Conversely in the case of the two 3 wt% loaded Ce-meACs. As these groups exert
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the most minor effect on the affinity of the AC surface towards both CO; and PE], the changes in

their distribution are not expected to exert any effect of major significance.

The variation in the chemical structure of the Ln-meACs as determined by Raman spectroscopy
relative to one another were relatively minor, with the VBC derived La-meACs showing a similar
pattern of change in chemical structure as was observed for both the Ce-meACs. On the other
hand, the AC-90-La3-90/AC-90-La3-90-AW pair exhibited little change in the amount of
disordered graphitic carbon (§ and D), whilst exhibiting a decrease in ideal graphitic carbon (G)
and an increase in amorphous carbon (4). This was in with the changes in the chemical
structure of the other Ln-meACs as a result of acid washing, being predominately a decrease in
amorphous carbon, with an associated increase in disordered graphitic carbon; and no overall
change in ideal graphitic carbon. The observed changes in the S, D and A peaks from the Raman
spectroscopy of the Ln-meACs relative to AC-90, indicate an overall increase in the level of order
within the carbon structure of the Ln-meACs relative to AC-90 (Table 4-5 and Table 4-10).
Similarly, the XRD investigation of the Ln-meACs relative to AC-90 showed only very minor
differences, with the meACs possessing slightly elevated 002 peaks (Figure 4-6 and Figure
4-18), assigned to parallel graphitic domains. The slight increase in the 002 peak from XRD is in
good agreement with the small increases in the area of the D peak observed from the Raman
spectroscopy of the same meACs. As such, the changes observed in both the Raman
spectroscopy and XRD showed an overall increase in the chemical structure of the carbons
within the meACs relative to AC-90, as an increase in graphitic domains within the Ln-meACs.
Despite the clear results indicating changes in the chemical structure of the acid washed Ln-
meACs from Raman spectroscopy and XRD relative to AC-90, no clear visual observations of
changes of this type were made from the TEM investigation of these meACs relative to AC-90
(Figure 4-9-Figure 4-12 and Figure 4-21-Figure 4-24 for the Ce-meACs and La-meACs,

respectively).

The pore structure of the meACs was investigated by gas physisorption using both CO; and N;
gases as adsorbates (refer to section 6.6.3.2.1 for details), the results of which are presented in
the Table 4-14. From Table 4-14, it can clearly be seen that the amount of both CO; and N;
physisorbed over the AC-90 derived Ln-meACs was significantly higher than that observed for
the VBC derived meACs. Moreover, the increased adsorption of the AC-90 derived Ln-meACs
was higher than the VBC derived Ln-meACs regardless of which lanthanide oxide was used as
catalyst. This makes a great deal of sense, as the AC-90 derived Ln-meACs had undergone two
rounds of activation and, as such, would be expected to possess and more well developed pore

structure.
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The changes in the CO; physisorption from the acid washing of the VBC derived Ln-meACs were
relatively minor (Table 4-14), and the changes in the micropore volumes determined using this
method also showed little variation with acid washing. More substantial changes were observed
as a result of acid washing in the N, physisorption data of the VBC derived meACs. These
changes took on the form of significant decreases in both the micro- and mesopore volumes
determined. The decreases in the micropore volume were quite significant, but were
substantially smaller than the decreases observed in the mesopore volumes as a result of acid
washing. From the TEM-EDX mapping of the “as produced” Ln-meACs the distribution of both
lanthanide oxides was shown to be low for the AC-90 derived materials, whilst the lanthanide
oxides were shown to be well distributed for both the VBC derived materials (Figure 4-9-
Figure 4-12 and Figure 4-21-Figure 4-24 for the Ce-meACs and La-meACs, respectively). As
such, it can be expected that the removal of the well distributed lanthanide oxides could likely
result in some degradation of the pore structure. Furthermore, as is the case for all the “as
produced” Ln-meACs, the lanthanide oxide phase will itself exhibit significant porosity,

possessing a wide PSD [7, 26, 44-46].

Unlike the VBC derived Ln-meACs, there were quite significant differences between the AC-90
derived meACs depending on which lanthanide oxide was used as the catalyst (Table 4-14). For
both the AC-90 derived Ln-meACs significant decrease in CO, physisorption was observed
(relative to AC-90), as such reductions in the surface area and micropore volumes calculated
from it were also observed. From the N; physisorption data there were almost insignificant
decreases in both micro- and mesopore volumes of the AC-90-Ce3-90/AC-90-Ce3-90-AW pair as
a result of acid washing. On the other hand the N; physisorption data of the AC-90-La3-90/AC-
90-La3-90-AW pair indicated that acid washing had a significant affect both the micro- and
mesopore volumes (Table 4-14). However, both the micro- and mesopore volumes of AC-90-
La3-90 determined by N physisorption were the highest for any meAC reported. Even with the
significant decreases in pore volume observed, AC-90-La3-90-AW still possessed micro- and

mesopore volumes similar to AC-La3-90-AW.

On the basis of the favourable surface chemistry and pore structure of the acid washed Ln-
meACs, these Ln-meACs were chosen for further study as carbon supports of PEI. Furthermore,
the use of these Ln-meACs allowed for the effect of parent carbon on the capability of the
support materials to also be investigated, as well as the effect of which lanthanide oxide was

used.

As was noted earlier in this chapter, the loading of PEI into the Ln-meACs was done on a 90
vol%, on a pore loading basis. This was confirmed to have been successful from the substantial

decreases in the surface area and pore volume of the PEI-AC composites relative to their AC
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supports as determined by N; physisorption (Table 4-14). Furthermore, substantial increases
in the bulk N and H content of the PEI-AC composites were observed relative to their respective

Ln-meAC supports, from the CHN analysis of their bulk composition (Table 4-14).

In closing ACs were able to be produced with favourable pore structure and surface chemistry
for use as supports for PEL Several of these were chosen for further study and impregnated
with PEI on a 90 vol% on a pore filling basis, which was shown to be seemingly successful. In
the following chapter (Chapter 5) all the lanthanide oxide catalysed physically activated meACs,
their acid washed counterparts and the PEI-AC composites were tested for their ability to
separate CO; from simulated flue gas mixtures using PPSA in the same manner as was

conducted in Chapter 3, and outlined in section 6.6.4 of Chapter 6.
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Gas Separation by Mesoporous

and Amine Modified Carbons

5.1 Introduction

In Chapter 4, mesoporous ACs (meACs) were produced by the lanthanide oxide (LnxOy, where
Ln is Ce or La) catalysed physical activation of VBC and AC-90 (a VBC derived AC). Several of
these materials were found to have desirable or interesting characteristics that warranted
further investigation for their potential to become supports for PEl. The meACs were produced
by one of two methods that differed with respect to the stage at which the catalyst precursor
was introduced to the carbon precursor (see Table 5-1). In the first method, catalyst precursors
were directly impregnated into VBC prior to steam activation (90 min). In the second method,
catalysts precursors were impregnated into the already steam activated AC-90, and were
subjected to another 90 min round of steam activation. In essence, the materials produced using
the first method were the “catalysed analogues” of AC-90, while materials produced using the
second method employed AC-90 as the parent material. Therefore in the current chapter, AC-90
is used as the benchmark for comparison of the Ln-meAC materials. The catalysts used for
mesopore development were removed post-synthetically by concentrated sulphuric acid
(H2S04). The results presented in the following sections relate to the Ln-meACs before (as

produced) and after acid washing (acid washed).

The primary aim of the current chapter is to establish a basic understanding of the CO;
adsorption behaviour of the meACs, for use in studying the adsorption properties of the PEI-AC
composite materials. For reference, Table 5-1 provides a summary of the meACs presented in
Chapter 4 that are considered in this chapter (section 5.3 and section 5.4). In Chapter 1
(section 1.7.3) it was reported for PEI-SiO, composites, that increases in CO; adsorption were
observed in the presence of H20. Similar behaviour was expected using the PEI-AC composites
characterised in Chapter 4 (AC-Ce3-90-90PEI, AC-90-Ce3-90-90PEI, AC-La3-90-90PEI and AC-

90-La3-90-90PEI). A secondary aim of the research presented in this chapter is to assess the
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changes in CO; adsorption behaviour brought about by loading the meACs with PEIL In
particular, single cycle adsorption studies, under both wet and dry gas conditions, were
undertaken in order to look for evidence of carbonate formation and subsequently increased

CO; capacity under humid gas conditions.

Table 5-1 ~ Index of Mesoporous Activated Carbons Studies in this Chapter

Catalyst

Sample Name Pfj::r?st:}r Catalyst Loadi rg Wgzi?e d
(wt%)
AC-Ce3-90 VBC Ce0, 3 No
AC-Ce3-90-AW VBC CeO, 3 Yes
AC-90-Ce3-90 AC-90 CeO, 3 No
AC-90-Ce3-90-AW AC-90 CeO, 3 Yes
AC-La3-90 VBC La,04 3 No
AC-La3-90-AW VBC La, 0, 3 Yes
AC-90-La3-90 AC-90 La;04 3 No
AC-90-La3-90-AW AC-90 La, 0, 3 Yes

* wt%, on a metal loading basis

5.2 Partial Pressure Swing Adsorption (PPSA)

Having fully characterised and developed a good understanding of the Ln.O, catalysed
physically activated carbons presented in Chapter 4, the following sections assess the CO;
adsorption properties of the materials. Adsorption isotherms are used to understand the
adsorption behaviour of the meACs as a function of increasing CO; partial pressure; whereas the
multi-cyclic studies were undertaken in order to determine the working capacity (equation
6-11) at different temperatures under the same CO; partial pressure conditions of a VSA cycle,
and to also determine the stability of the adsorption over multiple cycles. As the meACs were
themselves not intended to be adsorbents, but rather as supports for PEI, competitive

adsorption studies in the presence of wet gas where not investigated for them.
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5.3 Ceria Catalysed Physically Activated Carbons

5.3.1 Differential-step CO: Adsorption

In this section, adsorption pseudo-isotherms constructed from differential-step CO. dosing
experiments performed at 293, 333 and 363 K, for the Ce catalysed physically activated carbons
are presented and discussed. The pseudo-isotherms obtained for AC-Ce3-90, AC-Ce3-90-AW,
AC-90-Ce3-90 and AC-90-Ce3-90-AW are shown in Figure 5-1A-D, respectively. In all cases, the
pseudo-isotherms obtained for AC-90 under equivalent analytical conditions are presented as a
reference, since the meACs presented here were either “catalysed analogues” of AC-90 (e.g. AC-

Ce3-90) or were directly prepared from it (e.g. AC-90-Ce3-90).

From the adsorption pseudo-isotherms of AC-Ce3-90 (Figure 5-1A) is can be observed that at
CO; partial pressures less than 5 kPa; at all temperatures, that AC-Ce3-90 possessed similar
adsorption behaviour to AC-90, of which it is a “catalysed analogue”. At CO, partial pressures
greater than 15 kPa AC-Ce3-90 exhibits similar adsorption behaviour to AC-90 at 333 K and 363
K, but significant deviation from AC-90 is observed at 293 K. This behaviour might normally be
attributed to the similar pore overall micropore volume of AC-Ce3-90 to that of AC-90 (Table
4-6). However, from the literature several investigations have shown that, even at ambient
temperature CeO; exhibits an affinity for CO2, and thus may also explain the obscured CO;
adsorption results [1-4]. In recent works by Kamimura et al. it was observed that CO;
adsorption over mesoporous CeQ; in the presence of water resulted in the formation of
carbonates [1, 2]. The surface chemistry of AC-Ce3-90 differs significantly to that of AC-90 (XPS,
Table 4-3), specifically with respect to the content and distribution of surface O groups.
However, this is to be expected due to the presence of the surface Ce-0O phase on AC-Ce3-90, not
present on the surface of AC-90. These differences in the distribution of surface O groups could
also partially account for the slightly decreased adsorption observed. To fully understand the
effect of CexOy on the affinity of the Ce-meACs for CO2, would require detailed adsorption studies
of CO; over CexOy under the same conditions applied here, but this was beyond the scope of this
project. It was difficult to make a direct comparison between the CO, adsorption results of the
“as produced” and the acid washed Ce-meACs due to the obscuring effects of CeO,. It is also
possible that at least some of the observed decrease in CO; adsorption that occurred as a result
of the acid washing procedure was due to removal of the CeO; phase and its innate capacity for

CO2 [1-4].
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Figure 5-1 ~ CO; Adsorption Pseudo-Isotherms for CeO; Catalysed Physically Activated Carbons, taken via
PPSA at 293, 333 & 363 K. Shown are A) AC-Ce3-90, B) AC-Ce3-90-AW, C) AC-90-Ce3-90, and D) AC-90-Ce3-
90-AW

The most significant feature of the adsorption pseudo-isotherms of AC-Ce3-90-AW (Figure
5-1B) are the significant decreases in CO; adsorption at all temperatures and CO; partial
pressures, relative to AC-Ce3-90. This can be associated with the decrease in both the micro-
and mesopore volume resulting from the removal of the Ce Oy and its inherent porosity (Table
4-6). A small increase was observed in the surface concentration of C=0, C-0O-R and COO-R
groups for AC-Ce3-90-AW relative to AC-Ce3-90, which might be expected to result in an
increase in the CO; affinity of the AC surface (XPS, Table 4-3 and NEXAFS, Table 4-4) [5, 6]. As
substantial amounts of Ce-O were removed from the surface, the adsorption sites that were
blocked by CeO; became available for adsorption; this would probably account for the increases
in surface C=0, C-0-R and COO-R groups. However, relative to AC-Ce3-90, a decrease in CO;
adsorption has been observed. This is attributed to the decrease in micropore volume, which, in
this case is clearly more important than the increase in the concentration in surface O groups

(Table 4-6). Relative to AC-90, AC-Ce3-90-AW possesses lower surface concentrations of C=0,
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C-O-R and COO-R groups (Table 4-6), in addition to possessing lower micro- and mesopore
volumes; both of which will have acted to decrease the adsorption of CO, for AC-Ce3-90-AW
relative to AC-90.

The adsorption pseudo-isotherms for AC-90-Ce3-90 (Figure 5-1C) at all temperatures were
similar to those obtained for AC-Ce3-90. This is not entirely surprising, as both Ce-meACs
possess similar pore volumes (Table 4-6) and surface chemistry (XPS, Table 4-3). The
differences in the differential-step adsorption behaviour of AC-90-Ce3-90 relative to AC-90 can
be better explained in terms of the pore structure of the ACs. This was due to complications
arising from directly attributing adsorption phenomena to aspects of the surface chemistry on
account of the surface Ce,Oy phase. On the basis of the N, physisorption data, there is little
difference in the pore structure of AC-90-Ce3-90 and AC-Ce3-90. However, on the basis of the
CO; physisorption data AC-90-Ce3-90 possesses a larger micropore volume than either AC-Ce3-
90 or AC-90, yet it exhibits lower CO; adsorption than either AC. The surface Ce-O phase of AC-
90-Ce3-90 may mask the detection of surface functional groups by x-rays used for XPS. For
these similar samples (since both contain Ce) the differences in surface chemistry may be used
to explain the differences observed in the differential-step adsorption of AC-Ce3-90 and AC-90-
Ce3-90. The surface concentration of the Ce-O phase on AC-90-Ce3-90 was twice that observed
on the surface of AC-Ce3-90. Therefore, more potential adsorption sites may have been
inaccessible on the surface of AC-90-Ce3-90 than for AC-Ce3-90, on account of a greater amount

of Ce0; covering the surface.

The adsorption pseudo-isotherm for AC-90-Ce3-90-AW (Figure 5-1D) at 293 K significantly
deviated from that of AC-90-Ce3-90 (Figure 5-1C) under the same conditions. The acid washed
sample exhibited lower CO, adsorption relative to AC-90-Ce3-90, which can predominately be
attributed to decreases in its micropore volume as a result of acid washing. The changes in the
surface chemistry of AC-90-Ce3-90-AW relative to AC-90-Ce3-90 were similar to those observed
by acid washing for the AC-Ce3-90/AC-Ce3-90-AW pair. In both cases the changes in surface
chemistry were predominately the result of removing the surface CeiO, phase. The
concentration of C-O-R groups on the surface of AC-90-Ce3-90-AW was significantly lower than
AC-90 (XPS, Table 4-3), whilst the NEXAFS analysis (Table 4-4) showed a significant shift in the
distribution of hydroxyl and ether groups. AC-90-Ce3-90-AW possessed a much higher
proportion of hydroxyl groups to ether groups, relative to those observed on the surface of AC-
90. As hydroxyl groups have a greater affinity for CO, than ethers, this might be expected to
increase the affinity of the meAC surface towards polar gases, such as CO; [5, 6]. The difference
in the distribution of C-O-R groups on the surface of AC-90-Ce3-90-AW relative to AC-90 was

clearly more significant for CO, adsorption than the similar shift in the distribution of ether and
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hydroxyl groups observed for AC-Ce3-90-AW relative to AC-90. Moreover, the effect that acid
washing of AC-90-Ce3-90 had on the resulting decrease in micropore volume, was much smaller
than in the case of the AC-Ce3-90/AC-Ce3-90-AW pair (Table 4-6). This is with the higher
adsorption of CO2 over AC-90-Ce3-90-AW relative to AC-Ce3-90-AW. As was noted for AC-Ce3-
90, the decrease in CO; adsorption observed could be partially accounted for by the removal of

the CeOy; which has been shown to possesses CO; adsorption properties in the literature [1-4].

5.3.2 Multi-cyclic CO: Adsorption

The CO; adsorption behaviour of the CeO; catalysed physically activated carbon materials were
also examined under multi-cyclic conditions, cycling between CO; partial pressures of 5-15 kPa,
at 293, 333, and 363 K. This was undertaken in order to investigate the adsorption behaviour
under CO; partial pressure conditions proposed for use in a VSA process [7]. Figure 5-2A-D
shows the results obtained from the multi-cyclic studies using AC-Ce3-90, AC-Ce3-90-AW, AC-
90-Ce3-90 and AC-90-Ce3-90-AW, respectively. As was the case for the isothermal studies of the
Ce catalysed physically activated carbons, AC-90 was used as a reference material under
equivalent conditions. The working capacities calculated (equation 6-11) from Figure 5-2 and

are presented in Table 5-2.

Unlike the multi-cyclic dosing studies presented in chapter 3 (section 3.3.2, section 3.4.2 and
section 3.5.2), heats of adsorption were not calculated for any of the materials presented here
in chapter 5. The main reason for this was due to instrumentation issues which arose at the
time of the measurements; also, it was not further pursued as the purpose of the meACs was not

so much to use them as physisorbents, but rather as supports for PEI.

