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Abstract

The aim of this project is the design, syagls and characterisation of porous carbon structures
capable of the selective capture of carbon dioxide,)J@Om the exhaust gases of coal and gas
postcombustion power stations. In such systems, the fossil fuel is burnt in an air environment
producingCQO; as just one of a multomponent flue gas. This flue gas is expected to contain
nitrogen and water among other constituents. It is at ambient pressures and temperatures of
0323 K.

Successful capture materials should have highly microporous structyriessagption kinetics

and be capable of repeated sorption/desorption cycles. To develop highly microporous carbon
sorbents a range of porous materials have been synthesised using chemical and physical
activation of precursors obtained through top downkasttbm up approaches. Porosity has also

been achieved in precursors through the controlled use of graphene exfoliation, melamine
formaldehyde resin aerogel formation, soft templates, controlled carbonisation and synthesis of
microporous organic polymers.h& role of nitrogen dopants {Bibpants) within the CO

sorbent materials has also been investigated. To increase understanding and tune the sorbents
performance, porous carbon structures have been synthesized containing: pyridine, pyrrole,

quaternary andigzine nitrogen groups.

Characterisation was achieved usirgpurier transform infrared spectroscopy,-ra§
photoelectron spectroscopgiuclear magnetic resonance spectroscamnsmission electron
microscopy Xray diffraction, thermogravimetric analysasid nitrogen (B isotherms at 77 K.
CO, sorption analysis was carried out using volumetric and gravimetric andlsisnfluence
of N-dopants on the adsorbadsorbent interaction is characterised usi@ volumetric

isotherms, isosteric heats of agstion and CQ@N, selectivity analysis.
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Objectives

The scientific objectives of this thesis are to:

1.

Research andnalyse existing methods utilised and factors instrumental in the synthesis
of successful porous carbon based solids foy €&paration and storage.

Discuss the role nitrogen dopants play in the adsoi@@xntinteraction and further
mechanistic understandjrhrough the synthesis of nitrogen functionalities in a range of
carbon matrices.

Discuss the role pore size plays in the,@@sorption behaviour of porous carbon solids
and providdurther evidencéor the discussion

Achieve a performance increase dii 30% compared with current amine solvent
systemsi.e. synthesiseaterials capable 6f3 mmol/gCO, uptakeat 323 K.

Investigate, synthesise and analyse novel nitraigdnmicroporous organic polymers

for the separation and storage of CO

Investigate,synthesise and analyse porousidped exfoliated graphene materials for
the separation and storage of £O

Experiment with a range of activated carbon precursors to develop highly microporous
carbons, assaying their potential as,G@bents

Utilise various nitrogerrich precursors to nitrogetioped porous carbon, affording
materials with rangingporosities and nitrogen dopants. Therefore developing an
understanding of the most suitable precursors for future study.

Determine the potential for porosity mcing techniques common in the synthesis of
porous carbon to be applied to carbon nitridkeleed can a microporous carbon nitride

be synthesised
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1. Introduction

This thesis outlines the design, synthesis and anabfstarbon based adsorbentfor the
selective capture of carbon dioxide from industrial point sources, such as coal and gas power
stations. In this introduction the global requirement for the capture of carbon dioxide is
presented This is followed by an explanation of how capturaynbe achieved and a brief
discussion of current and potential technologies. The salient features of these technologies are
then used to guide design and synthesis of a range of new materials.

1.1 Measuring Carbon Dioxide and Temperature Levels

From the cobpowered steam trains, furnaces and industry of the nineteenth century, te the oil
powered combustion and jet engine transport systems and gas or coal powered generators of the
twentieth, the advancement in global technologies and infrastructure sedhneokast 200 years

has been built around and made possible by fossil fuels. The term fossil fuel refers mainly to the
use of coal, oil and natural gas as sources of energy through their combustion. Fossil fuels are
formed by the anaerobic decompositionoojanisms that were alive predominately during the
Carboniferous Period, between 360 and 286 million years ago. They are predominately carbon
based and through combustion in oxygen, carbon dioxideg) (€Produced. However, in recent

times the scientificommunity has linked rising levels of anthropogenic,@@h increasing

global temperaturd$PCC (2001)(2013)]

Measurements taken frormrf data and ice cores show that over the industrial advancement of
the last two hundred years, the concentratioatimospheric C@has increased from 2B891.6

ppm, 18002012 [Transet al. (195971 current)] Figure 1.1 (a)). In 2010 global C@emissions

from fossifuel combustion and cement production grew 5.9%, surpassingg 9of
anthropogenic carbon released per annum for the first time [R¢takg2012)]. Also over the

last two hundred years a period of global warming has been ob$#?@%e (2001)pp. 3, with
tempeature rising considerablfFigure 1.1 (b)). The recorded increase is dependant on data
source: 0.911 + 0.042 °C based on 2011 levels since the 1950s as reported by the Berkeley
Earth Surface Temperature project [Witteal. (2012)] and0.74 °C (0.56 to 092 °C) over the

100 year period from 1908005 as reported by the Intergovernmental Panel on Climate
Change (IPCC)[IPCC (2007 pp. 9. These measurements have been carried out using

thermometers, tregngs, corals, ice cores and historical records.
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1.2 The Greenhouse Effect

Ri sing gl obal temperature is |linked to a ri:
6gr eenh o (IRCE (2601)ppe 8 Tyddall (1860). Sunlight is broadly madep of the
entire electromagnetic spectrum, and each vy

adsorls on average 235 W.fof radiation, limited bygeometric effects anflection[Karl et

al. (2003)] This radiation is converted into heat causthg emission of longvavelength
infrared (IR) (0.740 000 e m) r adi ati on back allmdiated babke at r
into space the average temperature of the earth would be 33 °C[Kavkrt al. (2003)]
However, the atmosphere recycles much of the radiation released from the earth surface
delivering an additionaB24 W.n¥ [Lashof (1989)] This mechanism of recycling is carried out

by greenhouse gases that adsorb thermal infrared radiation due to dipole fluctuations interacting
with the electromagnetic oscillations of IR radiation. If theyfrencies match then radiation is
adsorbed causing a change in vibrational, rotational, stretching or bending states. There main
greenhouse gasease water vapour, C¢) nitrous oxideand methane. It has been calculated that

a doubling of C@ concentratiorwould lead to an increase in 4 Wrdownward energy flux
[Lashof(1989)] As early as 186Q0, was shown to be able to adsorb and emit radiation within

the infrared ranggryndall (1860)]
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Figure 1.1. (a) Carbon dioxide (from ice core and firn data) fluctuations and (b) temperature
(recorded using thermometers, tree rings, corals, ice cores and historical records) over the last 1000
years [IPCC (20@) pp. 6 and 134]. The polar firn is the intermediate product between ice and
snow that covers the Antarctic ice sheet.

1.3 Projections of Future Scenarios

This large body of evidence has led to the belief that dangerous anthropogenic interference in
the worl dbés c lué tmarntheopogenically celeased KClBlansedet al. (2006),
Oreskes (2004)]IPCC specil repors on emissionscenarioprojections leading from current

and projected use of fossil fuelerecasts a vaety of possible future temperature chafife€C
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(2007 and (2013). The models vary in response to different economic, population and
technological changes. An average 0.2 °C warming per decade is projeetetieo next two
decades for a range B#CC special report emissions scenarlBRES. Even if greenhouse gas

and aerosol concentrations are kept constant at year 2000 levels, a further warming of about 0.1
°C per decade would be expected. The most resdrv scenari ods best es
increase 00.4 t01.6 °C relative to 190 levels, within a likelymean increase of 1B4 °C by

2050 (Figure 1.2(a)). Under all projections, snow and ice cap coverage efitact and sea

levels will rise (Figure 1.2(b)). It is also likely that hot extremes, heat waves and heavy
precipitation events will become more frequent. Tropical cyclones (hurricanes and typhoons)
may also become more intense and extratropical storikstrvaitt move towards the poles. The
distribution of precipitation patterns @so likely to change with increases towards the poles
andreductions around the equaft? CC (20Q7) pp. 7.