The working capacities for AC-Ce3-90 (Table 5-2) calculated from the multi-cyclic adsorption
studies (Figure 5-2A) were in the higher range obtained out of all meACs at each temperature.
From the N; physisorption data AC-Ce3-90 exhibited higher micro- and mesopore volumes than
AC-90; however from the CO; physisorption data of AC-Ce3-90 it was shown to possess a lower
micropore volume to AC-90 (Table 4-6). This situation is likely due to interactions between CO;
and the surface functionality of AC-90, whilst many of the strongly binding functional groups

that may be present on the surface of AC-Ce3-90 are inaccessible due to the surface Ce-O phase.
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Figure 5-2 ~ VSA Simulations for CeO; Catalysed Physically Activated Carbons, taken via PPSA at 293, 333 &
363 K. Shown are A) AC-Ce3-90, B) AC-Ce3-90-AW, C) AC-90-Ce3-90, and D) AC-90-Ce3-90-AW

Acid washing AC-Ce3-90 to produce AC-Ce3-90-AW resulted in a significant decrease in the
multi-cyclic adsorption observed for AC-Ce3-90-AW at all temperatures (Figure 5-2B). This is
likely due to both the decrease in the micro- and mesopore volume of AC-Ce3-90-AW relative to
AC-Ce3-90 (Table 4-6), and the changes in surface chemistry of AC-Ce3-90-AW relative to both
AC-Ce3-90 and AC-90. Although the working capacities determined (Table 5-2) from the multi-
cyclic studies of AC-Ce3-90-AW (Figure 5-2B) are not significantly different from those
calculated from the differential-step adsorption studies (Figure 5-1B), the total amount of CO;
adsorbed at both 5 kPa and 15 kPa was greater under the multi-cyclic adsorption conditions.
This finding is attributed to the pre-dosing protocol used in the multi-cyclic experiments (refer
section 6.6.4.2), which permits a greater amount of CO; to equilibrate on the sample prior to
commencement of the cycling (refer section 6.6.4.1). Of the changes in the surface chemistry of
AC-Ce3-90-AW that were observed from the XPS (Table 4-3) relative to AC-90, the decrease in
the C-O-R groups was the most significant. Not only was a decrease observed from the XPS of

the C-O-R groups, but a very significant shift in the distribution of these groups was observed

-263-



from the NEXAFS analysis (Table 4-4). This was addressed in section 5.3.1, accounting for the
decrease in CO; adsorption from the differential-step dosing, used to construct the adsorption
pseudo-isotherms. The changes in the distribution of ether and hydroxyl groups were expressed
as an increase in hydroxyl groups, with an associated decrease in ether groups, on the surface of
AC-Ce3-90-AW relative to AC-90. The overall effect of the increase in the proportion of hydroxyl
groups would be to increase the affinity of the meAC surface towards polar gases like CO; [5, 6],
and tentatively to offset the decreases in micropore volume that occurred as a result of the acid
washing used to remove CeQ;. Moreover, as previously noted (section 5.3.1) the adsorption
results of the Ce-meACs could be obscured by the fact that CeO; itself exhibits an affinity for CO..
As such, the degree to which the decrease in CO; adsorption was due to the removal of the CeO-
phase and its inherent porosity is confounded by the CO; adsorption properties of CeO itself,

making a direct comparison difficult [1-4].

Table 5-2 ~ Working Capacities of CeO; Catalysed Physically Activated Carbons

Sample Working Capacity (wt%)

e 293K 333K 363K
AC-N 1.46 0.55 0.28
AC-90 1.78 0.76 0.39
AC-Ce3-90 1.66 0.71 0.41
AC-Ce3-90-AW 1.41 0.59 0.33
AC-90-Ce3-90 1.67 0.71 0.35
AC-90-Ce3-90-AW 1.52 0.66 0.33

The results of the multi-cyclic adsorption studies over AC-90-Ce3-90 (Figure 5-2C) were very
similar to those of AC-Ce3-90 (Figure 5-2A), as was also the case for the adsorption isotherms
for both meACs (Figure 5-2A and Figure 5-2C, for AC-Ce3-90 and AC-90-Ce3-90, respectively).
Furthermore the pore structure and surface chemistry of both meACs are very similar, as such
the underlying aspects affecting the adsorption are similar, and will not be discussed any

further here (to avoid repetition).

The effect of acid washing AC-90-Ce3-90 to produce AC-90-Ce3-90-AW (Table 5-2) resulted in
reduced multi-cyclic CO, adsorption relative to AC-90-Ce3-90 at both 293 K and 333 K, with an

increase in adsorption at 363 K. This is likely due to the decrease in the micropore volume of
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AC-90-Ce3-90-AW relative to AC-90-Ce3-90, as observed from both the N; and CO:
physisorption data (Table 4-6). At 363 K the increase in adsorption relative to both AC-90-Ce3-
90 and AC-90 was greater at 5 kPa than at 15 kPa, and as such even though the total amount of
adsorption at both CO; partial pressures was greater for AC-90-Ce3-90-AW than for AC-90, the
working capacity of AC-90 at 363 K is higher than for AC-90-Ce3-90-AW (Table 5-2). This can
be associated with a significant decrease in the surface concentration of C-O-R groups that were
observed for AC-90-Ce3-90-AW, relative to both AC-90 and AC-90-Ce3-90 (Table 4-3).
Furthermore, the NEXAFS analysis of AC-90-Ce3-90-AW (Table 4-4), showed a significant
decrease in ether groups relative to AC-90. Associated with the decrease in ether groups was an
increase in hydroxyls, known to strongly increase the affinity of the AC surface for CO; (section
4.3.2) [5, 6]. Again however, directly tying adsorption properties to the “as produced” Ce-meACs
is difficult due to the confounding effects of the Ce-O phase. It has been shown that both AC and
CeO; possess unique adsorption properties [1-4], so it is also for this reason that the surface
chemistry and adsorption properties of the acid washed meACs can be more meaningfully

compared to AC-90.

In the end however, the main purpose of producing the meACs were to screen for those
appropriate for use as supports for PEI impregnation, and as such the adsorption properties of

the meACs were required more for bench marking purposes, than as a screening tool.

5.4 Lanthana Catalysed Physically Activated Carbons

5.4.1 Differential-step CO: Adsorption

The differential-step adsorption studies for the La,0s; catalysed physically activated carbons
were measured over a CO; partial pressure range of 0-50 kPa, at 293, 333 and 363 K from which
adsorption pseudo-isotherms were constructed. The pseudo-isotherms for AC-La3-90, AC-La3-
90-AW, AC-90-La3-90 and AC-90-La3-90-AW are shown in Figure 5-3A-D, respectively.
Furthermore, as was the case for the pseudo-isotherms for the Ce catalysed physically activated
carbons from section 5.3.1, AC-90 was used as a point of reference for the adsorption at all CO>

partial pressures and temperatures.
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Figure 5-3 ~ CO; Adsorption Pseudo-Isotherms for La;03 Catalysed Physically Activated Carbons, taken via
PPSA at 293, 333 & 363 K. Shown are A) AC-La3-90, B) AC-La3-90-AW, C) AC-90-La3-90, and D) AC-90-La3-
90-AW

In section 5.3.1 it was noted that tying the changes in CO, adsorption to removal of the CeO;
phase is obscured by the changes in pore structure and the inherent affinity that CeO- has for
CO; resulting from the CeO; phase. Research has also been conducted into the use of La,03 for
the post-synthetic modification of MCM-41 for CO; capture purposes by Shen et al. [8], where
improvements were observed in CO; adsorption by the introduction of La;03; onto the MCM-41
surface. As such the CO; adsorption results for the La-meACs are confounded by the affinity that

Laz03 has for CO; and the increased pore volume that results from La;03 being present.

With respect to the CO; adsorption pseudo-isotherms obtained for AC-La3-90 and AC-La3-90-
AW (Figure 5-3A and Figure 5-3B respectively), it is interesting to note that there is little
observable difference in the amount of CO, adsorption over the entire CO, partial pressure
range at any temperature. This has been attributed to the almost negligible change in micropore

volume observed as a function of acid washing. Furthermore, the mesopore volume decreased
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as a result of the acid washing (Table 4-11). It is this decrease in micropore volume relative to
AC-90 that has been attributed to the decrease in CO; adsorption at all temperatures and CO;

partial pressure, relative to AC-90.

Although there was a significant decrease in the mesopore volume of AC-La3-90-AW relative to
AC-La3-90 (Table 4-11), there is an almost negligible change in micropore volume. At all
temperatures and CO partial pressures there were very few differences between the
adsorption over the two carbons (Figure 5-3A-B). At the same time there was a significant
decrease in surface O groups (Table 4-8), that was predominately the result of the La;03 phase
removal. The changes in surface O functionality were expressed as two major shifts in the XPS
and NEXAFS spectroscopies. The first from the XPS analysis (Table 4-8), being a threefold
increase in carbonyl group concentration on the surface of AC-La3-90-AW, relative to AC-La3-
90. The second major change in surface chemistry as a result of acid washing was a decrease in
the concentration of C-O-R groups, relative to AC-La3-90 (XPS, Table 4-8). The decrease in the
concentration of C-O-R groups of AC-La3-90-AW relative to AC-La3-90 resulted in a value that
was also significantly lower than AC-90. In addition to the lower concentration of C-O-R groups
exhibited by AC-La3-90-AW relative to AC-90 there was also a shift in the distribution of ether
and hydroxyl groups. This shift took the form of an increase in hydroxyl groups, with an
associated decrease in ether groups (Table 4-9). As such, despite the lower overall
concentration of C-O-R groups, the increase in hydroxyl groups will have acted to increase the
affinity of the AC-La3-90-AW surface for CO, slightly offsetting the decreased micropore
volume relative to AC-90 (Table 4-11). A similar result was also observed for the Ce-meACs

presented in section 5.3.

The adsorption pseudo-isotherms for AC-90-La3-90 (Figure 5-3C) showed increased CO;
adsorption compared to AC-La3-90 and AC-La3-90-AW, but lower adsorption than AC-90 under
the same conditions. This could be attributed to the higher micropore volume that AC-90-La3-
90 possesses relative to AC-90 (Table 4-11). However, on this basis the CO; adsorption over AC-
90-La3-90 might be expected to exceed that of AC-90. As this was not the case, some aspect of
the surface chemistry must also be at play. The total surface O content of AC-90-La3-90 is less
than AC-90 (Table 4-8), yet much of the surface O present on AC-90-La3-90 is due to the
presence of La;0s. This slight shift in surface O functionality along with the difference in CO;
affinity of La,03 compared to the AC surface may be able to account for the differences in CO;
adsorption observed [8]. This is especially true when one takes into account that the most
significant change in O functionality between AC-90-La3-90 and AC-90 was the change in C=0
groups (Table 4-8).
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Acid washing of AC-90-La3-90 led to significant decreases in both micro- and mesopore
volumes of the resulting AC-90-La3-90-AW material (Table 4-11), yet only minor decreases in
CO; adsorption were observed as a function of either temperature or CO; partial pressure in the
pseudo-isotherms of AC-90-La3-90-AW relative to AC-90-La3-90 (Figure 5-3C-D). This is likely
due to the presence of the La;03 phase on the surface of AC-90-La3-90 making adsorption sites
on the AC surface unavailable to take part in adsorption processes, thus obscuring the
adsorption results of the two materials. Moreover, relative to either AC-90-La3-90 or AC-90, AC-
90-La3-90-AW possesses a significantly lower surface O concentration. XPS of AC-90-La3-90-
AW revealed that it possessed the lowest C-O-R concentration of the La-meAC series. Further
investigation of this material by NEXAFS spectroscopy revealed that the relative proportion of
hydroxyls increased and ethers decreased, relative to AC-90 (unfortunately, NEXAFS was not
undertaken for AC-90-La3-90). As has been noted several times for both the Ce- and La-meACs,
the decrease in ether groups and increase in hydroxyl groups that result from the acid washing
to remove the lanthanide oxide phase, results in an increase in the affinity of the meAC surface
for CO; [5, 6]. The reduction in CO; adsorption for AC-90-La3-90-AW relative to AC-90-La3-90
may also be the result of the loss of CO; capacity inherent in the La,03 itself [8].

The intended end purpose of these meACs is as supports for PEI impregnation. As such the
adsorption behaviour is needed only in order to develop a basic understanding of the
adsorption behaviour of the support. This will allow us to understand the effects that the use of

PEI impregnation has actually had on the CO; adsorption for the PEI-AC composite materials.

5.4.2 Multi-cyclic CO; Adsorption

The multi-cyclic CO, adsorption behaviour of the La;03 catalysed physically activated carbons
were examined at 293 K, 333 K and 363 K under CO; partial pressures of 5-15 kPa in order to
simulate the CO; partial pressure conditions proposed for use in a VSA process. For the La
catalysed physically activated carbons these are presented as Figure 5-4A-D for AC-La3-90, AC-
La3-90-AW, AC-90-La3-90 and AC-90-La3-90-AW, respectively. The working capacities
(equation 6-11) determined from the multi-cyclic studies in Figure 5-4 are presented in Table
5-3. Again, the results obtained for AC-90 under equivalent analytical conditions are presented

as a reference.

The working capacities (Table 5-3) derived from the multi-cyclic studies of AC-La3-90 (Figure
5-4A), are remarkably similar to those predicted from the adsorption pseudo-isotherms of AC-
La3-90 (Figure 5-3A). The differences observed between the adsorption pseudo-isotherms and

multi-cyclic studies of the miACs in Chapter 3 were attributed to the pre-treatment under an
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Ar/CO; gas stream at 5 kPa CO partial pressure. As such, it is clear that mass-transport

limitations were not encountered for AC-La3-90.
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Figure 5-4 ~ VSA Simulations for La Catalysed Physically Activated Carbons, taken via PPSA at 293, 333 &
363 K. Shown are A) AC-La3-90, B) AC-La3-90-AW, C) AC-90-La3-90, and D) AC-90-La3-90-AW

Upon acid washing of AC-La3-90 (resulting in AC-La3-90-AW, Figure 5-4), slightly different
adsorption behaviour was observed for the multi-cyclic adsorption studies. The working
capacities and the predicted adsorption between 5 kPa and 15 kPa CO; partial pressure from
the differential-step measurements, differ to those actually calculated from the multi-cyclic
adsorption studies (Table 5-3). Slightly increased CO; adsorption was observed at both 5 kPa
and 15 kPa, which is indicative of mass-transport limitations. The mass-transport limitations
encountered can be attributed to the decrease in mesopore volume resulting from the acid
washing. Moreover, at 333 K and 363 K the working capacities of AC-La3-90-AW were actually

higher than AC-La3-90, an observation that was not made for the acid washed Ce activated
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meACs (section 5.3.2, Table 5-2). This result was interesting, as the N, physisorption results
showed that the acid washing resulting in decreases to both the micro- and mesopore volumes
(Table 4-11). These changes in pore volume can account for discrepancies between the
differential-step and multi-cyclic dosing studies, but not the increased working capacities at 333
K and 363 K. Furthermore, the only aspect of the changes in surface chemistry that can account
for the adsorption results observed at 363 K and 378 K is the fact that the La,03 will likely
possess a lower affinity for CO, than the AC surface. As such, removal of the La;03 phase will
have increased the AC surface available to interact with CO, during the adsorption studies. In
fact the working capacities of AC-La3-90-AW were higher above 293 K than any of the other La
catalysed physically activated carbon (Table 5-3). The working capacities at the higher
temperatures and were the closest of any meAC to those of AC-90 (Table 5-3), despite having a

smaller micropore and larger mesopore volume in comparison (Table 4-11).

Table 5-3 ~ Working Capacities for La;03 Catalysed Physically Activated Carbon

Sample Working Capacity (wt%)

Name 293K 333K 363 K
AC-N 1.46 0.55 0.28
AC-90 1.78 0.76 0.39
AC-La3-90 1.51 0.60 0.34
AC-La3-90-AW 1.51 0.76 0.37
AC-90-La3-90 1.74 0.72 0.36
AC-90-La3-90-AW 1.55 0.67 0.36

The multi-cyclic adsorption studies of AC-90-La3-90 were the closest overall to that of AC-90. In
particular at 293 K, with a working capacity was almost equal to that of AC-90 under the same
conditions, the closest of any AC at this temperature (Table 5-3). As was noted for AC-La3-90,
the high mesopore volume of AC-90-La3-90 (Table 4-11) is linked with its higher working
capacities that can be predicted from its adsorption pseudo-isotherms (Figure 5-3C), on
account of unrestricted mass-transport. Furthermore, AC-90-La3-90 possessed one of the

highest surface concentrations of both COO-R and C-O-R groups (XPS, Table 4-8) of any AC
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presented in this thesis (with the sole exception of AC-90). Throughout this thesis it has been
stated several times that the C-O-R peak in XPS is assigned to both hydroxyl and ether groups,
whilst the COO-R groups are assigned to both carboxylic acid and lactone groups. Moreover, it is
well documented that hydroxyl and carboxylic acid groups exhibit the greatest effect the affinity
of the surface for polar gases [5, 6]. As such the changes in these strongly binding surface groups
and the micropore volume appear to account for the high working capacities observed across

the entire temperature range for any AC other than AC-90.

The effects of acid washing on AC-90-La3-90 are the most prominent reported in this thesis. The
decreases in both micro- and mesopore volume of AC-90-La3-90-AW relative to AC-90-La3-90
were the most substantial observed (Table 4-11). It is however, interesting to note that despite
a significant decrease in micropore volume, an accompanying decrease in the working capacity
was not observed. This is contrary to many of the arguments made to correlate changes in
working capacity and CO; uptake for many carbons reported throughout this thesis. However,
the decrease in mesopore volume of AC-90-La3-90-AW relative to AC-90-La3-90 that was
observed was more significant than that which was observed for the micropore volume. The
working capacity of AC-90-La3-90-AW at 293 K is lower than that of AC-90-La3-90, but higher
than either of the AC-La3-90 carbons at the same temperature (Table 5-3). From the XPS of AC-
90-La3-90-AW (Table 4-8) the surface concentrations of C=0 and COO-R groups show
remarkably strong similarity to those of AC-90. Furthermore, the concentration of C-0-R on the
surface of AC-90-La3-90-AW are half those of AC-90. As the C-O-R peak has assigned to both
hydroxyl and ether groups a change in the surface concentration in only one of these groups
may significantly change the overall signal of this peak as detected by XPS. Like AC-La3-90-AW,
both C 1s and O 1s NEXAFS spectroscopy was undertaken on AC-90-La3-90-AW (Figure 4-15
and Table 4-9). Relative to AC-90, there was a significant decrease in ether content with an
associated increase in both hydroxyl and phenol groups (Table 4-9). As hydroxyl groups are
one of the groups that most strongly increase the affinity of an AC surface towards CO: [5, 6],
this increase will have had the effect of slightly offsetting the decrease in micropore volume as a
result of the acid washing procedure. Moreover, as noted several times throughout this chapter,

the intended end use of AC-90-La3-90-AW was as a support for PEI impregnation.
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5.5 CO: Separation by Mesoporous Carbons

In chapter 4 mesoporous ACs were produced using lanthanide oxides (in the form Ln,Oy, where
Ln was Ce or La) as catalysts for the development of mesopores during the preparation of steam
activated carbons. Characterisation of these materials showed that upon removal of the
lanthanide oxide a significant degree of the mesopore character was also removed, as well as
significant changes to the surface chemistry relative to both their “as produced” counterparts
and AC-90 (Table 4-14). The CO; adsorption properties of the lanthanide oxide catalysed
meACs were tested in order to create an understanding of the baseline adsorption for use in

evaluating the PEI-ACs.

The pseudo-isotherms of the “as produced” Ce-meACs exhibited similar CO, adsorption
behaviour to AC-90 at all temperatures and CO partial pressures (Figure 5-1). These results
were attributed to the similarities between the pore volumes of the “as produced” Ce-meACs to
AC-90, and potentially the high affinity of CO; for CeO; [1-3]. Washing of the “as produced” Ce-
meACs resulted in significant decreases in CO; adsorption, the difference between the “as

produced” and acid washed Ce-meACs increasing with CO; partial pressure at each temperature.

The differences in multi-cyclic adsorption (Figure 5-2) between the Ce-meACs and AC-90 were
similar to those observed from the pseudo-isotherms (Figure 5-1), although minor differences
in the absolute amount of CO; adsorbed were observed. The minor increases were
predominately observed at 5 kPa CO; partial pressure, and were due to the increased
equilibration time at this partial pressure, prior to the actual cyclic measurements taking place.
However, these differences were far less significant than those encountered for the miACs

(chapter 3).

Attributing differences in CO; adsorption between the “as produced” and acid washed Ce-meACs
was difficult due to the effects of acid washing on the AC surface itself, as well as the high affinity
of CeO; for CO; [1-3]. From the XPS analysis of the Ce-meACs (Table 4-3) it was shown that
relative to AC-90 the acid washed Ce-meACs possessed lower overall surface concentrations of
C-0-R groups. Further investigation of the surface chemistry of the acid washed Ce-meACs using
NEXAFS spectroscopy (Table 4-4) showed that even though the absolute amount of C-O-R
groups was reduced, that the proportion of hydroxyl groups present was higher, and as such no
net reduction in hydroxyl groups was likely. As hydroxyl groups are the groups with the highest
affinity for CO, significant reductions in adsorption would not be expected, which agrees with

what was observed.

The pore volumes determined from the N, physisorption data of AC-Ce3-90 were higher than
those determined for AC-90 (Table 4-6). Upon acid washing of AC-Ce3-90, significant decreases
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in pore volume were observed. This was attributed to the removal of porous and highly
amorphous CexO, that was well distributed (TEM, section 4.3.3.2.2). Despite the significant
decreases in pore volume observed by acid washing AC-Ce3-90, acid washing of AC-90-Ce3-90
resulted in only a minor decrease in micropore volume, and no detectable change in the
mesopore volume. This was due in part to the highly crystalline nature of the CexO, phase of AC-
90-Ce3-90 relative to that of AC-Ce3-90 (refer to XRD patterns in figure4-6), and as crystalline
phases are generally possess significantly less porous character, the lack of change in pore
volume makes sense. Furthermore, the distribution of Cex0y was better for AC-Ce-90 than AC-
90-Ce3-90 (TEM, section 4.3.3.2.2), and if the CexOy was less porous as well as the particles
segregated (as was the case for AC-90-Ce3-90) this might explain the lack of change in pore
volume observed (Table 4-6).

The pseudo-isotherms of the “as produced” La-meACs exhibited similar but slightly lower CO;
adsorption to AC-90 at all temperatures and CO; partial pressures (Figure 5-3), despite both
possessing micro- and mesopore volumes that exceeded AC-90. This was attributed to the lower
affinity for CO that La,03 possesses relative to CeO, in accordance with the observations from
the literature [1-3, 8]. For both the La-meACs acid washing resulted in only minor reductions in
CO; adsorption relative to their “as produced” counterparts, regardless of temperature or CO;
partial pressure. This was interesting as acid washing resulted in significant reductions in both

the micro- and the mesopore volumes for both La-meAC pairs.

The multi-cyclic adsorption studies of the La-meACs (Figure 5-4) showed slight increases in
adsorption at 5 kPa CO; partial pressure relative to the CO2 adsorption observed under the same
conditions from the pseudo-isotherms (Figure 5-3). However, in the case of AC-90-La3-90
increased CO; adsorption was observed at both 5 kPa and 15 kPa CO; partial pressures, the
result for this particular La-meAC makes a great deal of sense, on account of it possessing the
highest micro- and mesopore volume of any carbon produced throughout this project (Table

4-14).

The effect of the surface chemistry of the “as produced” La-meACs (section 4.4.2) on their CO;
adsorption properties was not able to be made without a substantial study of CO; adsorption on
La;03, which was beyond the scope of this project. However, determining the affects of the
surface chemistry on the CO, adsorption properties of the acid washed La-meACs was possible,
using both XPS and NEXAFS spectroscopies. From the XPS analysis of the acid washed La-meACs
there is a clear and significant decrease in all three major oxygenated functional group (C=0, C-
0-R and COO0-R), relative to both AC-90 and their “as produced” counterparts (Table 4-8). The
NEXAFS spectroscopy of the acid washed La-meACs showed that despite the decrease in C-0O-R

groups relative to AC-90 (XPS) that a significant increase in the proportion of surface hydroxyl
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groups relative to AC-90 was observed. Therefore, despite the decrease overall in C-O-R groups
(hydroxyl and ether groups) a significant amount of hydroxyl groups were still present at the
surface of the acid washed La-meACs. Thus as there was no significant difference in the surface
hydroxyl group content of the acid washed La-meACs relative to AC-90, the surface of the acid

washed La-meACs will possess a significant affinity for COx.

The pore volumes of the “as produced” La-meACs were larger than AC-90, especially in the case
of AC-90-La3-90 (Table 4-11). However, significant difference existed between both the micro-
and mesopore volumes of AC-90-La3-90 and AC-La3-90, yet much less significant differences

were observed from the differential-step and multi-cyclic adsorption studies.

Interestingly, both the “as produced” Ce-meACs exhibited quite similar working capacities at all
temperatures, while the La-meACs showed a significant degree of variation (Table 5-4). On the
basis of the N physisorption data both “as produced” Ce-meACs possessed similar micro- and
mesopore volumes, whereas the “as produced” La-meACs did not. AC-90-La3-90 possessed the
highest micro- and mesopore volume of any AC produced in this work, it also possessed higher

working capacities to AC-La3-90 and both the Ce-meACs at all temperatures.

A similar decrease in pore volume was observed for AC-Ce3-90-AW and AC-La3-90-AW relative
to their “as produced” counterparts (AC-Ce3-90 and AC-La3-90, respectively), as a result of acid
washing (Table 4-14). However, from the adsorption pseudo-isotherms the decrease in CO;
adsorption observed for AC-Ce3-90-AW relative to AC-Ce3-90 (Figure 5-1A-B) was much more
substantial than decrease in CO, adsorption observed for AC-La3-90-AW relative to AC-La3-90
(Figure 5-3A-B). On a similar note significant decreases were observed in both the micro- and
mesopore volumes of the AC-90 derived meACs as a result of acid washing, with a larger
decrease in pore volume for the AC-90-La3-90/AC-90-La3-90-AW pair than the AC-90-Ce3-
90/AC-90-Ce3-90-AW pair (Table 4-14), but a larger decrease in CO; adsorption was observed
for the AC-90-Ce3-90/AC-90-Ce3-90-AW pair (Figure 5-1C-D). The reason for this observed
difference between the Ce- and La-meACs can be attributed to the different affinity that each
lanthanide oxide possesses for CO. Of the few studies in the literature, the evidence suggests

that CeO> has a higher affinity for CO; than La;03 [1-4, 8].

The effects of acid washing on the CO; adsorption properties were most easily observed from
the working capacities, as this property could be quantified. The working capacities of both the
Ce- and La-meACs are summarised in Table 5-4, from which is can be seen that although there
is great deal of similarity in the working capacities of the “as produced” Ce-meACs after acid
washing these similarities cease, whereas significant differences exist between the working
capacities of the “as produced” La-meACs, but after acid washing the magnitude of these

differences is significantly less. Furthermore, the differences between the working capacities of
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both the “as produced” and acid washed meACs become significantly smaller as the adsorption

temperature increases (Table 5-4).

Table 5-4 ~ Working Capacities for meACs

Sample Working Capacity (wt%)

Nane 293K 333K 363K
AC-90 1.78 0.76 0.39
AC-Ce3-90 1.66 0.71 0.41
AC-Ce3-90-AW 1.41 0.59 0.33
AC-90-Ce3-90 1.67 0.71 0.35
AC-90-Ce3-90-AW 1.52 0.66 0.33
AC-La3-90 1.51 0.60 0.34
AC-La3-90-AW 1.51 0.76 0.37
AC-90-La3-90 1.74 0.72 0.36
AC-90-La3-90-AW 1.55 0.67 0.36

Overall, the use of Ce and La oxides as catalysts for the preferential development of mesopores
in coal derived AC via steam activation was partially successful, as was shown in chapter 4. The
COzadsorption studies of the meACs showed them to exhibit lower CO, adsorption than AC-90
at all temperatures, regardless of which lanthanide oxides was used. From the adsorption
studies of the “as produced” Ln-meACs good baseline adsorption data was able to be elucidated
for use in the adsorption studies of the PEI-AC composite materials, allowing for the adsorption

resulting from the PEI itself to be determined.

5.6 Adsorption Studies Using PEI-AC Composites

In the following sections, the CO; adsorption behaviour of the PEI impregnated materials are
studied in order to determine whether PEI incorporation improves the CO: capacity of the
carbons. Single cycle studies under both wet and dry gas were undertaken in the same manner
as Chapter 3, however, here the purpose is to look for evidence of carbamate and bicarbonate

formation, rather than competitive physisorption.
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Furthermore, for the PEI-ACs as the amount of amine groups are known from the “adjusted
nitrogen” content of the materials; which allows for how efficiently the amine groups are by the

amount of CO; they adsorb.

5.6.1 Differential-step CO: Adsorption

In this section, adsorption pseudo-isotherms constructed from differential-step CO, dosing
experiments performed at 363 K and 378 K, are presented and discussed. The rationale for
using these temperatures compared to those used in other sections of this work is due to the
slow diffusion of CO; through PEI at temperatures below 363 K, due to its viscosity [9].
Moreover, from adsorption studies previously undertaken [7], it has been shown that the
optimal operating temperature for PEI towards CO; adsorption is 378 K. In these experiments,
the non-modified parent carbon was used as a reference for all adsorption pseudo-isotherms,

instead of AC-N or AC-90.

The COzadsorption pseudo-isotherms at 363 K and 378 K for the “as produced” and vacuum
treated PEI loaded AC-90 (AC-90-90PEI-R and AC-90-90PEI-VT, respectively) are presented in
Figure 5-5A-B, along with AC-Ce3-90-AW and AC-90-Ce3-90-AW and their PEI loaded
counterparts (Figure 5-5C-F). From Figure 5-5A-B, the effect that vacuum treatment had on the
CO; adsorption of the PEI-AC composites can be seen. Furthermore, the amine efficiencies (a
measure of the efficiency CO; adsorption per amine group, section 6.6.4) derived from Figure
5-5A-F (equation 6-10), are presented in Table 5-5. The adsorption pseudo-isotherms obtained
for the La catalysed physically activated carbons AC-La3-90-AW and AC-90-La3-90-AW and
their PEI loaded counterparts (AC-La3-90-AW and AC-90-La3-90-AW) are presented in Figure
5-6A-D, with the amine efficiencies (equation 6-10) given in Table 5-5.

The adsorption pseudo-isotherms of AC-90-90PEI-R (Figure 5-5A) showed the highest
adsorption of any adsorbent material presented in this thesis. Specifically, the adsorption at 363
K, was higher than that observed for any other adsorbent, even at 293 K. At 363 K the most
significant increases were observed between 2.5 kPa and 15 kPa CO; partial pressure, indicating
strong uptake. This bodes well for the use of AC-90-90PEI-R in a VSA process, with the cycle
being between 5 kPa and 15 kPa CO; partial pressure. Furthermore, the adsorption at 378 K was
higher than any other AC tested at this temperature. Moreover, it possessed higher adsorption
at 378 K than AC-90 at any temperature (and most other physisorbents). Not only did AC-90-
90PEI-R exhibit the highest adsorption of CO; at both 363 K and 378 K, but it also exhibited the

highest amine efficiencies (Table 5-5) over the entire CO; partial pressure range. This means
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that AC-90-90PEI-R used the PEI impregnated into its pore structure better than any other PEI-

AC, as will be seen in the following discussion.
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Figure 5-5 ~ CO; Adsorption Pseudo-Isotherms for PEI Loaded CeO; Catalysed Physically Activated Carbons,
taken via PPSA at 333 & 363 K. Shown are A) AC-90-90PEI-R, B) AC-90-90PEI-VT, C) AC-Ce3-90-AW, D) AC-
Ce3-90-90PEI-VT, E) AC-90-Ce3-90-AW, and F) AC-90-Ce3-90-90PEI-VT
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Figure 5-6 ~ (CO: Adsorption Pseudo-Isotherms for PEI Loaded La;O3 Catalysed Physically Activated
Carbons, taken via PPSA at 333 & 363 K. Shown are A) AC-La3-90-AW, B) AC-La3-90-90PEI-VT, C) AC-90-
La3-90-AW, and D) AC-90-La3-90-90PEI-VT

The vacuum treatment of AC-90-90PEI-R (leading to AC-90-90PEI-VT) used to remove low
molecular weight volatile PEI (see section 6.5), resulted in significant decreases in adsorption at
both 363 K and 378 K for the adsorption pseudo-isotherms of AC-90-90PEI-VT (Figure 5-5B).
As the low molecular weight PEI was removed, it appears that the higher molecular weight PEI
may have been drawn deeper into the pore structure of the AC support, increasing the number
of interactions between the PEI and AC. The surface of AC-90 is known to possess a high surface
concentration of hydroxyl groups, that will potentially form hydrogen bonds with the amine
groups of PEI [10]. In addition to hydrogen bonding (weak interactions) between the PEI and
AC surface, there are potentially much stronger interactions (electrostatic) between the amine
groups and the acidic groups (e.g. carboxylic acids and phenols) of the AC surface. The
electrostatic interactions were able to form through the protonation of the amines by the acid
AC surface moieties (e.g. carboxylic acids and phenols). Moreover, the pores of the ACs

employed here possessed closed, slit shaped pores (section 2.3.3.2.1, section 4.3.3.2.1, and
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section 4.4.3.2.1); it is therefore conceivable that any CO; that was adsorbed to the PEI deep
within this structure would have significant difficulty diffusing out. Further evidence supporting
the increased number of interactions between the amines and AC surface can be seen from the
amine efficiencies of AC-90-90PEI-VT relative to AC-90-90PEI-R (Table 5-5). From the amine
efficiencies across the partial pressure range it is clear that there was a significant decrease in
the efficiency of the amine groups of the PEI within AC-90-90PEI-VT relative to AC-90-90PEI-R.
The amine efficiency is a good measure of how effective the amine groups within the PEI of a
sample are, as it excludes the effects of the loss in PEI on adsorption, resulting from the vacuum
treatment. Therefore, the decrease in amine efficiency observed for AC-90-90PEI-VT relative to
AC-90-90PEI-R would result from an increase in the number of amine groups interacting with
the AC surface, resulting from being drawn deeper into the AC pore structure, making them

unavailable for CO; adsorption.

Table 5-5 ~ Amine Efficiencies of PEI Loaded miACs and meACs

Amine Efficiency

Sample {(mol CO,/mol N)

Name CO, Partial Pressure (kPa)

2.13 5.27 14.89 30.09 50.45

363K 0.049 0.082 0.118 0.148 0.173
AC-90-90PEI-R
378K 0.008 0.018 0.060 0.100 0.140

363K 0.021 0.043 0.079 0.117 0.147
AC-90-90PEI-VT
378K 0.002 0.006 0.020 0.041 0.067

363K 0.005 0.018 0.037 0.062 0.089
AC-Ce3-90-90PEI-VT
378K 0.004 0.010 0.023 0.043 0.068

363K 0.004 0.013 0.028 0.047 0.066
AC-90-Ce3-90-90PEI-VT
378K 0.003 0.004 0.013 0.024 0.039

363K 0.005 0.017 0.036 0.063 0.089
AC-La3-90-90PEI-VT
378K 0.004 0.008 0.027 0.052 0.079

363K 0.005 0.016 0.035 0.061 0.083
AC-90-La3-90-90PEI-VT
378K 0.004 0.006 0.015 0.026 0.043

The incorporation of PEI into the pore structure of AC-Ce3-90-AW resulted in little overall
increase in CO; adsorption over the entire CO; partial pressure range of the differential-step
adsorption studies of AC-Ce3-90-90PEI-VT (Figure 5-5C-D). At 363 K AC-Ce3-90-90PEI-VT
exhibited only minor increases in CO; uptake relative to the AC-Ce3-90-AW, and at 378 K almost
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no discernible differences were apparent until a CO; partial pressure greater than 15 kPa; after
which only relatively minor increases in adsorption were observed. This is due to the PEI being
drawn deep into the pore structure of AC-Ce3-90-AW, which possesses a higher concentration
of hydroxyl and phenol groups than AC-90, and these groups may interact with the amines
within the PEI, making them unavailable to take part in CO, adsorption. As has already been
noted, the hydroxyl groups are likely to form weak interactions with the amines (hydrogen
bonds), whilst the phenol and carboxylic acid groups may form strong interactions with the
amines (electrostatic). As the CO;adsorption was lower than would be expected from a PEI
loaded material it is of little surprise that the amine efficiency of AC-Ce3-90-90PEI-VT was also
low across the entire CO; partial pressure range (Table 5-5). This was particularly apparent
when compared to the amine efficiencies of AC-90-90PEI-R (Table 5-5). Due to the effect that
the vacuum treatment had on AC-90-90PEI-VT, it is proposed that a similar effect has occurred
for other PEI-ACs as a result of the vacuum treatment. The proposed effects of the vacuum
treatment would be accentuated in the case of AC-Ce3-90-90PEI-VT as the concentration of
phenol groups on the surface of AC-Ce3-90-AW were significantly higher than for AC-90 (Table
4-4). This might result in a greater amount of amine groups within the PEI being made
unavailable for CO; adsorption due to the formation of electrostatic interactions, which also
agrees with the low amine efficiencies observed (Table 5-5). Furthermore, the AC-Ce3-90-AW
support had the smallest mesopore volume of any carbon supports used to produce PEI-ACs
composites, which may also have been a factor, as less PEI could be impregnated into the

support.