Global average surface temperature change
6.0 . — — — ‘ Mean over

a 2081-2100
w— historical 1

e RCP2.6

4.0 = RCP8.5 39

RCP26 Him
RCP4.5
RCP6.0
RCP8.5

_2 0 1 [
1950 2000 2050 2100
b 2046-2065 2081-2100
Scenario Mean Likely rangec Mean Likely range©
RCP2.6 1.0 041016 1.0 031017
Global Mean Surface RCP4S 14 09t02.0 1.8 1.1t026
Temperature Change (°C)* RCP6.0 13 0810138 22 141031
RCPB.S 20 141026 3.7 261048
Scenario Mean Likely range? Mean Likely range?
RCP2.6 024 01710032 0.40 0.26 t0 055
Global Mean Sea Level RCP4S 026 0.19100.33 0.47 03210063
Rise (m)* RCPE.0 0.5 0.1810 032 0.48 03310063
RCPES 030 02210038 0.63 0.45 t0 0.82

Figure 1.2 (a) CMIP5 multi-model simulated time series from 195@ 2100 for the change in global

annual mean surface temperature relative to 198&005 (b) Projected change in global mean
surface air temperature and global mean sea level rise for the miénd late 21st century relative to

the reference period of 19862005 [IPCC (2013)pp. 21 and 23.
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1.4 Political Response

In the face of such warnings, governments have acted in response. In 1997, the Kyoto Protocol
was drawn up and has since been ratified by all major polluting countries except the United
States ofAmerica. The Protocol legally bound participating member states to reduge CO
emission by 5 % in the period 20072012 against 1990 leve[t/nited Nation (1998)] But

despite thisgduring the period 1997 2012globalgreenhousgas emissions still wenip by up

25% [Diringer (2011)] The Copenhagen Accord follows on from where the Kyoto Protocol
finished. It underlines the fact that climate change is one of the greatest challenges of our time
and emphases a strong political desire to tackle the proflanited Nations Framework
Convention on Climate Change (20Q9}]also recognises the scientific view that the increase

in global temgrature should be kept below €. The accord is, however, not legally binding

and asks for member states to pledge thein emissions reduction targets. Compared to 1990
levels the EU has pledged a 30% reduction, Japan 25 % and Russia a reductidn26f4.5

The US has pledged a reduction of 17% against 2005 levels while China a reduction in carbon

intensity of 400 45% from 2005 level$§Mitigation pledges can be foumdhttp://unfccc.in}.

1.5 The Supply and Demand of Energy

Current primary energy supply is dominated by fossil fuels. The global primary energy supply
in 2008 was 492 EXil contributed 34.6%, coal 28.4% and gas 22.1%. 12.9% came from
renewable energies, with 10.2% of that coming from biom#BEC (2011) pp. 14.
Hydropower contributed 2.1% while solar and wind produced 0.1% and 0.2% respectively.
Nuclear power supplied.@%. Studies into technical potentials of possible energy supply from
renewable fuels indicate that current energy requirements can be readily met using renewable
sourceqdde Vrieset al. (2007), Krewittet al. (2009)]. Of these, solar photovolta{®V) has the
greatespotential to be a leading contributor alongside wind and biop@EE€D/IEA (2011)]
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Figure 1.3. Ranges of global technical potentials of renewable energy sour¢d3CC (2011) pp. 12).

1.5.1 Renewable Energy Sources

To avoid detrimentaeffects from climate change, a structural shift from an energy system
based on fossil fuels to one based on renewable sources is required within several decades
[Davis et al (2010)] Previous energy transitions, e.g. from wood to coal and from codl to o
were slowand primarily triggered by improved power density and economic bengfes

(2010]. A transition to renewable fuels, however, maj he a transition to a bettérel in

terms of power density and economic benefits. While shortage of glodaflomestic energy
supplies may encourage a transition to renewable energy sources, governmental influence on
marketswill likely be a major force driving any chang&he costof supply forrenewables has

fallen in recent years: cost of globally produé®d modules has fallen from 65 USD/W in 1976

to 1.4 USD/W in 2011 and onshore wind power in the US has fallen in cost from 4.3 to 1.9
USD/W from 1984 to 201IPCC (2011)pp. 38]. Increasing costs of oil and coahd benefits

from economies of scale ameaking renewable technologies economically more attradtive.
important to note that the reductions in the cost of a technology per unit capacity understate the
actual reduction in the levelised cost of the technology when improvements in performance
occur. The levelised cost takes the high initial cost of renewable energy sources and accounts
for the many years of energy that will be produced;leeelised cost net cost to install a

renewable energy system divided by its expectedilife energy atput Figurel.4).
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Figure 1.4. The levelised cost of energy for selected renewable technologies compared to recent non
renewable source$lPCC (2011)pp. 47.

However, difficulties in infrastructure alterat®and potential profits that can be made from oil,

coal and gas mean these fossil fuels will continue to be attractive. In response to this,
governments are looking for a way of mitigating the contribution of fossil fuel emsstion

global warming. One wato do this is to trap and store the £ it is released from industrial

point sources such as coal and gas power stations; this has become known as carbon capture and

storage or carbon capture and sequestration (CCS).

1.6 Carbon Capture and Storage

A carbon capture and storage (C@®)cess would consisf the separation and capture of €O

at large point sources. The g@ould then be compressed and transported to a Hemn

storage location where it can be isolated from the atmosphere. Otheadmsdo mitigating
climate change rely on increasing energy efficiency and the use of renewable energy sources or
nuclear power. Because CCS removes, @Om the atmosphere it can allow the continued
combustion of fossils fuels facilitating, in terms @hé¢ and cost, the transition from ron
renewable to renewable technologies. Currently available technology captu@e886f CQ
processed at a capture plant. Compared to a site without CCS a plant equipped with CCS would
require 1040% more energy for opation[Chapelet al.(1999]. It is estimated that application

of CCS to energy production would increase electricity costs byi 0.08 US dollars per
kilowatt hour (US$/kWh), based on 2002 dHRCC (2005)pp. 1Q. Of the predictedverall

costfor CCS$40-80/tCQ,, the cost typically includes $380/tCO2 for capture, $30/tCQ; for
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onshore/offshore pipeline transport (1200 km) and $8.0/tCQ, for storage, dependent on
combustion and storage type, some 40 % of the transport costs will be assodiat€Dwi

compression into a supercritical fluid [IEA (2008)].

An alternative to long term storage is the utilizatadrCO, as a feedstock for the manufacture

of fuel, chemicals and materiathis is a process that has become known as Carbon Capture and
Utilization (CCU) [Styring et al. (2011)] For example, usinghotoelectrochemical systems
with electrocatalysts COmay be reduced to synthesizeemicals like methanol useful as fuels
[Barton Coleet al. (2010)] Alternatively the requirement of G@or organic matter growth is
useful, such as in Bio CCS Algal Synthesis. Here, @0njected into membranes containing
select strains of algae that grow rapidly forming a veryioil biomass that can be used as a
fuel [Savageet al. (2011)] The main barrieto the success of CCU is the high stability of the
CO, molecule. So far the methods of €@ilization are not suitable to handle the quantities of
gas produced by industrial point sources. Therefore, while their implementation may be useful,
someCO, will likely need to be stored elsewhere.

1.6.1 Storageof CO;,

1.6.1.1Underground Geological Storagef CO,

CO, deposits are naturally found within geological formations underground [Pearak
(1996)]. The formation of COreservoirs in similar geologiformations may be one way to
store CQ and this process has become known as underground geological .stdréayge
number of existing enhanced oil recovery schemes, wheses@@ected into existing oil fields

to increase the amount of oil extractedwd shown that the storage of £ geological
formations is feasibl¢Gale et al. (2003)] notable are projects iSleipner, Weyburn and In
Salah[IEA (2013)]. Industrial underground natural gas storage and acid gas injection have also
shown that C@canbe stored and monitored safely. It is expected that 99% of then{etted

into storage sites will be retained for 1000 ygl?€C (2005)pp. 14. Suitable sites for storage
are depleted oil and gas reserves, coal formations and saline formationaujdeeground
porous rocks saturated with brackish water or brine). At depths ef@0® m underground
CGO, is supercritical and liquitike, making storage in porous sedimentary rock possible. Other
mechanisms of storage are also apparent, such as trégghingan impermeable confining rock
layer[Stefanet al.(2008)]
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Ramifications from public fears regarding onshore geological storage of n@an that
geological storage will likely occur offshore, withtgst ant s such as the No
gas feld proving successfylGale et al. (2003)] Economic gains from increased oil and gas
production at depleted oil and gas reservoirs may also offset the cost of the capture process and
is very promising due to the currently existing infrastructure; seseres have estimated
capacity of 67800 GCO, while storage in porous sedimtary rock may be at least 1000

GtCG, [IPCC (2005)pp. 34.

Figure 1.5.Schematic of possible CCS systems where @@ captured and transported to a variety
of storage sites [IPCC (2005) pp. 20].

1.6.1.20cean Storagef CO,

Several concepts have been presented for the ocean storage 8@ dissolves readily in

water, one proposed method of storage is to pipe t6@epths of 1008000 m forming an

upward plume, tb CQ subsequently dissolves in the seawater. By injecting theaC®elow
depths of 3000 mthe GO i quefi es, thus becoming denser t
on the sea bed. The environmental impacts of such ocean storage methods are, poargyer,
understood and much research and understanding will be required before such processes may be
legally possibldIEA (2008) pp. 108].
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1.6.1.3Mineral Storageof CO,

CGO, can be exothermically reacted with metal oxides to form carbonates. Carbaneastable

and the process occurs naturally over many yeailis. drbcess is responsible foruch of the

|l i mestone found on the earthoés surface. The
release into the atmosphere is low and abundant ménatath as olivine ((MgF£i0,), make

it an attractive option. Estimates expect the cost of a power plant to increasé bg®6 with

such a CCS systeftPCC (2005)pp. 330.

1.6.2 Transport of CO,

Industrial pipelines arawell matured technologyputinely transporting oil, gas and water long
distances through deserts, built up areas, the artic and under seas at depths of over 2000m.
Enhanced oil recovery has also shown thaj €&hsport is possiblen a large scalgGaleet al.

(2003)] To avoidcorrosion, the Cowould be preferably dry and free of hydrogen sulphide.

1.6.3 Capture

1.6.3.1 Combustion Processes

The capture of C@is expected to be from large point sources such as fossil fuel power plants,
fuel processing plants and other indigst such as those manufacturing ste@eh and cement.

The capturef residential CQ that produced from transport or ambient,Ci® costly and not
under the potential regulatory scrutifiyackner (2003)] so will not be discussed heieor the
captureof CO, from power plants three combustion processes have been proposewstnd
developed, they are: pesbmbustion capture, oxiyiel capture and preombustion capture,
each in its own state of maturity. In general, the technology forqoosbustion crrently
exists, as too does poembustion capture, being widely applied in fertilizer manufacturing and

hydrogen production.

Of key importance is that the different processes produce different flue gases, with temperature,
gas mixtures, gas pressure a@®, partial pressures being variable. Gl and pre
combustion capture have more complicated initial fuel conversion stepthebtiigherCO,

partial pressures make isolation of fsier.
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1.6.3.1.1Post CombustioRrocess

Postcombustion captureefers to the capture of G&rom a flue gas emitted when a fossil fuel

or biomass is burnt in air. Combustion in air produces flue gas with a large quantity of nitrogen
(70 %) and a variety of gases such as,(® H,O and Q along with air pollutants s as

SQ, NO, and particulatedRubin et al. (2005)] Existing coal power plants use air for
combustion, emitting a flue gas ambient pressumntaining around 15% G@®y volume at a
temperature expected to be betweerlB0°C for capture applicatiopArenillaset al. (2005)]

The CQ therefore needs to be selectively separated using a sorbent, membrane or cryogenic
technique.The capture of C@ may be a problematic and energy intensive method but the
combustion of fuels in air is such a widely used @conomical approach for the extraction of

energy from fuels that pesbmbustion capture is of high strategic importance.

1.6.3.1.2PreCombustionProcess

Precombustion capture involves the combustion of fuel in a stoichiometrically correct amount
of oxygen (known as O6épartial oxidationo), 0
H,. In somecases the gas produced contaiadbon monoxide and hydrogen and is known as a

6synthesis gasé (syngas) or Ofuel gas 6.

CHy+ (x/2)0,z x CO +, (pkike2 )pHdrtial oxidation) (Equationl.1)

CHy+xH,O z xCO + ,(gxH + Vgteash yefdrming) (Equation2l

The carbon monoxidén the syngasis then reactedwith steam in a catalytic reacteia a
process callethewater gashift reactiorto from carbon dioxidand more hydrogen

CO+HO 2z ,&8, pH41kl mol* (water gas shift reaction) (Equation 1.3

The carbon dioxide is then removed leaving a hydrogen rich fuel that can be used in several
applicationsThe flue gass different dependant on fuel used (oil, coal, natural gas) and process
conditions employed (gasification, integrated gasification combined cycle). Typically the gas
entering the separation stagas a concentration of C{pf 15/ 60% on a drypasis,a pressure of

2i 7 MPa andis at ambient temperatufPCC (2005)pp. 25 Martin et al. (2011a). Existing

natural gas combinecycle plants produce a flue gas containing around 3% l§yOvolume

[IPCC (2005)pp. 79.
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1.6.3.1.30xy-fuel CombustionProcess

In oxy-fuel combustion, nitrogen is eliminated from the flue gas by burainhgdrocarbon or
carbonaceous fuel in pure oxygen or a mixture of oxygen and.ai€Orecycled flue gas.
Cryogenic air separation to obtain, G5 required, making the pcess expensivgé200
kKWh/tCGO,) [IPCC (2005)pp. 11§. Combustion in pure oxygen environments occurs at
temperatures of 3500 °C, too high for typical power plant materials, which would then have to
be rebuilt if they are to operate with oXyel combustion technology. The temperature of
combustion must be controlled by the proportion of flue gas and gaseous or Vigigd
recycled. The flue gas consists mainly of carbon dioxide and water vapour wéisexg/gen
required to ensure complete combustion of the fuel. Coolingedfue gas allows water to be
removed via condensation and a flue gas containing@®a CQ is obtainedIPCC (2005)pp.
122], this flue gas mix makes the capture of &@sier than for postombustion.

Of these combustion processdabe large quantity of existing power plants that may be
retrofitted with CCS technologgnd the scale of the challenge that represents, meanheha
development of materials for pesdmbustion captures critical and will thereforde the focus

of this thesis. The ramification of this is the Q@ust be selectively captutéom a mixed flue
gas containing predominately G\, H,O and Q alongwith air pollutants, at temperatures of
50-120 °C and at ambient pressures.

1.6.3.2 Captureand SeparatiorProcesses

As of May 2014 there weré0 largescale integrated pilot plani§lobal CCS Institute (204)]
adopting a variety of combustion processeith no process as yet beiagdefinedchoice
[Herzog et al. (2009)] giving subsequent reductions in costs the potential to be highly
influential. One area where costs may $ignificantly reduced is in the capture process
[Figueroaet al. (2008), Drag et al. (2012]. Four different approaches to captofeCO, have

been investigated with liquid amines being the current industry standard. It is likely that the flue
gas will be dehydrated before €3 isolatedMeadowcroftet al. (2009)] meaning sepation

of CO, from N, will be important
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1.6.3.21 Capture and Separation of €@sing Absorbent Materials

Absorption is a physical or chemical phenomenon whereby atoms, molecules or ions enter a
bulk phase that may be solid, liquid or gas. The guestiep are taken up in the volume of the
absorbent material, differentiating it from adsorption where the adsorbate is taken up by the
adsorbent surface. The process of,@sorption by a liquid solvent or solid matrix is currently
being tested and resehetl for scrubbing C&from flue gas streanfsEA (2008) pp. 49].