The adsorption pseudo-isotherms of AC-90-Ce3-90-90PEI-VT (Figure 5-5E) exhibited
interesting adsorption behaviour relative to its support (AC-90-Ce3-90-AW). At 363 K AC-90-
Ce3-90-AW-90PEI-VT exhibited significantly higher adsorption compared to AC-90-Ce3-90-AW,
whereas, at 378 K the adsorption of CO; was lower. The pore volumes of AC-90-Ce3-90-AW
were greater than AC-Ce3-90-AW (Table 4-6) and, with this, the PEI loading of AC-90-Ce3-90-
90PEI-VT was greater than that of AC-Ce3-90-90PEI-VT on a mass loading basis. As was also
noted for AC-Ce3-90-90PEI-VT, the high surface concentration of phenol groups will have
resulted in few amines from the PEI being available to take part in adsorption due to the
electrostatic interactions between the amines and phenol groups (as well as hydrogen bonding
between hydroxyl and amine groups) of the AC-Ce3-90-AW surface. At 378 K the diffusion of
CO; through the PEI will have been faster than at 363 K, however, the reverse carbamation
reaction will also have been occurring at an increased rate (Figure 1-5). This is similar to the
increase in the rate of desorption with increasing temperature observed for physisorption

systems [11].
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The pseudo-isotherms of AC-La3-90-90PEI-VT exhibited elevated CO; adsorption relative to AC-
La3-90-AW at both 363 K and 378 K (Figure 5-6B). Furthermore, relative to the CeO; catalysed
counterpart of AC-La3-90-90PEI-VT (AC-Ce3-90-90PEI-VT, Figure 5-5D) it possessed
significantly higher CO; adsorption at both 363 K and 378 K. Although AC-La3-90-AW and AC-
Ce3-90-AW possessed similar micro- and mesopore volumes, the surface hydroxyl
concentration of AC-La3-90-AW was lower than AC-Ce3-90-AW. It is suggested that this
resulted in fewer amine groups within AC-La3-90-90PEI-VT being available for CO; adsorption
because of interactions with the hydroxyl, carboxylic acid and phenol groups of the AC surface.
Another reason for the increased CO; adsorption over AC-La3-90-90PEI-VT compared to AC-
Ce3-90-90PEI-VT can be attributed to the overall higher loading of PEI. Though both were
loaded on a 90% pore filling basis, AC-La3-90-AW possessed a higher total volume than AC-Ce3-
90-AW (Table 4-13), and as such was loaded with more PEI overall (elemental analysis, Table
4-12). It was also noted for the Ce-meAC supported PEI-ACs that the significantly lower CO;
adsorption relative to the AC-90 supported PEI-ACs was due to the substantially higher surface

phenol concentration; that could form electrostatic interactions with the amine groups.

The adsorption pseudo-isotherms of AC-90-La3-90-90PEI-VT (Figure 5-6C) exhibited
remarkably similar adsorption behaviour to AC-90-Ce3-90-90PEI-VT (Figure 5-5E). However,
the increased CO; adsorption at 363 K for AC-90-La3-90-90PEI-VT relative to its support was
greater than observed for AC-90-Ce3-90-90PEI-VT, on account of the lower concentration of
hydroxyl groups on the surface of AC-90-La3-90-AW (Table 4-8 and Table 4-9) compared to
AC-90-Ce3-90-AW (Table 4-3 and Table 4-4). The lower surface hydroxyl group concentration
of AC-90-La3-90-AW relative to AC-90-Ce3-90-AW will have allowed for fewer amine groups
within AC-90-La3-90-90PEI-VT to hydrogen bond to the AC-90-La3-90-AW surface, thus making
them available for CO, adsorption. Although the adsorption behaviour of AC-90-La3-90-90PEI-
VT and AC-90-Ce3-90-90PEI-VT were similar, the amine efficiencies of AC-90-La3-90-90PEI-VT
at 363 K and 378 K were higher (Table 5-5). Even though the total adsorption was similar over
both PEI-ACs, the total PEI loading of AC-90-La3-90-90PEI-VT was lower (elemental analysis,
Table 4-12). Therefore, it can be said that AC-90-La3-90-90PEI-VT used the PEI in its pore
structure more effectively than AC-90-Ce3-90-90PEI-VT (Table 5-5).

5.6.2 Multi-cyclic CO; Adsorption

The CO; adsorption behaviour of the PEI-loaded carbon materials produced by Ln,0y catalysed
physical activation were also examined under multi-cyclic conditions, cycling between CO;

partial pressures of 5 kPa and 15 kPa, at 363 K and 378 K. This was undertaken in order to
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investigate the adsorption behaviour of the materials under the CO; partial pressure conditions
proposed for use in a VSA process and thus their application to such a system. The multi-cyclic
studies at 363 K and 378 K for AC-90-90PEI-R, AC-90-90PEI-VT, AC-Ce3-90-AW, AC-Ce3-90-
90PEI-VT, AC-90-Ce3-90-AW and AC-90-Ce3-90-90PEI-VT are presented in Figure 5-7A-F,
whilst those for AC-La3-90-AW, AC-La3-90-90PEI-VT, AC-90-La3-90-AW and AC-90-La3-90-
90PEI-VT at 363 K and 378 K are shown in Figure 5-8A-D. Finally, from the multi-cyclic
adsorption studies, working capacities (equation 6-11) were derived for each PEI-AC

composite, the results of which are presented in Table 5-6.

The multi-cyclic study for AC-90 at 363 K was presented as Figure 3-3D in section 3.3.2. It is
interesting to note that upon increasing the temperature from 363 K to 378 K (reference plots
in Figure 5-7 and Figure 5-8). There was no apparent change in the adsorption at 5 kPa CO;
partial pressure, and only relatively minor decreases at 15 kPa. Additionally, the working
capacity at 378 K for AC-90 was one of the highest values obtained at that temperature for
either the ACs or PEI-AC composite (Table 5-6).

From the multi-cyclic studies of AC-90-90PEI-R (Figure 5-7A) similar increases in CO:
adsorption are observed at 363 K relative to AC-90, as were apparent from the differential-step
adsorption studies (Figure 5-5A). Furthermore, the adsorption exhibited by AC-90-90PEI-R at
15 kPa CO; partial pressure never achieves equilibrium, implying that if a longer cycle was
employed, then substantially more CO, would be expected to be adsorbed. At 378 K increased
CO; adsorption is also observed relative to the AC-90 support, in addition to much faster
diffusion of gas through the PEI, with equilibrium being achieved within the timeframe of the
adsorption cycle. Although the diffusion of gas through the PEI has increased with the increase
in temperature to 378 K, the amount adsorbed is significantly less than observed at 363 K.
Moreover, as there is a progressive upward drift in the mass signal at 5 kPa CO; partial pressure
with successive cycles it is safe to say that incomplete desorption is also occurring. This is an
important factor in regards to the long term stability or applicability of the adsorbent in an

industrial setting.
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The decrease in CO; adsorption at 363 K observed from the pseudo-isotherms of AC-90-90PEI-
VT relative to AC-90-90PEI-R (Figure 5-5B and Figure 5-5A, respectively) were also mirrored
in the multi-cyclic adsorption studies (Figure 5-7A-B). However, equilibrium is still not
achieved at a CO; partial pressure of 15 kPa. This reduction can in part be attributed to the
decrease in PEI of AC-90-90PEI-VT relative to AC-90-90PEI-R as a result of the vacuum
treatment (25 wt%, Table 4-12), but also the proposed migration of PEI deeper into the pores,
as noted in section 5.6.1 may be a factor. Relative to the working capacity of AC-90-90PEI-R at
363 K, that of AC-90-90PEI-VT was 60% lower as a result of the vacuum treatment, which is far
beyond that which might be expected from the removal of low molecular weight PEI (Table
4-12). At 378 K the multi-cyclic adsorption of AC-90-90PEI-VT was lower relative to both AC-
90-90PEI-R and the AC-90 support. Equilibrium was achieved within the timeframe of the
adsorption cycle, although this was still much slower compared to AC-90. The working capacity

at 378 K for AC-90-90PEI-VT was slightly lower than that observed for AC-90 (Table 5-6).
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However, the selectivity of CO, adsorption from a mixed gas stream by the PEI-ACs should be

better than for AC-90.

Table 5-6 ~ Working Capacity of PEI-AC Composites at 363 & 378 K

Working Capacity

Sample Name (weik)

363K 378K

AC-90 0.39 0.27
AC-90-90PEI-R 0.86 0.44
AC-90-90PEI-VT 0.51 0.25
AC-Ce3-90-AW 0.33 0.21
AC-Ce3-90-90PEI-VT 0.40 0.22
AC-La3-90-AW 0.37 0.25
AC-La3-90-90PEI-VT 0.37 0.29
AC-90-Ce3-90-AW 0.33 0.23
AC-90-Ce3-90-90PEI-VT 0.51 0.25
AC-90-La3-90-AW 0.36 0.23
AC-90-La3-90-90PEI-VT 0.39 0.20

The multi-cyclic adsorption over AC-Ce3-90-90PEI-VT (Figure 5-7D) at 363 K exhibited typical
adsorption behaviour to that observed at 363 K for the other PEI-ACs presented thus far. That is
to say relatively high adsorption was observed at a CO; partial pressure of 15 kPa, but
equilibrium was never achieved within the timeframe of the adsorption cycle. Furthermore,
equilibrium was not achieved during the desorption part of the cycle either. Hence when the
successive adsorption cycle started, some of the CO; from the previous adsorption cycle was still
present. As such there was a gradual drift in the mass signal over the course of the multi-cyclic
adsorption studies, this behaviour being attributed to slow mass transport through the bulk PEI
phase at 363 K. This phenomenon is still evident at 378 K, even though the
adsorption/desorption rates are faster than at 363 K. However, unlike the multi-cyclic studies of
the PEI an impregnated AC-90 material, for AC-Ce3-90-90PEI-VT at 378 K equilibrium was
never fully achieved within the timeframe of the adsorption cycle. The working capacity of AC-

Ce3-90-90PEI-VT (Table 5-6) at 363 K was significantly higher than that of the AC-Ce3-90-AW
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support. Conversely, at 378 K there was no apparent difference in the working capacity of AC-

Ce3-90PEI-VT relative to the AC-Ce3-90-AW support.

The multi-cyclic adsorption study for AC-La3-90-90PEI-VT (Figure 5-8B) at 363 K was higher
than that observed for the AC-La3-90-AW support under the same conditions. The working
capacity (Table 5-6) at 363 K was essentially identical for both AC-La3-90-90PEI-VT and AC-
La3-90-AW. AC-La3-90-90PEI-VT exhibited higher overall adsorption, but the difference
between the amounts adsorbed at 5 kPa and 15 kPa CO; partial pressure was not significantly
different to these for AC-La3-90-AW. Furthermore, it is of interest to note that at both 363 K and
378 K, that equilibrium was not achieved within the timeframe of the adsorption cycle. The
observation of this at 378 K was also made for AC-Ce3-90-90PEI-VT, but to a lesser extent
(Figure 5-7D). Thus, mass-transport limitations through the PEI bulk phase are still apparent
even at 378 K. Compared to AC-90 and AC-Ce3-90-AW, AC-La3-90-AW possesses larger meso-
and total pore volumes (Table 4-13), as such there is a larger amount of bulk PEI phase within

the large pores.

The second highest adsorption was observed at 15 kPa CO; partial pressure (second only to AC-
90-90PEI-R, Figure 5-7A) from the multi-cyclic adsorption study of AC-90-Ce3-90-90PEI-VT
(Figure 5-7E) at 363 K. The working capacities at both 363 K and 378 K were essentially
identical to those of AC-90-90PEI-VT (Table 5-6). However, the nitrogen content of AC-90-Ce3-
90-90PEI-VT was higher than for AC-90-90PEI-VT (Table 4-12), and as such the amine
efficiency of AC-90-Ce3-90-90PEI-VT was poorer when this was taken into account (refer to
amine efficiencies in Table 5-5). Furthermore, as was the case for all the PEI-ACs presented thus

far, equilibrium was not achieved over the timeframe of the cycle.

The multi-cyclic adsorption studies of AC-90-La3-90-90PEI-VT (Figure 5-8D) exhibited
adsorption behaviour at 363 and 378 K that showed the achievement of equilibrium at both 5
kPa and 15 kPa CO; partial pressure. Although at both temperatures equilibrium was achieved
within the timeframe of the adsorption cycle, the working capacities of AC-90-La3-90-90PEI-VT
(Table 5-6) were in the lower range of those presented in Table 5-6. However, as the
adsorption kinetics were significantly faster than the other PEI-ACs in particular at 363 K, this

would potentially allow for shorter cycles to be run, at a lower temperature.
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5.6.3 CO2/H20 Adsorption

The adsorption of CO; in the presence of H;0; such as is actually encountered in post-
combustion flue gas streams have to this point been confined to competitive adsorption on
physisorbents (e.g. activated carbons and chars). For the PEI-AC composite materials the effect
of H,0 on the PEI itself (i.e. steam stripping, adsorption kinetics, etc) and carbonate formation
are of interest (refer to Figure 1-5). As such a similar method to that used in sections 3.6 was
utilised (refer to section 6.6.4.3 for full details), but for an altogether different purpose (to
study chemisorption). The single cycle measurements under both wet and dry gas conditions at
363 K and 378 K are presented for AC-90, AC-90-90PEI-R and AC-90-90PEI-VT in Figure 5-9A-
F, for AC-Ce3-90-90PEI-VT and AC-90-Ce3-90-90PEI-VT as Figure 5-10A-D, and for AC-La3-90-
90PEI-VT and AC-90-La3-90-90PEI-VT as Figure 5-11A-D.

From the wet vs. dry single cycle gas adsorption study for AC-90-90PEI-R (Figure 5-9C) at 363
K, it can clearly be seen that the presence of H20 increases the adsorption of CO,, presumably
through carbonate formation [12-15]. Furthermore, at 363 K under dry gas conditions complete
desorption was not observed by the end of the desorption phase of the cycle, which may be due
to the formation of urea compounds [7, 16, 17]. It has been well documented that CO;
adsorption over PEI composite materials under wet gas conditions both inhibits the formation
of urea compounds and promotes the formation of carbonates [7]. This may explain why
complete desorption was observed at 363 K under wet gas conditions, as the urea formation
would be inhibited by the presence of H,0. Moreover, under both wet and dry gas conditions
equilibrium is not achieved, as was noted in section 5.6.2. At 378 K the adsorption under dry
gas conditions for AC-90-90PEI-R (Figure 5-9D) did achieve equilibrium, whilst this was not the
case under wet gas conditions. Furthermore, under wet gas conditions a significant increase in
the level of adsorption was observed at 15 kPa CO; partial pressure. As equilibration was not
achieved at 15 kPa CO; partial pressure under wet gas conditions it is proposed that over a
longer time scale that significantly more CO, would be adsorbed, which is also applicable to the

adsorption at 363 K under wet gas conditions.
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Carbons at 363 & 378 K. Shown are the Plots for A) AC-Ce3-90-90PEI-VT at 363 K, B) AC-Ce3-90-90PEI-VT at
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The amount of CO, adsorbed by AC-90-90PEI-VT under dry gas conditions at 363 K (Figure
5-9F) was significantly lower than that observed for AC-90-90PEI-R (Figure 5-9C) under the
same conditions. This was with the observed CO. adsorption behaviour of both PEI-ACs
determined in the multi-cyclic adsorption studies (Figure 5-7), which exceeded the decrease
expected by simply reducing the number of amine sites upon vacuum treatment (Table 4-12).
This behaviour can likely be attributed to PEI being drawn deeper into the pore structure of the
AC-90 support, thereby increasing the number of interactions between PEI and the AC-90
surface and concurrently rendering these amine sites inaccessible/unavailable for CO;

adsorption (as proposed earlier in this section).

While complete CO; desorption was observed for AC-90-90PEI-VT, it was not for AC-90-90PEI-
R. The incomplete desorption under dry gas conditions at 363 K for AC-90-90PEI-R could be
attributed to significant urea formation. Conversely, complete desorption was observed for AC-

90-90PEI-VT, which would suggest that urea formation was minimal; which is likely to result
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from the vacuum treatment used to remove the low molecular weight PEl. Two potential
situations could explain why the vacuum treatment resulted in a reduction in urea formation.
Firstly, the low molecular weight PEI would be more likely to react with CO due to its greater
mobility within the bulk PEI phase. Secondly, the increased number of interactions between PEI
and the AC-90 surface which arose from PEI being drawn deeper into the AC pore structure,
resulted in fewer amine sites being available for CO; adsorption could also foreseeably lead to a
decrease in the proportion of urea formed. Both situations are plausible and it is likely that both

occur simultaneously.

At 363 K under wet gas conditions, AC-90-90PEI-VT exhibited substantially higher CO;
adsorption than it did under dry gas conditions, and was almost comparable to that exhibited by
AC-90-90PEI-R under similar conditions (Figure 5-9C). It is proposed that whilst achieving
equilibrium with the wet Ar gas stream prior to analysis at 363 K, many of the weaker
interactions (hydrogen bonds) between the amine and the AC-90 surface hydroxyl were
disrupted by H:0, which would be more likely to occur at 363 K due to the presence of
condensed H;0. From the single cycle, differential-step and multi-cyclic adsorption studies of
AC-90-90PEI-VT at 378 K, it was clear that under dry gas conditions the amount of CO;
adsorbed varied little to that observed for AC-90 itself. However, under wet gas conditions at
378 K, there was a small but noticeable increase in CO, adsorption. At 378 K (i.e. above the
boiling point of water), the interactions between the PEI and AC-90 surface would have been
better maintained, thereby limiting the number of amine sites available to take part in CO;

adsorption.

The Ln-meACs supported PEI-ACs displayed significantly lower CO; adsorption than the AC-90
supported PEI-ACs from the differential-step (section 5.6.1) and multi-cyclic (section 5.6.2)
adsorption studies, with similarly reduced CO; adsorption being observed for the single cycle
studies (Figure 5-10 and Figure 5-11). This has been attributed to a higher number of strong
interactions between the PEI amines and the acidic functionality (e.g. carboxylic acids and
phenols) of the Ln-meACs as compared to AC-90. However, on the basis of the bulk N content
and pore volumes of the supports, the Ln-meAC supported PEI materials should have exhibited
a similar amount of CO; adsorption as the PEl-loaded AC-90 materials. This finding indicated
that fewer amines in the PEI of the Ln-meAC supported materials were available to take part in
adsorption processes, which corresponded to the low amine efficiencies determined for these
materials (Table 5-5). In many cases the rate of CO; adsorption was slower under wet gas
conditions than dry gas conditions, which is likely due to the formation of condensed H,0 at 363
K, which would compete for space with CO,. The Ln-meAC supports possessed more surface

acid groups than AC-90, which may have given rise to strong electrostatic interactions with the
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amines, which H,O would not have been likely to disrupt. As such the H;O will have been
competing for amine sites with CO2. However, it was only for AC-90-Ce3-90-90PEI-VT under

wet gas conditions at 363 K, that the actual amount of CO, adsorbed was significantly affected

by the presence of H;0.
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Figure 5-11 ~ Single Cycle Wet & Dry Gas Adsorption for PEI Loaded La;03 Catalysed Physically Activated
Carbons at 363 & 378 K. Shown are the Plots for A) AC-La3-90-90PEI-VT at 363 K, B) AC-La3-90-90PEI-VT
at 378 K, C) AC-90-La3-90-90PEI-VT at 363 K, and D) AC-90-La3-90-90PEI-VT at 378 K

The adsorption of CO; under dry gas conditions for the single cycle adsorption studies of the Ln-
meAC supported PEI-ACs showed comparable levels of adsorption to that observed from the
differential-step and multi-cyclic adsorption studies, which was also the case at 363 K under dry
gas conditions. However, the reduced rate of CO; adsorption observed under wet gas conditions
at 363 K for the Ln-meAC supported PEI-ACs was not as prolific at 378 K, which can be
primarily attributed to condensed H»0 being unlikely to form at this temperature. In fact at 378

K under wet gas conditions for AC-Ce-90-90PEI-VT and AC-La3-90-90PEI-VT no observable
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reduction in the rate of CO; adsorption was observed, and small but noticeable increases in the

amount of CO; adsorbed were observed.

Overall, the AC-90 supported PEI-ACs showed the most promise, but they still exhibited several
drawbacks. While AC-90-90PEI-R exhibited superior CO, adsorption in wet conditions, in dry
conditions irreversible adsorption occurred due to the formation of ureas in the low molecular
weight PEI species. This also brought into question the vacuum stability of AC-90-90PEI-R in the
vacuum conditions the materials would be exposed to during a VSA process. Vacuum treatment
of AC-90-90PEI-VT to remove the chemically unstable low molecular weight PEI resulted in
significant decreases in CO; capacity due to the PEI being drawn deeper into the pore structure
of the AC-90 support. Even more significant decreases in CO; adsorption were observed for the
Ln-meACs. It was proposed that when PEI is drawn deeper into the pores of the support upon
vacuum treatment, stronger and more numerous interactions occur between PEI and the AC

support which reduces the number available amine sites for CO; adsorption.

5.7 Summary and Conclusions

In summation, the meACs and PEI-ACs produced in chapter 4 were examined for their ability to
separate CO; from flue gas streams under conditions aimed at simulating the temperature and
partial pressure conditions of a practical VSA system. Reductions were observed in the pore
volume of the Ln,Oy catalysed physically activated ACs as a result the acid washing procedure
used for the post-synthetic removal of the lanthanide oxide catalysts. This was attributed to the

removal of the inherent porosity of the amorphous Ln,0y phase itself.

In this chapter it was shown from the CO; adsorption pseudo-isotherms that the Ln-meACs
exhibited equal or lower CO, adsorption than AC-90 at all temperatures and CO, partial
pressures. The multi-cyclic adsorption studies of the “as produced” Ln-meACs showed similar
adsorption behaviour in the differential-step adsorption studies, however, two of the acid
washed Ln-meACs (AC-Ce3-90-AW and AC-La3-90-AW) showed some signs of mass-transport
limitations. Both of these Ln-meACs were derived directly from VBC and possessed low

mesopore volumes which accounted for this adsorption behaviour.

Impregnation of AC-90 with PEI resulted in a PEI-AC composite that exhibited significantly
increased CO; adsorption relative to AC-90, at all temperatures and CO; partial pressures. The
effect that the post-synthetic vacuum treatment had on the CO; adsorption properties of the
PEI-AC composites was to significantly reduce the amount of CO; adsorbed, as could be clearly

observed from both the adsorption studies of AC-90-90PEI-VT relative to AC-90-90PEI-R. This
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was attributed to an increase in the interactions between the PEI and the AC surface, which
arose from the vacuum treatment; with the end result being a decrease in amine groups
available for adsorption. These interactions were stronger and more numerous for the Ln-
meACs supported PEI-ACs, and was in part the reason why similar or reduced adsorption was
observed under wet gas conditions relative to dry conditions. Although further study of these
types of PEI-AC composite materials may be warranted, the evidence of vacuum instability
suggests they are not suitable for application of CO, directly from post-combustion flue gas

streams.
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Experimental

6.1 Introduction

Many of the concepts regarding the production of activated carbons (ACs) from coal and the
methods used to characterise these materials were introduced in Chapter 1. In the current
chapter these concepts are expanded upon, and further details of the various production and

characterisation techniques are given.

Several series of ACs were produced from Victorian brown coal (VBC) or coal derived chars, and
are separated here based upon the activation method used (i.e. physical activation, chemical
activation or catalysed physical activation) and the targeted pore size (i.e. micropores or
mesopores). In section 6.6, the analytical procedures are separated into subsections based upon
the characterisation of bulk composition, surface chemistry and physical and chemical

structure.

6.2 Fixed Bed Reactor Development

In a previous PhD project in the Chaffee group [1], a fixed bed reactor system was developed for
the steam activation of different AC precursors. This system was, however, found to be
inadequate for the current project and numerous modifications and improvements were made
over the course of the project.

The fixed bed reactor is comprised of a vertically mounted 3 temperature zone tube furnace [1].
A schematic of this system in its current incarnation is shown in Figure 6-1A. Each heating zone

is controlled independently by a separate temperature controller (BrainChild, BTC-9100). The
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temperature at the centre of the respective heating zone is fed back via a K-type thermocouple
situated within the steel reactor at the appropriate position within the heating zone. A
peristaltic pump (Gilson, Minipuls 3) was used to deliver water to the steel reactor. At the top of
the reactor was a bed of alumina beads was positioned in order to ensure complete vaporization

of the incoming water.

I
P Top Bed
N (Heating Beads)
g aEl =
i .l |
QE ?% @ S BB
Ts @ - |l I %— Secondary Reactor
BB ?
s}
" - = Bottom Bed
C*E (Sample)
Exhaust
H.0 N2
A B

Figure 6-1 ~ Steam Activation/Pyrolysis System, A) Fixed Bed Reactor, B) Internal Sample Holder Assembly

Previous work using the original system focused solely on the steam activation of AC
precursors. Due to the requirement for KOH activation through pyrolysis and the corrosive
nature of KOH on steel, a quartz reactor was needed. To enable the system to quickly and easily
switch between steam and KOH activation the internal assembly was redesigned. The new
internal assembly is shown in Figure 6-1B, contained a removable secondary reactor. Two
removable secondary reactors were subsequently constructed, one from fine steel mesh
(316SS), the other from quartz. The quartz reactor was composed of a quartz tube, with a

sintered quartz frit at the base (porosity grade 1).
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6.3 Carbon Precursors and Reference Materials

6.3.1 Victorian Brown Coal Briquettes

Victorian brown coal (VBC) briquettes (58mm x 43mm x 40mm) were obtained from Energy
Brix Pty Ltd, care of Australian Char Pty Ltd (AusChar). The nominal composition of these
briquettes was 80% Loy Yang coal and 20% Yallourn East coal (see Appendix 1 - Parent
Material Data Sheets for further details).

6.3.2 Industrial Brown Coal Chars

Two industrial chars were used in this project, both produced and supplied by Australian Char
Pty Ltd (AusChar), produced from the same VBC briquettes used in the production of activated
carbons. One a run of production char produced in a Lurgi style retort at 1173 K (CHLR), the
other was an experimental char produced in a rotary kiln at 973 K (CHRK).

6.3.3 Norit R2030 CO2

A commercially available activated carbon, Norit R2030 CO2 (referred to as AC-N), is used as a
reference material throughout this thesis as it is marketed as having an extremely high CO;
capacity [2, 3]. AC-N is produced from extruded peat using by steam activation at 1223 K [4, 5],
the product brochure for Norit R2030 CO2 can be found in Appendix 1 - Parent Material Data
Sheets (section 8.1.2).

6.4 Production of Activated Carbons

6.4.1 Coal Preparation and Pre-treatment

In order to use the briquetted VBC and industrial chars they had to be reduced to a workable
particle size. To this end, the briquettes were milled using two different jaw crushers and a
fraction taken in the particle size range of 1-4 mm diameter. Unless otherwise stated the
particles in this size range (1-4 mm) were used to prepare all ACs. The briquetting process
resulted in reducing the moisture content of the coal from ~60 wt% to 11-13 wt%, no

additional drying of the coal was carried out.
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6.4.2 Steam Activation

The steam activation process was carried out in the same fixed bed reactor used for carbonisation.
A known mass sample (8-12 g) was placed into a steel mesh flow through reactor (secondary
reactor), and subsequently into the steel reactor (primary reactor). Once the primary reactor was
sealed, the fixed bed system was purged for 30 min with N; gas at a flow rate of 3 dm3/min. The
cold trap was cooled down prior to initiating the temperature ramp via the use of an ice bath.

For the temperature ramp, the controller operating the top heating zone was set to 823 K to
ensure the water pumped into the system was sufficiently vaporized. The middle and bottom
zones were both set to 1073 K. The ramp rate employed for all three controllers was 10 K/min.
Once the temperature had been reached, 30 min was allowed for thermal equilibration to be
achieved.

Upon thermal equilibration, the water pump was turned on for 45, 90 or 180 min at a flow rate of
0.25 cm3/min (0.47 RPM). Once the gasification was complete, the pump was switched off. The
steam was allowed to pass through the system for a further 5 min, before all three temperature
controllers were set to 273 K and the system was allowed to cool at a rate no greater than 10
K/min. The resulting material was weighed in order to determine the yield. A small fraction of the
material was put aside as an “as produced” reference and stored in a desiccator. The remaining
material was crushed in a small ball mill and sieved to obtain particles of < 250 pm diameter. The
ground material was then dried at 378 K under N; for 24 h to remove any moisture adsorbed

during the milling process.

6.4.3 Carbonisation

Carbonisation, otherwise known as thermal activation, was carried out in a similar manner as
the steam activation protocol. The same fixed bed reactor system was used, with slight
alterations to the internal set-up. For instance the secondary reactor used was composed of
quartz, but was of the same dimensions as the steel mesh reactors. The bed of the second
reactor was a quartz sintered disc of porosity 1. The same temperatures, gas flows and venting
protocols were employed as in the steam activation, however for carbonisation the reaction
time of set to 60 min. Although no steam was used, the alumina heating beads were still present.
The same post-production protocols were applied for the carbonised carbons as were observed

for the steam activated ones.
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6.4.4 Catalyst Impregnation of Coal and Activated Carbons

The impregnation of catalysts in the form of KOH or lanthanide salts was carried out using

typical wet impregnation methods, using water as the solvent.

6.4.4.1 Catalyst Impregnation and Activation

The appropriate amount of coal/AC (5-10 g) and catalyst were weighed out into a crystallizing
dish, to which 300 cm3 deionised water was added. The AC/coal-catalyst dispersion was stirred
for 12 h at ambient temperature, and then heated to 343 K until a slurry had formed, the slurry
was left to air dry under laminar air flow for several days. The resulting material was then
activated as described in section 6.4.3 for the chemically activated miACs using KOH; for the
catalysed physically activated meACs using lanthanide catalysts the details of the steam

activation procedure are outlined in section 6.4.2.

6.4.4.2 Post-synthetic Catalyst Removal by Acid Washing
6.4.4.2.1 HCI Acid Wash

For the post-synthetic removal of the KOH catalysts from the ACs, the milled ACs was treated
with 0.1 M HCL. According to the following general procedure HCI (250 cm3) was dispensed into
a conical flask containing the 3 g of the AC sample, and the suspension stirred for 1 h. The AC
was isolated by vacuum filtration and dried under N; at 378 K. A second round of acid washing
was then carried out followed by sequential washing with hot, then cold deionised water

followed by filtration and drying under N; at 378 K.

6.4.4.2.2 H;S04,Acid Wash

The only acid capable of removing all the metal oxides used as catalysts was sulphuric acid [6].
Into a 500 cm3 3-neck round bottom flask 2-3 g of the milled catalyst impregnated AC was
dispersed into 50 cm3 of deionised water. To the necks of the round bottom flask a Liebig
condenser, dropping funnel and N, supply were fitted. The round bottom flask was initially
immersed in an ice bath to control the heat of dissolution of the H,SO4 when being added to the
AC-water dispersion. Using the dropping funnel, 150 cm3 of concentrated sulphuric acid was
slowly added drop wise to the AC-water dispersion, under N flow. Once all the acid had been
added, the mixture was stirred for 30 min to allow complete dissolution. The round bottom flask

was removed from the ice bath, and the mixture stirred at ambient temperature for 3 h. The AC
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was then recovered by vacuum filtration and washed with cold deionised water followed by

filtration and subsequent drying under N, at 378 K.

6.5 Amine Modification of Activated Carbons

The polymer used in all cases was polyethyleneimine (PEI), with an average molecular weight
(Mw) of 1200 g/mol, obtained from Sigma-Aldrich Australia. The impregnation method used
was based on that of Arenilla et al [7], and Xu et al [8]. All impregnations were undertaken on a
pore filling basis, not a weight percent basis as has been commonly described in the literature
[8, 9]. Briefly, the desired mass of PEI was dissolved into 15 g of methanol (MeOH), and
sonicated for 20 min to allow complete dissolution. Simultaneously 3-5 g of the appropriate AC
was added to 100 g MeOH and sonicated for 20 min. The AC-MeOH dispersion was then added
to the PEI-MeOH solution, the resulting slurry was stirred for a further 120 min [10], then dried
at 343 Kunder reduced pressure (93.3 kPa) for 16 h.

6.6 Instrumental Characterisation

Several different methods of instrumental analysis were used for full characterisation of the
carbon materials produced in this thesis. The characterisation of the carbon materials is

separated into three sections based on the aspect of the materials they cover, these are:

e  Bulk composition
e Surface chemistry
e  Material structure
0 Chemical structure

0 Physical structure

For each of the two major classes of carbon materials produced either the industrial carbon
Norit R2030 CO2 (AC-N) or the steam activated VBC derived miAC AC-90, were used as
benchmark materials for comparison. The AC-N carbon was used as the benchmark for all
miACs, whilst AC-90 was used for all meACs. In all cases, the characterisations were performed
using either material obtained from a single synthetic batch, or a composite sample comprising
a mixture of several synthetic batches. Furthermore, in all cases the material used for

characterisation was the same as that used in the adsorption testing.
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6.6.1 Composition of Carbonaceous Materials
6.6.1.1 Elemental Analysis

Elemental analysis was carried out in order to determine the carbon, nitrogen and hydrogen
content of the samples directly, with the oxygen content being determined by difference, once
the ash had been taken into account (determined via proximate analysis). A Vario MICRO cube
(Elementar), and was done using protocols typical for coal and coke analysis. Briefly, a mass of
the carbon material (particle size <250 um) previously dried at 378 K overnight under an N;
atmosphere, in the range 5-7 mg was dispensed into the tin pan and placed into the auto
sampler, with 4 replicates being taken for each sample. The samples were then combusted at
1223 K using the oxygen jet injection capability of the instrument. The error in the measured

values was +0.1 wt%.

6.6.1.2 Ash Analysis

Ash analysis was undertaken by combusting 5 mg of the sample in a thermogravimetric
analyser (TGA, Mettler Toledo), at 1173 K under 100 % air. All samples were run in duplicate
and weighed both before and after the analysis and correlated with the thermograph obtained.

Similarly to the elemental analysis the level of error in the final values was +0.1 wt%.

6.6.2 Determination of Surface Chemistry
6.6.2.1 X-ray Photoelectron Spectroscopy (XPS)

XPS was performed on a Kratos Axis HSi X-ray photoelectron spectrometer fitted with an
electrostatic charge neutraliser and magnetic focusing lens. The excitation source used was an
Al Ko with a monochromatic energy of 1486.7 eV. Each spectrum was the accumulation of 6
scans, each with a pass energy of 160 eV and dwell time of 0.1 sec, with the charge neutraliser
on.

High resolution spectra were taken for the C 1s, O 1s, N 1s, K 2p, Ce 3d and La 3d regions
depending on the AC being investigated. Peak fitting was applied to all high resolution spectra
using the CasaXPS software (version 2.3.16), except for the N 1s and K 2p regions due to the low

surface concentration of these elements. The errors in the XPS values are * 0.2 at%.
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Table 6-1 ~ XPS Peak Assignments for C 1s, O 1s, N 1s, K 2p, Ce 3d and La 3d High Resolution Spectra

Binding
Peak Assignment Energy Ref.
(eV)

C1s Carbon 1s 284.0 [11]
C=C Aromatic Carbon 283.6 [12-14]
C-C Graphitic Carbon 284.4 [12-14]

C-0-R Ether or Hydroxyl 286.3 [12-14]
C=0 Carbonyl 288.3 [12-14]

CO0O-R Carboxylic Acid or Lactone 289.2 [12-14]
-0 Plasmon 290.2 [12-14]

01s Oxygen 1s 532.0 [11]
Ce-0 Cerium Oxide 529.7 [15-17]
La-0 Lanthanum Oxide 529.7 [15]
C=0 Carbonyl 531.4 [12-16, 18]

C-0-R Ether or Hydroxyl 532.8 [12, 15, 16, 18]

CO0O-R Carboxylic Acid or Lactone 534.7 [12, 14, 16, 18]

N 1s Nitrogen 1s 400.0 [11]

K 2p Potassium 2p 293.9 [11]

Ce 3d Cerium 3d 900.0 [11]

% Ce 3d5/> Ce 3d° 4f2 final state for Ce(IV) 882.3 [17,19]

v’ Ce 3d5/> Ce 3d° 4f! final state for Ce(III) 884.9 [17,19]

v’ Ce 3d5/> Ce 3d° 4f! final state for Ce(IV) 888.9 [17,19]

v Ce 3d5/; Ce 3d° 4f0 final state for Ce(IV) 898.2 [17,19]

u Ce 3d3/; Ce 3d° 4f2 final state for Ce(IV) 901.0 [17,19]

u’ Ce 3d%/2 Ce 3d° 4f! final state for Ce(III) 903.5 [17,19]

u”’ Ce 3d%/2 Ce 3d° 4f! final state for Ce(IV) 907.5 [17,19]

u”’ Ce 3d3/; Ce 3d° 4f° final state for Ce(IV) 916.9 [17,19]
La 3d Lanthanum 3d 853.0 [11]

3ds/; cf? La 3d5/> La 3d? 4f! bonding final state 835.5 [19, 20]

3d5/2 cft” La 3d5/> La 3d 4f! anti-bonding final state 838.8 [19, 20]

3ds/; cf° La 3d5/> La 3d? 4f° final state 841.5 [19, 20]

3d3/; cf? La 3d3/2 La 3d? 4f! bonding final state 852.4 [19, 20]

3d3/; cft” La3d3/2  La3d?4f! anti-bonding final state 855.7 [19, 20]

3d3/; cf° La 3d3/2 La 3d? 4f° final state 858.6 [19, 20]

3d3/2 Plasmon Plasmon 848.1 [19, 20]

The background correction for all the high resolution C 1s, O 1s, N 1s and K 2p were done using
Shirley type backgrounds [21]. The peak fitting for the C 1s and O 1s peaks were done using
“Gaussian-Lorentzian” peak fitting with 30% Gaussian character, with asymmetry being applied

to the C-C, C=C and m-m* peaks within the high resolution C 1s spectra. The main functional
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groups being investigated for those commonly present on an AC surface, being C-C, C=C, C=0,
COO-R and C-0-R groups (Table 6-1).

The Ce 3d and La 3d spectra were peak fitted using Donaich-Sunjic type peak fitting, with
controlled asymmetry parameters and a reduced Shirley type background, appropriate for
lanthanides [21]. The peak assignments and nomenclature used followed the protocol of
Burroughs et al, the first to describe them; and has since become the standard nomenclature
[19, 22-25]. The fitting for both the Ce 3d and La 3d spectra involved fitting a duplicated series
of peaks for the 3/, and 5/; electron spin states, which was fit at a ratio of 5:2 (1.5) for the 5/ to
3/, spin states, respectively [17]. Each peak in the Ce 3d and La 3d spectra describe excitations
of individual electrons from the 3d to 4f orbitals [17, 19].