Most existing industrial C&capture systems are based on chemical absorption using a range of
liquid agueous amines such as monoethanolamine (MEA) in combination with heat induced
CO, recovery [IEA (2008) pp. 49, Herzogt al (2009)]. The flue gas is pumped through a
column of solvent which selectively absorbs the,Cihie CQ rich solution is then pumped to a

tower and the solvent regenerated through thermodynamic manipulation (changes in
temperature or pressure). High pressure and low temperature favour absorption, while low
pressure and high temperature favour regeneration of the solvent. One main drawback is that
during regeneratigrthe water content in the aqueous amines must als@dted) incurring a

high energy penalty. The heating during regeneration amounts&0 #©of the operating costs

when using liquid aqueous amin¢&aron et al. (2005)] Problems are also caused by
degradation of the solvent from fly ash and otthee gasparticulates such as $@nd NQ.

Oxygen content in the flue gas can corrode carbon steel facilities and cause excessive amine
loss. The amines themselves are also corrosive and require specialised facilities. Furthermore
high regeneration temperaturemalso cause solvent loss and volatility. Various other forms of
amines have been investigated such as sterically hindered amines that bind magrer CO
molecule[Veawab et al. (1999)] MEA may also be blended with other amines to reduce

corrosion and wat contenfAroonwilaset al.(2004)]

Amines can interact with CQvia different mechanisms. Primary and secondary amines react
directly with CQ to form carbamates through zwitterionic intermediates where the reaction is
initiated by the longair on tke amine attacking COA free base deprotonates the zwitterion,

H,O can act as such a base meaning maximum efficiency for adsorption increases from 0.5 mol
CGO, per mol nitrogen in dry conditions to 1 mol gfer mol nitrogen when wdChoi et al.

(2009), Gplow (1968), da Silvaet al. (2004)] Another mechanism, characteristic of tertiary
aminesyet also observed with primary and secondary amines, catalyses hydration td CO

form a bicarbonate species.
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The replacement dfquid amines in CCS processbyg an energy saving alternative is widely
seen as a fundamental necessity for successful implementation of CCS $Fgamoaet al.
(2008)] solid absorbents, such as metal oxides could be utilised. Here metal oxides can react

with CO, to producea carbonate

MO +CO Y MO, (Equationl.6)

The resulting carbonate can then be regenerated via calcination

M,CO;Y NMD +CO (Equationl.7)

As a natural mineral, limestone is cheap and widely available. It does not react with other
species in the flue gas such agd¥ O,, therefore selectively removing GCCalcinationis

carried out at high temperatures (90100 °C), but both calcination and carbonation steps
require heating, so the overall energy penalty is not exti€togn et al. (2010)] However,
6sinteringbé caused by heat iadgtygoved theafinsb20 icycles! | y ¢
After this there is a residual capacity that remains constant over many hundreds of cycles, this

though is only around 7 % conversion by weil@btasaet al.(2007)]

1.6.3.2.2Capture and Separation of g@singMembrans

Membranes are made from thin polymeric films and separate species based on their relative
rates of permeation. Differences in permeation rates are generally dupdgvatismembranes)

to the relative sizes of the permeating molecules or déarsemenbranes) their solubilities

andbr diffusion coefficients (i.emobilities) in the membrane material. Permeation rates change
inversely with membrane thickness, therefore membranes are made as thin as possible.
Membranebased desalination of water and meanwbased gas separation are both mature
technologied Cabassudet al. (2003), Baker (2002)]Membrane separation is pressure driven

and requires high pressure of the feed gas or operation with vacuum conditions. The low
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pressure of C®in the flue gas mak membranes unsuitable for pesimbustion capture, they

may though be suitable for poembustion capturgPennline et al. (2008)] Calculations

looking at dependence of GQ@apture costs on membrane permeability, selectivity and unit
price, report thatdr membranes to compete with amine technology/lselectivity must be

in the 200 ranggEric (2007), Zouet al. (2006), Powelkt al. (2006)] Typical selectivities are

around 5660 with rare exceptionfPowell et al. (2006)] One such exception usemiae

modified membranes reaching selectivity values of IHM0ang et al. (2008)] Cost of
membranes is expected to be considerably less than the respective amine technology by around
65 % membranes are heat sensitive and have low tolerance to temperatures over 100 °C
[Davidson (2009)].

1.6.3.2.3Capture and Separation of €@singCryogenic Distillatbn

Cryogenic distillation assumes that the flue gas is first purified to contain sglalyd\CQ. In

a cryogenic chamber the temperature and pressure are then manipulated to causetahe CO
liquefy. The triple point of C@is -56.6 °C and 7.4 atrfAaron et al. (2005)] and at these
conditions the condensation of €€an be achieved, keeping Bls a gas. The GQecovered

from distillation can be highly pure (up to 99.95Rteratla (1997)] and is in liquid form ready

for transport via pipeline or tankeHowever, the cryogenic process is very cost inefficient,
requiring liquid nitrogen to keep the system cool. Furthermorg, 8Q, H,O and Qall have

to be removed before distillation can be carried out.-dae trials of cryogenic distillation
have pedicted costs of $32.7@0,, the cost of absorptiohas been calculated as $1300®,
[Géttlicheret al. (1997)].

1.6.3.24 Capture and Separation of €@a Adsorptionon Solids

Adsorption is the process whereby an adsorbate, which could be, ats, biomolecules or
molecules of gas, ligds or dissolved solids, adhdea surface. The adsorbate may form a film

on theadsorbentsurface and this film may consist of one or more laydrthe adsorbate
species. Adsorption processes can operat@ weak physisorption processes or strong
chemisorption interactions. Solid adsorbents are targeted for use in cyclic, mulimodule
processes with adsorption and desorption being induced though temperature or pressure swing
processes. A good adsorbent isueltterised by: fast adsorption and desorption kinetics, large
adsorption capacity, ease of regeneration, high stability and the ability to tune function to

different operation conditions. In practice there is usually a éideetween charderisticsard
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no ideal adsorbent is envisaged. Instead, strengths and weaknesses should be identified with

regards to a practical and efficient C&&@paration process.

The development of a solid adsorbent capture technology has been touted as one of the most
promisingalternativeso amine absorption fa€CS[Figueroaet al. (2008)] A key reason for

this is studies suggeisig an adsorbent system with a working capacity approaching or better
than 3 mmol/g CQcould significantly reduce the energy requirement of -postbustion

capture by 360% compared with amine solvent systems [Geayal. (2008), Drageet al.

(2012)].

The bulk of research into solid materiéds the adsorptiveapture of C@from flue gasegan
be identified as being focused within four differefdsses of materialzeolites, hydrotalcites,

carbon based technologies ayithesised organic reticular framewaorks

1.6.3.24.1 Studies into the Adsorption of G@n Zeolites

Zeolites arein a class of porous crystalline aluminosilicates built in quid arrays of TQ
tetrahedra (T = Si or Al As a type of molecular sieythey are heavily researched and the wide
range of known topographies, synthetic and natisalatalogued by the International Zeolite
Association [www.izestructure.org/databadesThe frameworks are organized through the
negative charge introduced by aluminium atoms, balanced with cations (exchangeable, usually
alkali) in the pore space. The variety of possible cations allows their structural characteristics to
be tailored for spcific applications, e.g. oil refinery, catalysis, water purificafitanseret al.

(21994)]

Adsorption of CQ onto zeolites occurs primarily via physisorption, with a small fraction (0.15
mmol g*) being chemisorbed in the form of a carbonate or cathtexjGallei et al. (1976),
Wardet al. (1966)] The physisorption properties can be affected by the electric field created by
the charge balancing cations in the pores and by hydrogen bonding with surface silanol groups.
With this in mind, zeolite compd#n may be altered to enhance fL@dsorption

characteristics.