6.6.2.2 Near Edge X-Ray Fine Structure (NEXAFS) Spectroscopy

NEXAFS measurements were undertaken at the Australian Synchrotron (AS) on the Soft X-Ray
(SXR) beamline. Both carbon and oxygen k-edge NEXAFS spectra were taken on all samples,
using two detectors, a drain current detector and a microchannel plate (MCP) detector. The first
detector set-up was using the drain current and total fluorescence yield (TFY) detectors. The
second detector set-up used a partial electron yield (PEY) detector with the flood gun switched

on to control charging of the samples.

The C 1s NEXAFS spectra were taken over a photon energy range of 275-330 eV, whilst the O 1s
NEXAFS spectra were taken over a photon energy range of 520-570 eV. The energy steps used

were 0.1 eV and the dwell time of each reading was 0.5 sec.

Carbon and oxygen NEXAFS spectra were obtained at three designated positions. Data
processing and fitting were undertaken on the averaged spectrum. The method employed for
peak fitting was a method in common use for both carbon and oxygen NEXAFS spectra [26-29].
It involves fitting the pre- and post-edge to normalise the edge step followed by use of an error
function or inverse tangent baseline to fit the end step prior to actual peak fitting. Here the
Athena program, part of the Demeter package (version 0.9.21 [30]) was used. The normalised,
baseline corrected spectra were then deconvoluted and peak fitted against peaks of known
position from the literature for both C 1s and O 1s NEXAFS, as outlined in Table 6-2. An example
of this process as it was undertaken for AC-90 is reported below in Figure 6-2A-B, for the C 1s

and O 1s NEXAFS spectra respectively.

It is important to note that while XPS is quantifiable, NEXAFS is semi-quantifiable at best. The
power of NEXAFS lies within its ability to identify functional groups or oxidation states within a

material, which are unable to be differentiated by XPS. Its use here was to gain further
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information as to the nature and identity of the three oxygenated functional groups identified by

XPS, namely the C=0, C-0-R and COO-R.
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Figure 6-2 ~ C 1s and O 1s NEXAFS, Example of Peak Fitting for AC-90. Shown are A) C 1s peak fitting for
AC-90, and B) O 1s peak fitting for AC-90. The peak assignments shown are done as outlined in Table 6-2.
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Table 6-2 ~ C 1s and O 1s NEXAFS Peak Assignments

K Photon
Name Group Assignment Ref.
Edge Energy (eV)
Carbonyl substituted aromatic
C1 c=0 m* 283.0 [26, 31, 32]
carbon (quinone)
C-C Aromatic carbon, or aliphatic
Cc2 * 284.1 [26, 28, 33]
Cc=C substituted aromatic carbon
C-OH Phenolic or
C3 ¥ 285.6 [26, 27]
C=0 ketonic carbon
C-OH
COOH [27, 28,31, 32,
C4 * 286.9 Carboxylic acid or lactone carbon
COO 34]
C=0
Cls C5 C-0-C m* 288.0 Cyclic ether carbon [27,33]
C-OH Aldehyde or hydroxyl
cé ¥ 289.3 [27, 28, 32, 33]
C=0 substituted aliphatic carbon
C-OH
COOH
Cc7 o* 290.6 Carboxylic acid or lactone carbon  [26, 27, 33, 34]
COO
C=0
C8 C-0-C o* 291.9 Cyclic ether carbon [26,32, 35]
c-C Aromatic carbon
c9 o* 293.0 [27, 28, 33]
C=C (long range order)
Aliphatic (linear or cyclic)
01 c=0 =* 529.6 [27,36,37]
aldehyde oxygen
Carbonyl oxygen
02 c=0 =* 530.8 [33,36-38]
(ketonic or carboxylic acid)
03 C-0-C m* 532.7 Aliphatic cyclic ether [27, 33, 36, 37]
01s 04 COH =t 535.7 Hydroxyl oxygen (alcohol) [27,33, 36, 37]
C-OH Hydroxyl or carbonyl oxygen of
05 o* 538.0 yarowy yIome [27,33,37]
C=0 carboxylic acid
06 C-0-C o* 543.0 Aromatic cyclic ether [27, 33,37, 38]
07 C-OH o* 549.8 Phenolic oxygen [27]
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6.6.3 Structural Characterisation
6.6.3.1 Characterisation of the Chemical Structure of Carbons
6.6.3.1.1 Raman Spectroscopy

Raman spectroscopy was undertaken on a Renishaw Invia confocal micro-Raman system, taking
measurements over the wavenumber range of 400-2000 cm-!, with an Ar ion laser at a
wavelength of 514.5 nm, with spectral resolution of 4 cm-1, with each spectra being the average
of 10 scans. This was undertaken over several areas of the sample until three concordant results
were obtained.

Due to differences in the signal intensity for the spectra of the different carbon materials, all
spectra had to be normalised, this and the peak fitting were undertaken using OriginPro 8
(OriginLab). The normalisation technique used is that commonly employed when confocal
Raman systems are employed, whereby the spectra were normalised (weight normalisation)
against the major peak centred at 1275-1350 cm! (D peak) and baseline correction was done
prior to peak identification.

The peak fitting was carried out using OriginPro 8 and the built-in multiple peak fitting function
of the software. This was done using known information about the most common peaks to be
observed in the spectra of similar ACs, as outlined in Table 6-3 [39-43]. Attempts to fit any
number of peaks other than 4, whether more or less, was inefficient and unable to provide good

fits to the data (Figure 6-3).

Table 6-3 ~ Raman Peak Assignments

Peak Raman Shift
Peak Assignment Ref.
Name (cm1)
S Disordered Graphitic Lattice* 1150-1250 [39-42]
D Disorder Graphitic Latticet 1275-1350 [39-42, 44]
A Amorphous Carbon 1475-1525 [39, 41, 42]
G Ideal Graphitic Lattice 1575-1625 [39-42, 44]

* Hetro-atoms bound to graphene layer edges

1 Graphene layer edges
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Figure 6-3 ~ Example of Raman Peak Fitting Against Known Peaks from Table 6-3

6.6.3.1.2 Powder X-ray Diffraction (XRD)

The powder X-ray diffraction data were collected using a Bruker Axis D8 Focus powder
diffractometer with Cu Ka radiation (1.54 A), over a 26 range of 5-80°, at a scan rate of 1
deg®/min using a step size of 0.02 deg®. Two major peaks were observed, being assigned to the
002 and 10 (overlapping 100 and 101 reflections) reflections at 24° 20 and 43° 26, respectively
[45]. The 002 peak is assigned to reflections of atoms in parallel graphene sheets, whilst the 10
peak is known to arise from lateral order within graphitic domains [45]. In some cases a third
peak was also observable at 27° 20, known from the literature to be the results of amorphous
metal oxides (MO) present in the ash (e.g. SiO», K20, Na,0 or Al,03) [46].

For the LnOy catalysed physically activated carbons, CeO; and La;03 standards were prepared
under the same conditions as their respective Ln-meACs (section 6.4.2). The reference peaks
used for the LnyOy standards were checked against the TOPAS database. This enabled
confirmation of a CeO; for the Ce-meACs, and both La;03 and La(OH)3 phase for the La-meACs.
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6.6.3.2 Characterisation of the Physical Structure of Carbons
6.6.3.2.1 Gas Physisorption and Displacement

Due to the wide pore size distribution (PSD) of ACs several adsorbates (N2, CO; & Ar) were
employed in order to accurately characterise the surface structure of all ACs and related
materials. The primary instrument used for all surface area and porosity determination was the
TriStar II 3020 (Micromeritics), equipped with 1 and 10 torr pressure transducers, with the
errors in the measurements being £0.005 % for the isotherm data obtained on this instrument.
This was used to obtain accurate physisorption data in the micro- and mesopore regions using
COzand N; at 273 and 77 K respectively.

Additionally high resolution adsorption isotherms were obtained using an ASAP 2020 HP
system (Micromeritics), which was equipped with 0.1, 1 and 10 torr pressure transducers,
allowing for greater resolution at lower partial pressures. Between the three transducers the
error in the measurements was *0.0005 %. The adsorbates used were N and Ar, with
physisorption being undertaken at 77 and 87 K, respectively. Furthermore, the ASAP 2020 HP
used was equipped with a cryostat, making it possible to run cryogen free and for extended
periods of time. The cryostat attachment was capable of temperatures in the range of 25-300 K.
High resolution isotherms were only obtained for AC-N, AC-90 and AC-K10, as these miACs
warranted further investigation due to their high adsorption of CO; during PPSA investigations.
The equilibration times between the two instruments varied, for the TriStar I 3020 the
equilibration time used was 30 sec, whilst that used for the ASAP 2020 HP was 45 sec. The
difference in equilibration time for the ASAP 2020 HP was due to the higher resolution able to
be achieved with this instrument, which could be further improved by a longer equilibration
time. Regardless of equilibration time for either instrument, 10 consecutive measurements had

to be obtained within 0.05% error of each other.

CO; Physisorption

Only adsorption of CO; was carried out at 273 K, which is typically done; as at this temperature
CO; is a non-condensing adsorbate. This was done over a P/P, range of 0.0001-0.030 (0.01-
101.3 kPa), and the surface area and pore volume of the micropore region were calculated using

the Dubinin-Radushkevich (DR) equation 6-1[47]:

W = Wyexp[—(A/BE,)] 6-1
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where W is the volumes of adsorbate, W) is the limiting micropore volume, E, is energy of
adsorption of a standard vapour (usually benzene), B is the affinity coefficient for the
polarisability of the adsorbate and A is the adsorption potential, as defined by Polanyi
(equation 6-2)[47]:

Po
A=RTIn (F) 6.2

where P is the adsorbate pressure, Py is the partial pressure, T is the temperature, and R the

universal gas constant.

[t is important to note that the value for the cross-sectional surface area of a CO, molecule used
in the calculations of the DR equation was 21 nm?, not the theoretical value often used of 17.6
nm? [48]. Using the theoretical value for the cross-sectional area of 17.6 nm? grossly
underestimates the surface area and pore volume attributed to micropores. The cross-sectional
area value of 21 nm? is the most commonly used and is based on experimental evidence, which
is why it was used here. Furthermore, the DR equation was applied to the CO; adsorption data

across the entire P/P, range tested (i.e. 0.001-0.03).

N: Physisorption

Full adsorption-desorption isotherms were determined using N at 77 K, over a P/P, range of
0.0005-0.9950 (0.05-101.3 kPa), using 45 sec equilibration times. High resolution studies used
an initial doses of 10 cm3/STP were used with the data being recorded, until the first relative
pressure point of 0.0005 was reached. The specific surface area was calculated using the

Brunauer, Emmet and Teller (BET) equation 6-3 [49]:

6-3

1 1 C—1(P)

W[P/P, — 1]  W,C + W,.C \P,

where W, is the weight adsorbed for monolayer formation, and C is the BET constant, expressed

in equation 6-4 [49]:

C = e(Ql*QL)/RT 6-4
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where q; is the heat of adsorption for the first layer, and q; is the heat of liquefaction of gas
beyond the monolayer, R the universal gas constant, T the absolute temperature, and e Euler’s
number.

The PSD pertaining to the mesopore region was constructed by applying the Barrett-Joyner-
Halenda (BJH) method to the desorption arm of the N; isotherms [50]. The PSD pertaining to the
micropore region was undertaken by applying the Horvath-Kawazoe (HK) method to the

adsorption arm of the N; isotherms [51], outlined in equation 6-5:

e =X 6-5
—=—xXaX -
Np = gr e xh

where P is the adsorbate pressure, Py is the partial pressure, T is the temperature, K is
Avogadro’s number, o the gas solid separation at zero interaction energy, and R the universal

gas constant. And value of « is defined by equation 6-6:

_ 1P x10%*JA/]em*
T et x(L—2x4d,) 6-6

and the value of B is defined by equation 6-7:

0.4 U.ll') 0.4 0.10
P = I3 xa) Ixt=d) 3xd& oxd 67
where o is defined by equation 6-8 and d, defined by equation 6-9:
Zs+Z,
oO=——"—" 6-8
2
Dy + Dg(A
= A : 5(A) 6-9

where Zs is the sample equilibrium diameter at zero interaction energy, Za is the zero

interaction energy diameter, L is the pore width and IP the interaction parameter.

Furthermore, DR micropore volumes were also calculated for the ACs by applying the equation

6-1 to the N, physisorption data, using the same fitting conditions as was used for CO-.
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Ar Physisorption

Ar adsorption was only undertaken for samples AC-N, AC-90 and AC-K10, as high resolution
isotherms at 87 K, using the ASAP 2020 HP instrument, with the cryostat attachment. The
relative pressure range over which the isotherms were collected was 0.0005-0.9950 (0.05-
101.3 kPa), using 45 sec equilibration times. Initial doses of 10 cm3/STP were used with the
data being recorded, until the first relative pressure point of 0.0005 was reached.

The surface area from this data was calculated using the BET equation (equation 6-3)[49] over
a relative pressure range of 0.06-0.20, that typically employed when Ar is the molecular probe.
As was the case for the N; isotherms, the PSD for the micro- and mesopore regions were

obtained by applying the HK (equation 6-5) and BJH methods respectively [50, 51].

True Density by Gas Displacement

The true density of all ACs, starting materials and standards were determined using helium
pycnometry. The instrument used was an AccuPyc Il 1340 (Micromeritics), with a 10 cm3 cell,
and a 1 cm3 insert was employed. Prior to analysis all materials were milled to a particle size of
< 250 pm, using a small ball mill with an agate ball and capsule (Specamill, Specac). The
instrument was controlled via a computer interface and a standard protocol was used for all
analyses. The protocol involved 99 purges, 20 cycles with a run precision of 0.5 %; which

resulted in most analyses only requiring 5-10 cycles for concordant results to be achieved.

6.6.3.2.2 Transmission Electron Microscopy

All micrographs, elemental mapping and EDX profiles were collected at the Monash Centre for
Electron Microscopy (MCEM) by Dr. Jamileh Taghavimoghaddam. Transmission electron
microscopy (TEM) and high resolution transmission electron microscopy (HRTEM)
micrographs were collected using a JEOL 2100F FEGTEM equipped with a Gatan UltraScan 1000
(2Kx2K) CCD camera at an accelerating voltage of 200 kV.

Scanning transmission electron microscopy (STEM) was also carried out using also a JEOL
2100F FEGTEM microscope equipped with a high angular annular dark field (HAADF) detector
(camera length 10 cm and 0.2 nm probe) to collect elemental mapping profiles. A 50 mm JEOL

Si(Li) electron dispersive X-ray (EDX) detector was used for elemental mapping

Multiple images of different particles within each sample were analysed, with the micrographs

of the most representative particle being presented in this work.

-313-



6.6.4 Assessment of Gas Separation

The capability of the ACs to adsorb CO; was investigated using partial pressure swing
adsorption (PPSA) on a thermogravimetric analyser equipped with differential thermal analysis
(TGA-DTA). The TGA used was a Setaram 1600 model equipped with several mass flow
controllers run through a gas manifold. Initially the gas flow over the sample (20-25 mg, <250
pm particle size) was 100 %v/v Ar, at 70 cm3/min. Prior to initiating the measurements the
sample was heated to 423 K and held for 10 min in order to remove any pre-adsorbed
molecules, such as H,0 or CO. As the CO; gas was introduced, the Ar gas was equally reduced,

thus maintaining a constant flow throughout the system. This was done in one of three separate

dosing modes (Figure 6-4):

1. Differential-step dosing

2. Multi-cyclic dosing

3. Single-cycle dosing
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Figure 6-4 ~ Partial Pressure Swing Adsorption (PPSA) Gas Programs, A) Differential-step CO; Adsorption-
Desorption, B) Wet Gas Single Cycle Simulation of VSA, C) Multi-cyclic Simulation of VSA
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6.6.4.1 Differential-step dosing

The CO; increments used in the differential-step dosing method were 2.13, 5.27, 14.89, 30.09
and 50.45 kPa CO; partial pressure, shown in Figure 6-4A. The Ar flow through the system was
simultaneously decreased by a volume equivalent to each CO; partial pressure increment. The
equilibration time for each step was 20 min, at the conclusion of the adsorption program the
reverse of that program was run in order to obtain the desorption arm of the pseudo-isotherm.

Amine efficiencies allow for the determination of the efficiency with which the amine groups are
adsorbing CO». This is only applicable to amine-modified adsorbents, and is calculated using

equation 6-10 [52, 53]:

_ Adscoa
TINH3 _n(N) 6-10

where nnus is the amine efficiencies, Adscoz is the adsorbed CO; in moles, and n(N) is the number

of moles of nitrogen present in the sample.

6.6.4.2 Multi-cyclic dosing

For the multi-cyclic dosing method the CO; partial pressures used for the cycle were 5.27-14.89
kPa, shown in Figure 6-4c. One major difference between the differential-step and multi-cyclic
dosing method was that the sample was pre-dosed with CO; at a partial pressure of 5 kPa for an
hour prior to initiating the cycling. The main purpose of this method was to simulate the CO;
partial pressure conditions of a vacuum swing adsorption (VSA) cycle. During a VSA cycle, the
baseline partial pressure of CO; in the gas stream would be ~5 kPa. As such the samples were
allowed 30 min to achieve equilibrium with this level of CO; in order to achieve adsorption
behaviour closer to that of a true VSA system. From this the “working capacity” can be

determined, which is done so according to equation 6-11:
themp = AdSZ - Adsl 6'11
where Cwiemp is the working capacity at a particular temperature (in Kelvin), Ads; is the level of

adsorption at 5 kPa, and Ads; is the adsorption at 15 kPa. This calculation was carried out

separately for each of the four cycles and an average value taken.
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The heats of adsorption for the adsorption step of the cycle (i.e. between 5-15 kPa CO; partial
pressure) were calculated for each cycle and averaged. This was done by determining the
enthalpy of the adsorption step; derived from the differential thermal analysis (DTA) data,
expressed as heat flow. The enthalpy change (kilojoules, k]) of the adsorption step was then
correlated to the CO, adsorbed (moles), determined from the thermogravimetric data (thus
giving values in k]J/mol). This was only undertaken for the measurements at 293 K, as the heat
flow data was insufficient at higher temperatures, which is common for physisorption systems.

Both the working capacities and heats of adsorption values presented are the average values of
four cycles, with the values from all cycles falling within the first standard deviation of the mean

value for both working capacities and heats of adsorption.

6.6.4.3 Single-cycle dosing

The single-cycle dosing method was undertaken in a similar manner to the multi-cyclic dosing,
as shown in Figure 6-4b, the CO; partial pressure range used for the cycle was 5.27-14.89 kPa,
and an hour pre-dose at the same partial pressure was also undertaken. The main difference,
other than the fact that a single cycle was run, was that the measurement for each sample at the
temperatures of interest (363 and 378 K) was done two-fold, one under dry gas conditions
(equivalent to a single cycle of the multi-cyclic work) and another measurement was taken
under wet gas conditions. The wetting of the gas was achieved by passing the gas through a gas
washing bottle filled with deionised water at 303 K. The overall effect of wetting the gas in this
way gave ita 2 % (v/v) H20 content, giving a H,0 partial pressure of the gas stream of 2.12 kPa.
It is also important to note that both Ar and CO, were treated in this way, such that regardless of

the CO; partial pressure the overall H20 content of the gas stream was 2 % (v/v).
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Concluding Remarks and Future

Directions

7.1 Concluding Remarks

This thesis was based on the premise that excellent carbon adsorbents could be prepared from
Victorian Brown Coal (VBC). Detailed methods were established and described for the
preparation of microporous and mesoporous carbons and post-synthetic amine modified
carbon composites. The resulting materials were systematically assessed for their gas
separation performance and applicability as adsorbents for CO, capture from post-combustion

flue gas streams.

Overall, the studies showed that the pore size and volume could be modulated using different
pre-treatment and carbonisation/activation conditions (i.e activation time, presence/absence of
steam, activation agent, catalyst). Intensive characterisation of the prepared materials,
particularly in terms of their surface chemistry, enabled the identification and elucidation of the
distribution of important surface functional groups (hydroxyl, carboxylic acids) that contribute

significantly to the CO; adsorption behaviour of VBC derived carbons under various conditions.

In this chapter an overall summary of the work produced in this thesis is presented, and the
outstanding adsorbent materials are highlighted. This is followed by a section outlining

recommendations for future research efforts regarding these materials.

7.1.1 Microporous Carbon Adsorbents
7.1.1.1 Physically Activated Coal Derived Carbon Adsorbents

The carbonisation/activation of VBC to produce the CH and miAC series of materials caused an
increase in bulk C and a decrease in both bulk O and H relative to VBC. Although there was no

clear relationship between the bulk compositions of either the CH or miAC materials as a
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function of carbonisation/activation time, clear differences were observed when steam was
used during activation. Steam resulted in higher bulk O and lower bulk C materials, which is

with oxidation of the carbon precursor.

XPS showed that the surface O decreased as a result of steam activation relative to materials
prepared in the absence of steam. There was also a substantial shift in the distribution of
oxygenated functional groups, with C-O-R groups becoming most prominent at the surface,
while both C=0 and COO-R species decreased. Further investigation of the surface chemistry of
the CH and miAC materials by NEXAFS spectroscopy revealed that the C-O-R groups detected by
XPS arose from hydroxyl and ether groups, with a higher proportion of the former being present
in all cases. It was noted that the proportion of hydroxyl groups on the surface of CH-90 and AC-
90 was the lowest of their respective series, but they also possessed the highest surface
concentration of C-O-R groups, as determined by XPS. The overall effect of this may have been to
increase the affinity of the carbon surface of these materials towards CO;, as hydroxyl groups
are well known for having the highest affinity for CO; of any functional groups on carbon

surfaces.

The Raman spectra obtained for the CH and miAC materials revealed that they were mostly
composed of disordered graphitic carbon, with amorphous and ideal graphitic carbon making
up the remainder. XRD analysis further indicated that the carbon materials were composed of
parallel but disordered graphene sheets, which is in good agreement with what is known about
coal derived carbon materials. Evidence of aligned graphene layer edges was found in the TEM
micrographs obtained for the CH and miAC materials. Dispersed amongst the graphene layer
edges were highly ordered graphitic domains, which accounted for the ideal graphitic carbon
observed from the Raman spectroscopy. The gas physisorption studies for the CH and miACs
revealed both series of materials to possess both micropores and mesopores, with the miACs
possessing significantly greater mesopore volume on account of the greater pore development.
The N adsorption isotherms for both the CH and miACs were type IV with H4 hysteresis loops,
with the hysteresis loops exhibiting incomplete closure. Incomplete closure of hysteresis loops
in carbon materials is often due to LPH which is a strong indication of materials that possesses

slit shaped pores with little mesopore character.

From the CO; adsorption pseudo-isotherms of the CH series of materials, it was seen that at 333
K and 363 K, a similar amount of CO, was adsorbed to that of AC-N (the commercial carbon
chosen as a benchmark) between CO; partial pressures of 5-30 kPa. Significant increases in CO>
adsorption were observed when steam was used for carbonisation/activation times of 90 and
180 min (relative to the corresponding CH analogue), whereas a decrease in CO, adsorption was

observed for a carbonisation/activation time of 45 min. The highest CO, adsorption was
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observed for AC-90 on account of its high surface hydroxyl concentration and high micro- and
mesopore volumes. Although AC-180 possessed higher micro- and mesopore volumes than AC-
90, it also possessed a significantly lower surface concentration of hydroxyl groups. This clearly
highlights the important role of surface chemistry in the adsorption properties of these carbon
materials, a factor that is often overlooked. Of the CH and miAC series the carbon material with
the highest performance as a CO; adsorbent was AC-90. It is for this reason that AC-90 was
chosen for further investigation of its adsorption properties under wet gas conditions. Although
there was a minor lag in the adsorption of CO; in the presence of H;0, the amount of CO;
adsorbed was not significantly affected by the presence of H;0 at the temperatures tested, and
as such no competitive adsorption was observed. This bodes well for the applicability of AC-90

as an adsorbent for CO; from post-combustion flue gas streams.

7.1.1.2 Physically Activated Char Derived Carbon Adsorbents

The char derived miACs were produced in quite high yield, which can be attributed to the fact
that the chars had previously been carbonised, removing much of the volatile matter that would
be removed during carbonisation/activation of VBC. Steam activation of the char derived miACs,

resulted in a decrease in bulk O relative to the chars.

There were significant differences in the surface chemistry of the CHLR and CHRK chars as
determined by XPS, which extended to the miACs produced from them. The differences in
surface chemistry were mostly confined to the distribution of surface O functionality, which can
be attributed to the different processes by which the two chars were produced. More
specifically, the overall surface O concentration of CHLR was significantly higher than AC-90,
much of which was due to the higher surface concentration of C-O-R groups. Further
investigation of CHLR by NEXAFS showed the C-O-R groups observed by XPS to be due to both
hydroxyl and ether groups, with a higher proportion arising from hydroxyl groups. Steam
activation of CHLR resulted in a significant decrease in surface O, which was observed by a
change in the distribution of C-O-R and C=0 groups, with both groups decreasing in
concentration to be well below that of AC-90. In addition to the decrease in C-O-R groups,
NEXAFS showed that relative to CHLR, AC-CHLR-90 possessed a much lower proportion of
hydroxyl groups relative to ethers. CHRK also possessed a lower surface O concentration than
CHLR, particularly with respect to the concentration of C-O-R groups, that NEXAFS revealed to
be due to both hydroxyl and ether groups. Steam activation of CHRK resulted in a significant
increase in the surface O concentration, mostly in the form of C-O-R groups. The surface

concentration of C-O-R groups that AC-CHRK-90 possessed was the highest of any of the
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physically activated carbon materials, which NEXAFS revealed to be predominately due to

hydroxyl groups, with some ether groups.

The investigation of the chemical structure of the chars and char derived miACs yielded similar
overall results by XRD and Raman spectroscopy as the VBC derived carbon materials. Gas
physisorption studies using CHLR showed that it possessed well developed microporosity, with
little detectable mesoporosity. From the N; physisorption of CHLR the isotherms obtained were
type IV with H4 hysteresis loops, however, the hysteresis loops exhibited no signs of closure,
which indicates significant LPH is occurring, arising from equilibrium within the small pores not
being achieved. Steam activation of CHLR resulted in only minor increases in the development
of either micro- or mesopores, and although complete closure of the hysteresis loops was not

observed, the shapes were much more defined.

The investigation of the pore structure of CHRK by gas physisorption revealed reasonable
microporosity by CO; physisorption, but by N, physisorption no significant microporosity and
no detectable mesoporosity. Steam activation of CHRK resulted in only minor micro- or
mesopore development. Type IV N, isotherms with H4 hysteresis loops were obtained, which
are typical of carbons. The hysteresis loop from the N; isotherm of CHRK showed no signs of
closure, but steam activation of CHRK resulted in some development in the shape of the

hysteresis loop, arising from a minor increase in mesopore volume.

From the CO; adsorption pseudo-isotherms obtained for CHLR and CHRK, it was clear that at no
temperature or CO; partial pressure tested did the amount of CO; adsorbed exceed that of AC-N,
and in many cases it was significantly lower. This was mainly attributed to the negligible
mesopore volumes of these chars and the mass-transport limitations that would be likely to
result under the test conditions. Only minor increases in CO, adsorption were observed as a
result of the steam activation of the chars, which is in good agreement with the small increases
in pore development which occurred as a result of steam activation of the chars. The increased
CO; adsorption observed over the steam activated chars was greater for AC-CHRK-90 than for
AC-CHLR-90, on account of its more favourable surface chemistry (high surface hydroxyl
concentration), as both steam activated chars possessed similar pore structures. The amount of
CO; adsorbed from the multi-cyclic studies was greater than that observed from the differential-
step adsorption studies, due to mass-transport limitations under the test conditions in the latter
case. The mass-transport limitations arise due to the incredibly small mesopore volumes
present in the chars and miACs derived from them, which limits the rate at which gas can diffuse
through these materials. Although some interesting adsorption results were obtained for the
steam activated chars, their CO; adsorption capacities were insufficient to warrant further

investigation by H,0 competitive adsorption studies.
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7.1.1.3 Chemically Activated Coal Derived Carbon Adsorbents

There was a strong linear relationship between the composition of the KOH activated miACs
and the KOH loading used for their preparation. The KOH miACs exhibited the lowest bulk C
concentration of any of the miACs, which was attributed to their high bulk O concentration. As
the KOH loading increased the bulk O and the ash content of the carbons increased, the bulk C
content decreased. This can be mostly attributed to the mechanism by which KOH activates the
VBC parent carbon. One of the most accepted mechanisms of activation of carbon materials by

KOH is based on the transfer of oxygen from KOH to the carbon.

The surface chemistry of the KOH activated miACs differed to that of the physically activated
miACs. The KOH-miACs exhibited particularly high surface O concentrations, much of which was
due to an increase in C-O-R groups. This was not just a result of the chemical activation
mechanism, but also the reactor type and configuration used. The quartz reactor used in the
chemical activation process possessed a sintered quartz frit which hindered both the flow of gas
through the KOH-VBC samples and the removal of volatile matter by the inert carrier gas. By
retaining much of the volatile matter in the VBC sample during carbonisation a greater number
of small micropores were formed. This also allowed more of the oxygen to be retained than in
the physical activation process. This was well exemplified by the high surface O concentration of
AC-KO (produced using the quartz reactor without KOH) compared to many of the physically
activated VBC derived miACs. Much of the elevated surface O content of the KOH miACs was due
to increases in C-O-R groups, which NEXAFS showed to be due to both hydroxyl and ether
groups. Interestingly, the proportion of hydroxyl groups was significantly higher than for the
physically activated miACs.

The chemical structure of the KOH miACs was similar in many respects to the other miACs. The
Raman spectroscopy of the KOH miACs revealed the familiar result of the major type of carbon
present being disordered graphitic carbon, with lesser contributions made by amorphous and
ideal graphitic carbon. However, for the KOH miAC a decrease in the amount of ideal graphitic
carbon was observed, which was confirmed by TEM. There was a greater amount of order to the
disordered graphitic layer edges observed by TEM, which increased with KOH loading. Although
an increase in the alignment was observed, this was not to the extent of well defined graphitic
domains being formed. From the XRD patterns obtained for the KOH miACs, an increase in the
intensity of the 100/101 reflection was observed with KOH loading, which suggests that the
lateral order of the parallel graphitic domains is increasing with KOH loading. The gas
physisorption studies of the KOH miACs revealed significant micropore volumes with
essentially undetectable mesoporosity. Even when using high resolution N; and Ar

physisorption (at 77 K and 87 K, respectively) it was still not possible to obtain useful mesopore
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data, which in itself strongly indicate that the KOH miACs have pore diameters too small to

allow the diffusion of N, or Ar.

The CO; adsorption pseudo-isotherms of the KOH miACs exhibited equal or greater CO:
adsorption at all temperatures and CO; partial pressures than AC-N, regardless of KOH loading.
However, with increasing KOH loading CO, adsorption did significantly increase, particularly
between CO; partial pressures of 5-30 kPa. When the KOH loading reached 10 wt%, the CO;
adsorption continued to increase with CO, partial pressure over the entire range tested. The
high CO; adsorption results observed for the KOH activated miACs can be directly attributed to
their high micropore volumes and surface O concentrations relative to the physically activated
miACs. From the multi-cyclic adsorption studies for the KOH miACs the amount of CO, adsorbed
at 5 kPa and 15 kPa was significantly greater than from the differential-step studies. This was
again attributed to mass-transport limitations that arose because of the almost negligible
mesoporosity that the KOH activated miACs possessed. In the multi-cyclic adsorption studies
the samples were treated at 5 kPa for extended periods of time prior to the cyclic

measurements, which allowed for true equilibrium to be achieved at 5 kPa.

Although all of the KOH activated miACs performed extremely well as CO, adsorbents AC-K10
was the best of the series. As such it was chosen for further investigation of its adsorption
properties by wet gas adsorption. At both 363 K and 378 K AC-K10 exhibited competitive
adsorption behaviour between CO; and H;0, which probably limits its applicability to industrial
scale carbon capture, as H»O is present in flue gas streams. Regardless of this fact, due to the

substantial CO; capacity of AC-K10, further investigation of this material is strongly advised.

7.1.2 Mesoporous Carbon Adsorbents

In general the composition of the lanthanide (Ln) oxide catalysed physically activated
mesoporous carbons (Ln-meACs, where Ln is either Ce or La) were quite typical of carbon
materials derived from coal, possessing predominately C and O as the major components, with
minor contributions from H and N. The “as produced” Ln-meACs possessed much higher ash
contents than the miACs, but this was significantly reduced upon acid washing. In fact for the
La-meACs acid washing reduced the ash content to far lower values than the other carbon

materials produced in this thesis.

The investigation of the carbon surface chemistry of the Ln-meACs was obscured by the
presence of the surface Ln,Oy phase. As such only direct comparison of the acid washed Ln-
meACs could be made to AC-90. It was also for this reason that only the acid washed Ln-meACs

were further investigated by NEXAFS spectroscopy. From the comparison of the Ce and La 3d
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spectra of the “as produced” and acid washed Ln-meACs it was clear that a significant amount of
the LniO, surface phase was removed by the acid washing procedure, on account of the
significant reduction in all peaks in the Ln 3d spectra. Furthermore, investigation of the acid
washed Ln-meAC surface chemistry by XPS showed them to possess much lower concentrations
of C=0, C-O-R and COO-R groups relative to AC-90. However, NEXAFS of these Ln-meACs
revealed that they possessed a significantly higher proportion of hydroxyl groups relative to
ethers; the two groups attributed to the C-O-R peak in XPS. Furthermore, the amount of
phenolic groups on the surface of the Ln-meACs were substantially higher than was observed
for AC-90. This will have had a significant effect on the affinity for CO; of the acid washed Ln-

meACs, despite the overall decrease in surface O relative to AC-90 observed by XPS.

The investigation of the chemical structure of the Ln-meACs yielded very similar results to the
other physically activated ACs. Raman spectroscopy showed the major type of carbon present to
be disordered graphitic carbon, with minor contributions from amorphous and ideal graphitic
carbon; and XRD showed the familiar two broad peaks typical of amorphous carbon, suggesting
the presence of some parallel graphitic domains and some degree of lateral structure. The TEM
micrographs of the Ln-meACs confirmed the observations of both XRD and Raman
spectroscopy, showing alignment of the graphene layer edges interspersed with well defined
graphitic domains. These observations are typical of coal derived carbon materials, composed of
disordered but parallel graphene sheets. The gas physisorption investigations of the Ln-meACs
revealed that although the “as produced” Ln-meACs exhibited significant micro- and mesopore
volumes, acid washing proved that much of this pore volume was in fact due to the porosity

inherent within the Ln,Oy itself.

The CO, adsorption pseudo-isotherms of the acid washed Ln-meACs exhibited significantly
lower CO; adsorption relative to AC-90, which could be directly attributed to the overall lower
surface O concentration of the acid washed Ln-meACs relative to AC-90. The lower overall
surface O concentration of the acid washed Ln-meACs was mainly due to lower concentrations
of C-O-R and COO-R groups. NEXAFS showed that compared to AC-90, the Ln-meACs possessed
higher concentrations of phenolic groups and higher proportions of hydroxyl groups relative to
ethers. The latter will have had the overall effect of slightly increasing the surface concentration
of hydroxyl groups of the acid washed Ln-meACs relative to AC-90, resulting in an increase in
CO; affinity. From the multi-cyclic adsorption studies of the acid washed Ln-meACs it could be
seen that the amount of CO; adsorbed by AC-Ce3-90-AW and AC-La3-90-AW at both 5 kPa and
15 kPa from the multi-cyclic studies were slightly greater than were observed at the same CO;
partial pressure from the differential-step adsorption studies. This was due to mass-transport

limitations that arose due to the small mesopore volume of AC-Ce3-90-AW and AC-La3-90-AW.
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No evidence of mass-transport limitations was observed from the multi-cyclic adsorption
studies over AC-90-Ce3-90-AW or AC-90-La3-90-AW, with the same amount of CO:; being
observed at 5 kPa and 15 kPa from both the multi-cyclic and differential-step adsorption
studies. Despite the lower than desired mesopore volumes of the acid washed Ln-meACs they

were still investigated as supports for PEL

7.1.3 Amine Modified Activated Carbons Adsorbents

The characterisation of the PEI-ACs was limited to the use of elemental analysis and gas

physisorption, as any other form of characterisation would not yield useful information.

PEI impregnation of the AC resulted in significant increases in the bulk H and N content, the
degree of which was a good indication of the degree of success of the impregnation procedure.
Furthermore, as the bulk N content of the support materials was known, the “adjusted nitrogen”
content could be determined, which allowed for the amount of N in the sample that was due to
the PEI alone to be determined. This was of particular importance for determining the “amine
efficiency”, which allowed assessment of how efficiently the amine groups were performing at a
particular temperature and CO; partial pressure. N, physisorption at 77 K allowed the degree to
which the pores had been filled by PEI to be determined. In all cases the pore volume was
barely within the detectable range, a good indication that the pores had essentially been filled
with PEL

The adsorption pseudo-isotherms for the PEI-ACs at 363 K revealed that the amine modified
materials exhibited greater CO, adsorption relative to the corresponding carbon supports. This
was especially true for the PEI impregnated AC-90 materials (AC-90-90PEI-R and AC-90-90PEI-
VT), which exhibited higher CO, adsorption at 293 K than most of the non-modified carbon
materials presented in this thesis. At 378 K, AC-90-90PEI-R also exhibited exceptionally high
CO; adsorption over the entire CO, partial pressure range. These findings were supported by
the high amine efficiencies determined for AC-90-90PEI-R at both 363 and 378 K
Unfortunately, all the other PEI-ACs exhibited equivalent or lesser adsorption than the
corresponding carbon supports at 378 K. For the Ln-meAC supported PEI-ACs it was proposed
that the lower than expected CO, adsorption could possibly be attributed to the high
concentration of phenolic surface moieties, which may have formed strong interactions
(electrostatic) with the amines of PEIL. Furthermore, if the PEI had been drawn deeper into the
pore structure of the Ln-meAC supports, then the interactions between the PEI and AC support

would have increased. Such associations would result in a decrease in the number of amine sites
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available to take part in CO, adsorption; a phenomenon that was apparent from the low amine

efficiencies determined for the Ln-meAC supported PEI-ACs.