Porous characteristics of t hyadsar@ianlpioperies.sA f r a |
range of zeolitese(g.4A, 5A, 13X, APGII and WEG 592) have beennvestigated for their
adsaoption capacities. It was found that 13X has the highest capacity, which may be due to it
also having the largest pore volume. The contribution of individual zeolites structural
characteristics can be seen in the wide range of @@acities: zeolite NaYFAU) has been

reported to reach 5 mmofl'git 273 K and 0.1 bgMichelenaet al.(1977)} HY-5 (1.2 mmol §
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1, 13X (4.5 mmol §) [Harlick et al. (2004)]and ZAPS (2.6 mmol Y [HernandeHuescaet
al. (1999)}

Zeolites show a rapid increase in C&lsoption capacities with pressures increasing to 1 bar,
from here capacity plateaus as pressure is increased up to PSirbeardaneet al. (2003)]
Measurements of 13X at three different temperatures (293, 308 and 323 K) show that CO
uptake decreases sifjoantly with a small increase in temperature, meaning they may only

operate in quite mild conditions.

Zeolites preferentially adsorb,8 (potentially present in flue gasyer CQ, an effect that may

be favourable or detrimental. At low partial pressuné CQ pre-adsorbed kD can accelerate
the adsorption of COfor NaX zeolites[Bertschet al. (1963)] It is believed that the
occupies higkenergy sites within the zeolite decreasing the energy of activation fer CO
diffusion. The HO may also be ¢alysing the formation of bicarbonate compounds on the
adsorbent surface. Changes to the amount,@f ptesent can cause substangiffiécts onthe
uptakes. The CQuptake for a CaX zeolites measured at 0.06 bay & 323 K decreased
from 2.5 to 0.1 mmob™* as HO concentration increased from 0.8 to 16.1 wWallei et al.
(2976)]

In conjunction with this water sensitive behaviour, zeolites are also hindered for practical
application due to their low adsorbatdsorbent bindingnthalpeswith CO,, redwcing capacity

at elevated temperatures. In light of this various zeolites have been impregnated with basic
amine functionality to enhance uptake capacity. MEMPEI50, a polyethylenimine
impregnated mesoporous molecular sieve (MEM achieved capacitiad 4.8 mmol/g at 75

°C, 24 times higher than the original MGAL [Xu et al. 2002)] Other modified zeolites
include immobilized amine sorbent-IRS which displayed a capacity of 4.1 mmol/g, an
ethylendiaminaype modified mesoporous spherical particletsort EPAmModifiedMSP with
uptake of 3.5 mmol/g at capacity and tertiary amine DBU immobilised on PMMA beads which
achieved uptake capacities of 3.0 and 2.3 mmol/g at 298 and 338 K respdGnesiet al.
(2005), Xuet al.(2003), Grayet al.(2008)] Howeverzeolites in general suffer from ceased
capacity with regeneration [Gray al. (2005), low stability and reduced texal properties with
amine pore blockingDrageet al.(2012) Yu et al.(2012] .

The kinetic rates of adsorption for @On zeoites are good with 70 % of total capacity for
natural zeolite ERI reached in the first 20 s at both 273 and 294 K, and full capacity reached
after 100 siKhodako\et al(1995)] Similar rates were recorded in other zeolites, such as zeolite
NaA where saturation was achieved within 50 seconds, gtesortook the same amount of

time. Adsorption kinetics are not just dependent on the micropore structures but also the macro
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and mesegporous character, a hierarchical structure favours fast adsorption kineticsdzalou
(2007)].

Figure 1.6. Schematt diagrams of (a) zeolites, showing positions of aluminium (Al) and oxygen (O)
atoms, (b) hydrotalcite and (c) activated carbn with porous structure inset.

1.6.3.2.42 Studies into the Adsorption of G@nHydrotalcites

Hydrotalcites, also known as lagel double hydroxides (LDHSs), have the general formula
[(M% 1 M** (OH)T* (A™ym.nHO), where M* = Mg, Ni, Zn, Cu, or others, f1= Al, Fe,

Cr, or others and & = CO”, SQ?, NO;, CI, OH, or others, with x typically in the range
between 0.1And 0.33Yong et al. (2002)] They are composed of positively charged brucite
like (MgOH), layers in which trivalent cations partially substitute for divalent cations located at
the centre of octahedral sites in the hydroxide layer. Excess positive amaogeiced by the
cations is compensated for by species such a$§ @@lons and kD molecules in the interlayer
region[Yong et al. (2002),0Oliveira et al. (2008). They have modest sorption capacities, of up

to and around 1 mmol'gOliveira et al.(2008)], but are of highlighted interest as their capacity
for CQO, increases in the presence of water, making them suitable for usaomittehydrated

flue gases. Capacity increases have been recorded ffdnw®6 with a dry gas to 3.14 wt%
with wetgas conditions(equivalent to 0.62.71 mmol/g) [Ram Reddyet al. (2008)}
Hydrotalcites adsorb CQria chemisorption onto adsorption sites, and do so optimally at around
573 K [Wang et al. (2007), Yonget al. (2000)]. At such elevated temperatures dehydration
occurs and FD may maintain the hydroxyl content, aspible reason for the increage
capacity. Cyclic adsorbing and desorbing has been shown possible at 473 and 573 K
respectivelyfRam Reddyet al. (2008)] the formation of a unidentate form compared to a
bidentate structure may hinder the ease of regenerafiliy - eh al. (2010)] Regeneration
typically results in loss of capacity by around 10 % over the first ten cycles before stabilising

[Ram Reddyet al. (2008)] Generally, however, hydrotalcites offer a &vcapacity then other
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chemisorbents, though they may reach equilibrium capacity faster, taking tens of minutes.
Maodification by exchanging framework metal constituents or incorporating dopants has been

attempted to increase performance; the optimal rafiosetals vary between species.

1.6.3.2.43 Studies into the Adsorption of G@n Activated Carbon

Activated carbons ardustrially common adsorbent materials and their potential for CO
capture is therefore not unexpected. They can be producedcfral®, woods, biomass and
industrial byproducts such as petroleum, cekiech and scrap polymeric materials, artdst

wide availability makes their manufacture relatively lowest. The preparation of activated
carbon usually consists of two steps: carbatibn and activation. The carbonisation stage is a
pyrolysis in an inert atmosphere, causing the material to release most of tuaripom
elements (oxygen, nitrogen, hydrogen) to give a carbonaceous mdimab (2002)]
Activation is either a physat or chemical treatment to produce suitable porosity, active sites
and increase surface area. Physical activation can use steair, &0in partial gasificatio at
temperatures around 11@50 K. In chemical activationchemicals such agotassium
hydroxide (KOH), phosphoric acid HsPO,) or zinc chloride ZnCl,) are used at lower
temperatures to open up micropof@smadpouret al. (1996) Maci&Agullo et al. (2004)]} In
conjunctionwith the activatn process the initial starting material also hasrgdanfluence on

the final propertiesCommercial activated carbon has been reported to have highly varying CO
capacities due to thedlifferent pore characteristics. Temperature and pressure also have a large
effect on the uptake capacity, and this aganinfluenced by the pore characteristics.
Comparisons between commercial activated carbon and zeskiesed that theactivated
carbons have a lower capacity than zeolites at less than 1.forb#ine materials tested
[Siriwardaneet al. (2001)] with uptakes greater for activated carbons at higher pressures. This
has been attributed to activated carbonsd
zeolitesd <cl ai med hi,ygThis strongen phiysecal mteractioh betweeny f
zeolites and C@ compared to activated carbon meathe adsorbatadsorbent binding
erthalpies are higher for zeolites thaactivated carbons (36 and 30 rkdl™ compared to

10.5 28.4 kJ/molrespectively [Chuet al. (1995) Guoet al.(2006)). This bindingenthalpyof
adsorption between adsorbent and adsorbate (in this cg3asCfalculated using the isosteric

heat of adsorption method@his also means that desorption procesfe activated carbons
requires less energy than those for zeolites, it also may be the reason why activated carbons
perform so well over multiple sorption/desorption cycl&rijvardaneet al. (2001)] The

kinetic rates of adsorption and desorption atelmlike zeolites, occurring over several minutes
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[Wang et al. (2008)]. Similarly their uptakes are reduced due to the presenceterf, wdich
competitively adsorbto the surfackAdamset al.(1988)].

Reent research activity in porousarbon solidstailored for CQ capturehas resulted in
exceptional capacities, especially at low pressuPesous activated carbon monoliths (ACM)
prepared from C@activation of mesoporous polyacrylonitrile have exladituptakes of 5.1
mmol/g at 1 bar and 298 Rhis porous carboralso achievedheats of adsorptioas high as

60 kJ/mol at zero CQoadings [Nandet al. (2012)] with theincreasdgfrom 10.5 28.4 kJ/mol
[Guo et al. (2006)] ascribed tobasic active sites created by nitrogen content doped into the
carbon matrix KOH activation of a variety of carbon precursors has pleolucedporous
carbon solids with excellent uptake at ambient conditigtasious reports have achieved high
uptake capacities using a meosoporous zeolite astérauate, which can be etched using
strong acid (HF) to yield porous carbon monoliths. Using mesoporous silic@ ENemplate,
polymerisation of nitrogen rich pre@ar pdiaminobenzene, etching and KOH activafian
nitrogerrdoped porous carbon solid IBNMC1-A was obtained with uptake capacity of 4.5
mmol/g at 1 bar and 298 K [Zhaat al. (20123)]. Similarly KNC-A-K and CHEM750 were
synthesised using zeolit&lica SBA-15 andEMC-2 as templats and furfuryl alcohol and
acetonitrile as carbon precursors respectively before template etching and KOH activagion. CO
uptakes of the KNEA-K and CHEM750 were 4.04 and 4.45 mmol/g respectively at 298 and 1
bar[Xia et al. (2011) and Zha@t al. (2012). The use of pluronic F127 triblock copolymer as
soft template with a phenoliesin to produce porous carbon prior to activation yielded-BTC
500A with an uptake capacity of 4.4 mmol/g [de Soumaal. (2013)]. Other nitrogen
containingpolymeric carbon precursogsich as polypyrrole, polyacrylonitrile and polyaniline
[Lee et al. (2013), Sheret al. (2011) Zhanget al. (2013)]have been synthesised and activated
using KOHto obtained porous carbon solids with O€pacities ©4.8, 4.4 and 4.5 mmol/g
respectively Biomass has also been usesh carbon precursor with KOH activation generating
porosity: KOH activationof carbon obtained from lettuce leaves yielgeutous carbon solids
with uptake capacities of 4.3 mmol/g at 20&nd 1 bar [Wangt al. (20123)], poplar anthers
have also been carbonised and activated using KOH to achieve uptakes of 4.2 mmol&g [Song
al. (2014)]. A primary reason activated carbons achieve such gogdu@takes at 1 bap4.0
mmol/g at 298 K) igheir large microporealumes. A study into KOH activatedrbidederived
carbons (OCs) shows the particular importance of pores 0.8 nm in dianfeteCO,
adsorption at 1 bar and 273(Rigurel.7) [Presseet al.(2011)}
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Figure 1.7. CO, uptake valuesat 273 K and 1 bar for the CDCs for pores smaller than (a) 1.5 nm,
(b) 1.0 nm, (c) 0.8 nm and (d) 0.5 nm [Presset al.(2011)]

1.6.3.2.44 Studies into the Adsorption of @@n Synthesised Reticular Organic Frameworks

The termdéynthesised reticulaorganic frameworl&is usedhereto definea vast range of
relatively novel materials that have received a large amount of recent researest iimteyas
storage applicatiorsuch as metal organic frameworks and covalent organic frameworks. They
are basedn extended crystal structures of repeat units that utilize rigid bonding to create

intrinsic porosity within the material.

Metal organic frameworks (MG¥ are crystalline solids consisting of thidienensional
organicinorganic hybrid networks of metakntres bonded to multiple linking ligands. These
networks have been formed from many different miggahd combinationgFigure 1.8) with

the metals possessing multiple coordination sites and multidentate ligands bonding to more than

one metal at a time.
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Figure 1.8. A range of bridging ligands that have been widely used in the generation of MOFs

Many combinations ofigandsand metal centresan be used to creaOFs, enablingcontrol

of pore sizesnd surface areqgEddaoudiet al.(2002)] Althougha wide range of MOFs can be
produced, the methedf synthesisare usually similar,ite metal precursors and appropriate
ligands are mixed under hydrothermal or solvothermal conditions. The guest ions and solvents
are then removed by applied vacuum or exges with volatile molecules to generate open
coordination sites and therefore porosity. These open coordination sites, however, can be
vulnerable to structural degradation byQHor other Lewis bases..# is a common ligand for
transition metals and thugpen coordination sites in many MOFs show a strong affinity for it,
with framework ligands being displaced generating defects in the crystal lattice.
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Figure 1.9. (a) Adsorption isotherms for severalMOFs and commercial activated carbon Norit

RB2, (b) Some MOF crystal structures giving values for pore diameter (d) and surface area(S,)
[Millward et al(2005)].

MOFs have exhibited exceptionally hi@ET surface areas of over 6000°/g [Farhaet al.
(2010)], indicating potential for enmous CQ starage cpacity. At high pressures, MOFs with
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ultrahigh surface area are able to stopeto ninetimes more C@than an emptyressurized
container [Llewellynet al. (2008) Millward et al. (2005)]. Compared to zeolites and activated
carbon sorbents MOFs typicallxhibit greatersurface areas, higher crystallinity with well
defined pore properties, and offer structural and chemical tunability through ligand and metal
selection(Figure 1.9). MOFs however do natecessarilybind CG, selectively also takingup
largeamounts of other small gases such as,;, CO and Q. As a result the enhancement of
CGO;, binding affinity in MOFs has seen extensive reseassing methods such dgyand
functionalization amine graftingand constriction of open metal siteall increasing the MOFs
affinity and selectivity for CQ[Pandaet al. (2011), Anet al. (2010)], Yazaydinet al. (2009a),
Yazaydinet al. (2009b]. Of note iszeolitic tetrazolatdramework (ZTF1), synthesised using a
nitrogen rich tetrazolate ligantt. has a stingly Lewis basic character amlreported t@adsorb
16.7 wt% CG, at 298 K and 1 bafequivalent to 3.8 mmol/gPandaet al. (2011)] Strongly
basic sites have also been achiewgdfting amine functionality onto crystalline MOFs.
TEA@BIio-MOF-1 achievedan uptake o#.2 mmol/gat 1 bar and 198 K after modifying bio
MOF-1 via a postsynthetic cation exchange with tetraethylammonium cationsef/al.
(2010)]. The isosteric heatof adsorption at zer€0O, loading were calculated &5.4 and35
kd/mol for ZTF-1 and TEA@BIieMOF-1 respectively.Another well documented route to
enhance the affinity and selectivity of MOFs toward,@©the generation of exposed metal
cation sites on pore surfaces. Such open metal sites are typically obtained by incorporating
solvent molecules (e.g. 8 and DMF) as terminal ligasdwhich can be readily removed under
vacuum or at elevated temperatures. Of thee&ble are HKUSTL with open C# sitesand
MOF-74 in which Co, Mg, Ni and Zn forms all exhibit higbO, affinities. The ultrahigh
adsorption capacitiest 1 barand 298 K of 6.2and4.2 mmol/gfor Mg-MOF-74 andHKUST-1
respectively coincide ith high binding energies of 42 a2® kJ/mol [razaydinet al. (2009a),
Yazaydinet al. (2009b)] At high pressure¢he large open pes in MOFs such as MOF-77

and MOF210result in hightotal carbon dioxide storage capacities38f5and 65.2mmol/g
[Furukawaet al. (2010) Millward et al. (2005)} Such extraordinary capacity at high pressures
coincides withs-shaped isothers) whee at low pressuresmall changes imelative pressure
result in small changes in capacitgdurrelly et al. (2005) Fletcheret al. (2001), Li et al.
(2001]). The reason for this has been mooted as a pressure driven change of crystal structure or
attributedto electrostatic interactions between Q@olecules in the MOF pores. Materials that
exhibit this adsorption step are unlikely candidates for-pastbustion capture where GO

relativepressures are low.