Higher CO. adsorption was observed in the multi-cyclic adsorption studies than in the
differential-step adsorption studies due to pre-dosing at 5 kPa prior to the cyclic measurements.
This behaviour was attributed to the slow diffusion of CO; through PEI, which in several cases
led to equilibrium not being achieved over the adsorption cycle. The wet gas investigations of
the Ln-meAC supported PEI-ACs showed decreased CO; adsorption in the presence of H-0,
relative to dry gas conditions. However, excellent CO; adsorption was observed over AC-90-
90PEI-R and AC-90-90PEI-VT, with significant increases in CO2 capacity being observed in wet
gas conditions compared to dry conditions; strongly indicating the formation of bicarbonates. It
was proposed that since fewer strong electrostatic interactions existed between PEI and AC-90,
H>0 was able to disrupt hydrogen bonding, making more amine sites available to take part in
adsorption and form bicarbonates. This was particularly prominent for AC-90-90PEI-R, and it is

believed that with further study this material may hold significant promise as a CO, adsorbent.

7.1.4 Overall Conclusions

The work presented in this thesis demonstrates that VBC holds great promise for use in the
production of carbon adsorbents for CCS from post-combustion flue gas. This was due to the
unique composition of VBC, which allowed for carbon materials with superior surface chemistry
to be produced by simple methods, which are potentially economically viable. Several
outstanding adsorbents were identified over the course of this project, which include: AC-90
from the steam activated miAC series, AC-K10 from the KOH activated miAC series, and AC-90-
90PEI-R from the PEI-AC composites. These materials are strongly recommended for further

investigation, as outlined below.

Of the physically activated carbon materials, AC-90 held the most potential as a CO; adsorbent.
It outperformed the benchmark (AC-N) under all conditions tested, despite AC-90 possessing
significantly lower pore volume than AC-N. The superior adsorption behaviour of AC-90 was
attributed to the favourable distribution of surface functional groups, which also allowed for
preferential adsorption of CO; even in the presence of H;0; a major component of flue gas.
There were particularly high concentrations of polar functional groups such as hydroxyls and
carboxylic acids on the surface of AC-90 relative to AC-N. Furthermore, the amount of steam
required to produce AC-90 was lower than is commonly reported. This may enable for cost
reduction in the production of AC-90 to other ACs, and is one of the many reasons that this AC

should be investigated further.
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All of the KOH activated miACs exhibited excellent CO; adsorption behaviour, especially AC-K10.
From the differential-step and multi-cyclic adsorption studies, AC-K10 clearly outperformed AC-
N to a greater extent than any of the other miACs. However, H,0 competitively adsorbed to AC-
K10 which may limit the direct application of this material in the separation of CO; from flue gas
streams. Importantly, the methods used to produce the KOH activated miACs are cheaper than
those used to produce other chemically activated ACs because KOH was directly impregnated
into the VBC precursor instead of a pre-produced char, and significantly lower amounts of KOH
were required (10 wt%) than those traditionally employed (400-600 wt%). As such, capital
costs could be reduced by using lower grade steel to construct the reactor. Operating costs
would be reduced because of the reduced amount of KOH used in production. Also corrosive
waste would be minimised which would have environmental benefits and reduce the safety

risks associated with handling the materials.

Ln,Oy was used to promote the development of mesoporosity in physically activated carbons by
catalysing partial oxidation reactions that occur during VBC gasification. The study of the Ln-
meACs undertaken here enabled the elucidation of important details relating to the catalytic
activity of LnyOy during pore development. Most importantly, it was discovered that the
apparent increases in the mesopore volumes reported in the literature for other Ln-meACs, in
fact arose from the innate porosity of LniOy. In this work, an acid washing method was
developed to remove the LniOy, which had never been reported in previous studies. It was
observed that the pore volumes of the acid washed Ln-meACs were substantially lower than the
non-acid washed analogues in previous reports. It is believed that the semi-rigid carbon
structure of VBC prevents the production of materials with the extent of mesoporosity desired
here. Although it may be possible to generate more highly mesoporous materials from VBC
using more severe conditions (e.g. alkali hydroxide coal digestion and extensive gasification),

these approaches are likely to be less attractive from an economic perspective.

The acid washed Ln-meACs and AC-90 were then investigated as support materials for PEL. The
CO; adsorption exhibited by AC-90-90PEI-R under all conditions was significantly greater than
for other carbon materials produced in this thesis. However, the vacuum treatment used to
remove low molecular weight PEI from the composites was detrimental. Vacuum treatment
drew PEI deeper into the close ended, slit-shaped pores of the support and led to an increased
number of interactions between the amines of the PEI and the AC surface. Thus, it appears that
fewer amine sites were available for CO, adsorption. These effects were more pronounced for
the Ln-meACs which possessed significantly higher proportions of phenolic groups on their
surface that could result in strong electrostatic interactions forming between PEI and the Ln-

meACs. AC-90-90PEI-R exhibited significantly increased CO; adsorption in wet gas conditions,
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which supported the formation of bicarbonate species. Therefore, of all of the PEI-ACs only AC-
90-90PEI-R exhibited any promise for carbon capture applications. However, further work is
still required to develop a full understanding the applicability of AC-90-90PEI-R to carbon

capture.

7.2 Future Directions

The next major step to be taken towards evaluating the applicability of the carbon materials
produced here to industrial scale CCS processes are to undertake breakthrough adsorption
studies with more realistic gas mixtures. These must firstly be undertaken at the lab scale on the

carbons in the powdered form, before larger scale quantities are investigated at the bench scale.

The first breakthrough studies that will be required to be undertaken are on N»/CO2 mixtures,
in order to establish the selectivity of the adsorbents towards CO». Once the baseline selectivity
of the adsorbents towards CO; has been established, competitive adsorption studies with H;0,
the third major component of flue gas will be required. The competitive H,0/CO: studies that
were undertaken in this work were limited by the TGA system used to 2 %(v/v) of H20 in the
gas stream, where as in a real flue gas stream the concentration of H,O is closer to 15 %(v/v).
The seemingly negligible effect that H,0 had on CO; adsorption at 2 %(v/v) may very well not
be the case at 15 %(v/v) H20. Moreover, the effects of SOx and NOx on the adsorption of will
need to be investigated for all adsorbents marked for further investigation. Competitive
adsorption studies with SOy and NOx will be required for AC-90 and AC-K10 due to the presence
of these compounds in flue gas, which will not irreversibly affect the ACs, but may compete for
adsorption sites. In the case of the PEI-AC composites the situation is much more complicated,
as SOy and NOy can potentially irreversibly bind to the amine moieties, essentially deactivating

the amine site [1-3], and so more in depth studies may be required.

The second type of breakthrough studies to be undertaken on the carbon adsorbents are on the
bench scale, using the adsorbent in pelletised form. Obviously, this will first require fabrication
studies to be undertaken in order to ascertain the most appropriate fabrication process and
determine the effects this will have on CO, adsorption of the adsorbents. Most importantly the
behaviour of the adsorbent pellets on gas flow through a fixed bed system, minimising the void
volume of the column in addition to the diffusion of gas through the pellets themselves. It is
proposed here that the primary binder to be investigated for use in pelletisation studies for AC-
90 and AC-K10 should be the tar produced from the production of these adsorbents. In the case
of the PEI-AC composites the PEI itself could act as a binder. Vacuum treatment prior to

pelletisation should probably be avoided, but post-synthetic vacuum treatment might be
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appropriate. Further down the track bench scale studies utilising larger quantities of materials
will be required, as part of the pelletisation study itself, which will feed important information

into a techno-economic viability study.

Regarding the wider use of the carbon adsorbents beyond their use in post-combustion flue gas
streams using a VSA system, two applications have been identified outside of the scope dealt
with in this research. Firstly, the AC-90 and AC-K10 adsorbents may have potential use in
electrothermal swing adsorption (ESA) from flue gas streams; secondly, these carbon materials
may be useful as adsorbents for the separation of CO; from natural gas. The use of ACs for gas
separation by ESA has been looked at previously [4, 5], and requires that the carbons possess
electrical conductivity and are able to be fabricated into monoliths. Both these characteristics
can be achieved, but will require studies of reasonable length and detail in order to achieve
these goals. Furthermore, the use of ACs for natural gas separation have also been studied in the
past [6-9], even using VBC derived ACs [10]. Single gas and breakthrough adsorption studies
will be the first step in determining the applicability of the ACs produced here for natural gas

separation.
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8.1.1 Victorian Brown Coal Briquettes

ENERGY BRIX AUSTRALIA
TYPICAL COMPOSITION & PROPERTIES

VICTORIAN BROWN COAL BRIQUETTES

ENERGY BRIX AUSTRALIA

CORPORATION PTY LTD
ACN 074 736 833

This typical briquette composition and propertles Is based on briquette production from a mixture of
80% Loy Yang Coal and 20% Yallourn Fastfield Coal. The ash yleld of the 2 coal types used for briquette
production has been assumed to be 0.7% to 1.5% dry basis (db) for Loy Yang Coal and |.8% to 2.5% dry
basis {cIb) for Yallourn Fastfield Coal. The moisture content of the briquettes is controlled by Energy Brix
during its production process and is assumed Lo be between 0% to | 3%.
TYPICAL DIMENSIONS
Typel Type ll
o By “3-piece”
Industrial Household
43mm 86mm
Victoria Victoria
Briquettes Briquettes
Size (approx.) 58mm x 43mm x 40mm 86mm x 62mm x 40mm
Weight (approx.) 90g 230g
Bulk Density 0.75 tonne/m’ 0.75 tonne/m’
TYPICAL ANALYSIS
COMPONENT PREDICTED RANGES
As Fired Dry Basis
Proximate Fixed Carbon (%) 42 to 46 48 to 52
Volatile Matter (%) 4] to 44 47 to 50
Moisture (%) [0to 13 -
Ash (%) 0.8to 1.5 0.9to 1.7
Ultimate Carbon (%) 67 to 70
Hydrogen (%) 4.7 to 5.1
Nitrogen (%) 0.53 to 0.66
Total Sulphur (%) 0.29 to 0.42
Oxygen (%) 22810 27.0
Energy Gross M)/kg) 22.6 10 24.3 26.0 to 27.0
(Btu/lb) 9,716 to 10,447 11,178 to 11,608
Keallkg 5,398 to 5,804 6,210 to 6,449
Net (M)/kg) 21.5to0 232
(Btu/Ib) 9,243 to 9,974
Kealikg 5,135 to 5,541

Based on predicted Loy Yang and Yallourn Eastfield Coal as at February 2002
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ENERGY BRIX AUSTRALIA

TYPICAL COMPOSITION & PROPERTIES

VICTORIAN BROWN COAL BRIQUETTE ASH

ENERGY BRIX AUSTRALIA

CORPORATION PTY LTD
AGN 074 736 033

ANALYSIS OF ASH CONSTITUENTS

Ash Constituents Predicted Minimum Value | Predicted Maximum Value
(Laboratory Furnace Ash) (% db) (% db)
Silica 1.0 50
Alumina 1.0 25
Titanium oxide 0.1 2.0
Iron oxide 10 20
Calcium oxide 5 10
Magnesium oxide 10 I5
Sodium oxide 5 I5
Potassium oxide 0.1 1.5
Sulphur trioxide® 10 40

Briquette ash analysis varies depending upon the combustion method (laboratory muffle
furnace, domestic heater or industrial boiler}.

* The sulphur trioxide values in furnace/fly ash produced from these briquettes may be lower
than the predicted furnace ash values reported here; hence, concentration of other oxides
would also increase proportionally.

OTHER PROPERTIES

Ash Fusion Temperature > 1250°C (reducing atmosphere)
Hardgrove Index 40 - 45

Compressive Strength {(kg/cm?) 160 =200

Briquette Particle Density (g/cm?) [.118=1.240

Based on predicted Loy Yang and Yallourn Eastfield Coal as al February 2002
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8.1.2 Norit R2030 CO2

Norit Digital Library

orit Electronic Version

Norit R2030 is a steam activated extruded carbon with a particle diameter of

3 mm. The established activity of Norit R2030 is ideal to remove low concentrations of contaminants
from gas flows. The superior mechanical hardness in combination with the extruded particle shape result
in a low pressure drop over the filter. Norit R2030 is used in gas phase applications dealing with low
concentrations (in general 1 — 200 ppm) requiring high removal efficiencies. For high contaminant

Norit R 2030

concentrations this type of carbon should not be used. For this, alternatives are available.

Butane adsorption at p/p, = 0.1
Butane adsorption at p/p, = 0.1
Moisture (as packed)

Butane adsorption at p/p, = 0.1
Total surface area (B.E.T.)
Apparent density

Ball-pan hardness

Abrasion index

Particle size > 2.36 mm
Meisture (as packed)

Ignition temperature, above

leading in purification

SPECIFICATIONS

min. 13
max. 18
max. 5

GENERAL CHARACTERISTICS
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10
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Document No.

Product / Application

Version

Norit Nederland BV
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FM 26618
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Norit Digital Library

NOTES

All analyses based on Norit Standard Test Methods (NSTM)

Specifications are guaranteed values based on lot to lot quality control, as covered by Norit's ISC 9001 certification.

General characteristics reflect average values of product quality.

Detailed information on pressure drop characteristics in air can be found in Technical Bulletin TB 136: Pressure drop characteristics
of Norit extruded activated carbon grades.

BWN =

PACKAGING

Norit R 2030 is available in:

- Polyethylene bags of 25 kg, 44 bags per pallet, stretch wrapped on 115 x115 cm pallets (1100 kg net weight per pallet)
- Bulk bags of 2 x 500 kg net weight on a pallet, shrink wrapped

Product availabilities depend on the type of packaging.

Caution: For health and safety related aspects please refer to the Material Safety Datasheet (MSDS), which is available on request.

Notes: Any product quality information including specifications given was valid at the time of issuance of the publication. However, we maintain a policy of
continuous development and reserve the right to amend any product quality aspects without notice. All data and suggestions regarding the use of our products
are believed to be reliable and given in good faith. However, they are given without guarantee, as the use of our products is beyond our control, and are not to
be construed as recommendation or instigation to violate any existing patent.

This datasheet is generated in an electronic way and is meant to be used only for the purpose of convenience. In case of divergencies between this datasheet
and the original datasheet available at Norit's headoffice, the original datasheet prevails. Customer should notify Norit immediately of this divergence

This datasheet (Issue 156 August 2011) replaces previous issues.

Activated Carbon

leading in purification
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8.2 Appendix 2 - NEXAFS Spectroscopy Peak Fitting
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Figure 8-1 ~ C 1s and O 1s NEXAFS Spectra for AC-N, with Complete Peak Fitting. Shown are A) C 1s NEXAFS
Spectrum for AC-N, B) O 1s NEXAFS Spectrum for AC-N

-341-



CH-45C1s

Cis fit ERF c1 c2 c3
——C4 €5 - c6 C7 e 8 - 9
A)
-~
=
&
2
w
=
]
)
=
P i o 1
280 285 290 295 300
Energy (eV)
CH-450 1s
—o01s —fit ~——ERF ——O01 ——02
—03 - 04 e 05 06 - 07
B) _ S
_ P
5
G
N
2
@
=
]
e
=
T e pesnst—,
525 530 535 540 545 550
Energy (eV)

Figure 8-2 ~ C 1s and O 1s NEXAFS Spectra for CH-45, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for CH-45, B) O 1s NEXAFS Spectrum for CH-45
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Figure 8-3 ~ C 1s and O 1s NEXAFS Spectra for AC-45, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-45, B) O 1s NEXAFS Spectrum for AC-45
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Figure 8-4 ~ C 1s and O 1s NEXAFS Spectra for CH-90, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for CH-90, B) O 1s NEXAFS Spectrum for CH-90
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Figure 8-5 ~ C 1s and O 1s NEXAFS Spectra for AC-90, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-90, B) O 1s NEXAFS Spectrum for AC-90
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Figure 8-6 ~ C 1s and O 1s NEXAFS Spectra for CH-180, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for CH-180, B) O 1s NEXAFS Spectrum for CH-180
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Figure 8-7 ~ C 1s and O 1s NEXAFS Spectra for AC-180, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-180, B) O 1s NEXAFS Spectrum for AC-180
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Figure 8-8 ~ C 1s and O 1s NEXAFS Spectra for CHLR, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for CHLR, B) O 1s NEXAFS Spectrum for CHLR
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Figure 8-9 ~ C 1s and O 1s NEXAFS Spectra for AC-CHLR-90, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-CHLR-90, B) O 1s NEXAFS Spectrum for AC-CHLR-90
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Figure 8-10 ~ C 1s and O 1s NEXAFS Spectra for CHRK, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for CHRK, B) O 1s NEXAFS Spectrum for CHRK
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Figure 8-11 ~ C 1s and O 1s NEXAFS Spectra for AC-CHLR-90, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-CHLR-90, B) O 1s NEXAFS Spectrum for AC-CHLR-90
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Figure 8-12 ~ C 1s and O 1s NEXAFS Spectra for AC-K0, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-K0, B) O 1s NEXAFS Spectrum for AC-KO
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Figure 8-13 ~ C 1s and O 1s NEXAFS Spectra for AC-K5, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-K5, B) O 1s NEXAFS Spectrum for AC-K5
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Figure 8-14 ~ C 1s and O 1s NEXAFS Spectra for AC-K7.5, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-K7.5, B) O 1s NEXAFS Spectrum for AC-K7.5
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Figure 8-15 ~ C 1s and O 1s NEXAFS Spectra for AC-K10, with Complete Peak Fitting. Shown are A) C 1s
NEXAFS Spectrum for AC-K10, B) O 1s NEXAFS Spectrum for AC-K10
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Figure 8-16 ~ C 1s and O 1s NEXAFS Spectra for AC-Ce3-90-AW, with Complete Peak Fitting. Shown are A) C
1s NEXAFS Spectrum for AC-Ce3-90-AW, B) O 1s NEXAFS Spectrum for AC-Ce3-90-AW
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Figure 8-17 ~ C 1s and O 1s NEXAFS Spectra for AC-90-Ce3-90-AW, with Complete Peak Fitting. Shown are
A) C 1s NEXAFS Spectrum for AC-90-Ce3-90-AW, B) O 1s NEXAFS Spectrum for AC-90-Ce3-90-AW
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Figure 8-18 ~ C 1s and O 1s NEXAFS Spectra for AC-La3-90-AW, with Complete Peak Fitting. Shown are A) C
1s NEXAFS Spectrum for AC-La3-90-AW, B) O 1s NEXAFS Spectrum for AC-La3-90-AW
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Figure 8-19 ~ C 1s and O 1s NEXAFS Spectra for AC-90-La3-90-AW, with Complete Peak Fitting. Shown are
A) C 1s NEXAFS Spectrum for AC-90-La3-90-AW, B) O 1s NEXAFS Spectrum for AC-90-La3-90-AW
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