Conversely, aange ofentirely organic porous matials have been produced using a variety of
tools to incorporate porosity into networks of monomeric building bladkssisting of light

nonmetallic elements(C, H, N, O and B) These materials include:owalent organic
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frameworks (COFs)polymer of intrinsic microporosity (PIMs),porousaromatic frameworks
(PAFs), conjugatedmicroporouspolymer (CMPs) andchypercrosslinked polymers (HCPs)
[Holst et al. (2010a)] ard can be grouped in a class aienmporousorganic polymers(MOPS)

when pre sizes are orvarage less than 2 njdianget al. (2010)]

HO, _OH ©\ /©
B /Os
B B
© -3H,0 0. .0
.

(Equation 1.8)

[F5]

(Equation 1.9)

(Equation 1.10)

B
AlC1
© + \0/\0/ 3 (Equation 111)

Figure 1.1Q Reaction schemes commonly used for the synthesis of microporous organic polymers.
Displaying the condensation of boronic acids, Yammamottype Ullmann coupling, Sonogashira
coupling and FriedelCrafts acylation, for equations 1.8, 1.9, 1.10 and 1.11 respectivdliang et al.
(2010)]

The monomeric building blockshare similar traitsmany are based around aryl grauand
attempt to incorporate rigibonds linking monomer subunits togetheformrigid frameworks
containing microporeand narrowmesopores (e.g. COED) [Cotéet al. (2007)} As polymers
typically pack spacdo maximise attractive interactions between constituent groups, thus
minimising the amount of void space, use of rigidnameric units and linkages is vitébr
attainment of porosity in MOF®8udd et al. (2005)] Various chemical approaches have been
explored (Figure 1.10) Yamamotetype Ullmann (Equatiorl.9) and Sonogashiraoupling
chemistry (Equatiorl.10 have been usedo produce dlimensional CMB (Figure 1.11(a))
[Holst et al. (2010b)]. Thesenetworksexhibit BET surface areas over 3000 gi', micropore
diameters cening around 1.4 nm and G@dsorption capacities measured at R%nd 1 bar of
1.7 mmol ¢. PAF-1 was also produced using Yamamdype Ullmann coupling, the material

has a recordeBET surface area of 5600°m™* and a CQadsorption capacity of 29.5 mmad! g
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at 40 bar and 298 KFigure 1.11(b)) [Ben et al. (2009)] COFs have primarily been produced
via condensation reaons of oronic acids (Equation 1.8o form boroxine anhydrides. Using a
variety of different boronic acids- 2and 3dimensional materials have been synthesised with
pore diameters aip t03.17 nm andBET surface areas up to 421G gi. Their CQ uptakes at
saturatiorreacharound 27.3 mmol Yy comparabléo high performinglOFs (22.1 mmol g for
MOF-5) and 9.5 and 7.9 mmol'dgor activated charcoal Norit RB2 and zeolites respectively
[Furukawaet al. (2009)] Using reversibleprocessesuch asthe boronic acid condensation
reaction COFs have been synthesissith exceptional crystallinity antbng range ordeilgss
reversible reactiasuch as those used to produce Clvisilt in a more amorphous structure.

HO.___.OH

Figure 1.11. Several examples of porous ganic molecules (a) CMP Networl4, (b) PAF1, (¢ 3-D
COF monomeric unit, tetra(4-dihydroxyborylphenyl) methane (TBPM).

PIMs are continuous networks of interconnected intermolecular voids, which form as a direct
consequence of the shape and rigidity ef tbmponent macromolecules. They combine rigidity
with contorted molecular structures such as triptycene tmiimit polymer components ability

to rearrange, therefore maximising void sp&ET aurface areas in PIMs are typicallyl800
m?/g, however, ey are solutioqprocessable making them very attractive in membrane
applications [McKeowret al. (2010). Structural barateristics such as surface amad CQ
capacitiefor MOPsareattractive however, the synthesisethodsare frequently complicate
require gpensive catalysts and reageatsl are often hard to isolata.response to thj$HHCPs
have been produced usisimngle stepFriedelCrafts coupling reactionthat link rigid building
blocksusing the industrially available Fe@atalyst (Egation 1.1). Using this approach and a
1,3,5triphenylbenzene building block G@ptakes of 3.6 mmol/g at 1 bar and 273add a
BET surface area of 1059%g have been achieved [kt al. (2011a) In generalMOPs are
currently unsuitable fothe large quatities of flue gas in postombustionprocessedut with
potential applications in catalysis, gas separation and staeggarch is still oigoing, with

developments such as organic cggasoper (2011)]
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This report has now outlined the need for highfgrmance C@ capture materials and the
environment in which they will need to operatevariety of existing materials that may be
suitable for this applicatiohave also been coveratd he reasons why certain materials may
be more applicable than otlsehave been discussetighlighting features that make a good
sorbent such as: basicifandi et al. (2012)] high surface are@Ben et al. (2009)] cyclability
[Lu (2012)]andpore structurgSiriwardaneet al.(2001)]

1.6.4The Scope ofthis Work

So far this thesis hadriefly outlined the fundamental characteristics of the principal solid
adsorbent materiaknd the potential import of such materifds the capture of COHowever,

it is clear that some are impracticahd therefore hindered for idustrial application
Hydrotalciteshave only displayed moderate uptake capacftidsmmol/g at 1 bar ang98 K)

and are deemed unlikely taachievethe target workingcapacityof 3 mmol/g [Drageet al.
(2012)] their high operational temperatures also endkem unsuitable for pesbmbustion
applications The COFs so far synthesiseften use expensive catalysts in their synthesis
regimes and would likely prove too expensive for large scale indusipglications,
furthermore boronic anhydrides are sawusito hydrolysismaking them particularly unsuitable
for postcombustion capture due tmotential moisturein the flue gas MOFs often require
complex linker groups anid turn are sensitive to structural degradation b@ tdr other Lewis
basesand unsu#ble forsimilar reasonsandalthoughthe zeolitic imidazoleframework (ZIF)
class of MOFs are reported to have greatly improved hydrolytic stability fPatk(2006)] the
linker molecules are frequently economically expensind capacities moderatt ambient
pressuresWater and other impurities in flue gase#l bind to theopen metakitesin MOFs
further diminishing their likelihood for real industrial applications,tlas high CQ uptake
performance is attributed these sitesZeolites havelso exhibited large uptake capacities, and
are in line with the working capacity of 3.0 mmol @23 K for postcombustion capture
applications, howevehelong term stability and reduced capacity over regeneration may hinder

their use in an adsorptiafesorption industrial cycle process.

Alternatively porous activated carbon solids present a highly attractive solution for the
industrial capture of flue gasses. Their synthesis comes at a potentially low econoraiedcost
they have shown excellent uptadapacities through use of various activation mechanisiss

they are highly stable and have exhibitedloss of capacity ovenanycycles[Li et al.(2013)]

For these reasons this thesis will focus on the development of porous solid carbon materials fo

CGO, capture.
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While porous solid carbon materials are attragtikie adsorption of C®is achieved viaveak
physisorption and van der Waals interactions, as indicated by their relatively low heats of
adsorption <28 kJ/mol [Gucet al. (2006)} This mean that the adsorption capacities decline
rapidly with increasing temperatussmd so may not achieve the required capacity at typical flue
gas temperaturaed over323 K[Gray et al.(2008)] It has been highlighted that to avoid energy
intensive CQ capture physisorptive processes should be used, wieere the enthalpy of
adsorption is <40 kJ/mol, rather than chemisorptive processes where the enthalpy is >40 kJ/mol
[Keskin et al. (2010)] and we carthereforeuse this a aguide to tune dopants in oaarbon
structures aiming for enthalpies of adsorption around 40 kJ/nkairthermore the CO
selectivity over other gases present in the flue gas such as nitrogen is quftg loevous
carbon solidstypically <10 when calculated using the IAST methi@hanget al. (2013)]. For
membrane separation processes to compete thwdhexistingamine absorption technology
selectivity values of 10@00 have been set as an essential prerequiga@ [der Sluijset al.
(1992)]. For adsorbent solid technology prerequisiethas not beerset rather a tradeff
between the materials capacity, lifetime, cost of regeneration and selectivity will determine
competitivity relative to existing amine absorbentShrough the introduction of basic surface
functionalities he working apacity at high temperatures and &¢®electivity may then be

enhanced

1.6.5Mechanisms for the Enhancement of Porous Carbon Solids for the Industrial
Capture of CO,

The introduction obasic surface functionalitiesich asiitrogengroupsinto carbon raterials to
produce nitrogemoped (Ndoped) porous carbon & area bsignificantinterest with various
reports statingCO, capacitiesare higher inN-doped carbonwhen comparingvith undoped
materialsof similar porous characteristid§Vu et al. (2012, Xia et al.(2011), Lvet al.(2012)]

For example N-doped porous carbon has been produgsidg asilica-templated melamine
formaldehyde resin [Pevidat al. (2008)]. Following polymerization the silica templates were
removed (HF etching) and theesuting mesoporousmelamineformaldehyde resinwas
carbonized at temperatures between 400 and®@00 hese products were analyzed showing a
variety of nitrogen functional groups: triazine, pyrrole, pyridine and oxidizedgsitr, typical

for most nitrogerrich carbons. The samples were assessed for thei@<orption properties
using a gravimetric process, performitegts at 298 and 348, khe higher temperature giving a
more realistic performance in real flue gas conditions. The best performing sangple wa
carbonized at 600C and contained 24.4 mol% of nitrogen, it haBET surface area of 490

m?/g andcapacityof 2.25 mmol/g a98 K and 1 bar C@ Of the other samplesynthesized

41



severalshowed a notably higher surface area yet lower uptakes gfviiCh wasassigned to
the role ofthe nitrogen dopantsTemplated arbons (TCs) from zeolites (Y and EMC) were
produced using either carbdmased precursors such as furfuryl alcohol or the nitrogen
containing precursor acetonitriléVpng et al. (2012b)]. The resulting TCs shared similar
textural properties but differed in that some wergldped and others werendoped (Figure
1.12a)). The relationship leveen the CQadsorption capacitie298 Kand 1 bar) and BET
surface area of doped andundoped TCs clady indicatedN-doping enhances GQiptake at
these temperatures and pressures

a b
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Figure 1.12 (a) Relationship betweenCO, uptake and BET surface area for Ndoped and undoped
template carbons [Wanget al (2012b)] (b) Relationship between C@uptakes, mcropore volume
and nitrogen content for a series of 4N-doped carbonssynthesised frompolypyrrole (plotted from
literature values) [Sevillaet al (2011a)]

Further work highlightedhe enhancement on G@apacities from Nlopantswith resorcinol
formaldehyde resins made using a lysine catalyst [Blaal. (2010)]. The amino acid lysine
enabled rapid gelation and afforded nitrogen functionality to the resulting carbons.
Carbonisation at 50€C yielded an Ndoped porous carbon monolith with €@ptake 0f3.13
mmol/g at298 K and 1 bar, as measured on a volumetric basis, the nitrogen content was
reported adl.92 d4.% from XPS analysisAgain this samplexhibited a greater CQrapacity
relative toundopedporous carbonsgespite theundopedcarbons havingyreater surface areas.
Polypyrrole polymers we activated using KOH to give-tloped porous carbons with nitrogen
contents up to 1@&t% [Sevilla et al. (20118)]. The best performing sampie the series
achieved a C@uptake of 3.9 mmol/g &98 Kand 1 baiCO,, with anitrogen content of 10.14
at%. This materiabossessed tHewest BET surface area (170G/g) and micropore volume
(0.88 cn¥/g) of the materials preparemdeed a trend of increased Captake is apparent as
nitrogen content increases, déspa reduction in micropore volum@&igure 1.12Db)), giving
further indication that Moping within porous carbon solids enhances the, Qtake

capacities
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This increase of performance has been attributed to the electramitraden surface functional
groups forming Lewidase active sites that attract thewis-acidic CQ moleculesin these N

doped carbons the surface sites are typically aromatic groups of pyridinic, triazine, pyrrolic and
pyridonic types which contain lone pair electrons capabld eis acidbase interactions
[Vogiatziset al. (2009)] However,contrastindliteraturereports that C@capture capacities of
undopedand Ndoped carbons are analogous to one another and nitrogen functionalities present
i n carbon mat er C@& ladsorptdon capacities [Beviltiale (280¢39]. Instead

the adsorption of COporous carbons is considered to be determined by the volume of the
micropores with a size below 0.8 ram indicated in Figure 1.7o further investigat¢he roke

of N-dopans in porous carbommicropore volumeand CO, capacities areplotted against
nitrogen contenfor a variety of Ndopedporouscarbons found in literatur@~igure 1.13(a),
materialsfound in Table 11 and 1.2. It is important to note here that while €Optke is
frequently correlated to a materials surface area, it is understood thaip@i®e is largely
determined by micropore volume at ambient pressures [Zégaab (2013)], we therefore use
micropore volume not surface area ateacription ofporous claracteristicsThe materials with
greater nitrogettloping are a darker blue colour witimdopedcarbon materials in grey. This
highlightsthe factthat while thematerials with highest nitrogedopingare among those best
performing, the appearance widgedmaterials (grey) among these indicatésogen doping

is not a prerequisite to achievihggh uptakes.
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Figure 1.13. (a) Colour mapped scatter graph of micropore volume vs C@uptake (298 K, 1 bar),
highlighting the influence of nitrogen content (at%) and (b) plot of isosteric heats of adsorption
(Qs) Vs. nitrogen contentfor various porous carbon materialsfound in literature (materials listed
in Table 1.1and 1.2.

In undopedcarbon sorbents thelgctivity for CQ/N, at 1 baris reported as typally less than
10 [Sevillaet al. (2011a), Sevilleet al. (2012a), Huet al. (2011a)]. However, this selectivity
may be tuned through the introduction of doparfior example,Polyacrylonitrile (PAN)
containing a templating PBA block copolymer has beehardased and activated using €0

give copolymertemplatednitrogenenriched carbons (CTNCs) [Zhonget al. (2012)]. The
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resulting CTNCs showed a G©@apacity of up to 3.0 mmol/g 08 Kand 1 bar, with a BET
surface area of 9884y and N/C ratio of 6.86. Interestingly the materials G/, selectivities
increase remarkably with increasing nitrogen content. Using the ideal adsorption solution theory
(IAST), a common method for evaluating the gas selectivity based on pure gas adsorption
results, C@N, sdectivities of 3342 were reported. Similar trends are shown by an-9BN
silica templated MNoped carbon derived from the nitrogesntaining precursor, -p
diaminobenzene (DAB) followed by KOH activation (IBM8C1) [Zhaoet al. (2012a)] The

best performingsample showed CQuptake of 4.5 mmol/g at 298 Knd 1 bar with nitrogen
content of 12.91 wt% anBET surface area of 11812rg. The CGQ/N, selectivities reached 42

with a strong trend indicating selectivity increased in line with nitrogen content.

For many Ndoped carbon materials the €@Bosteric heat of adsorptiqi@s) hasalso been
shown to increase with nitrogen contdRigure 1.13(b)). Highly porous Ndoped activated
carbon monoliths (AMCs) have been prepared from polyacryienfirecursors via thermally
induced phase separation (TIPS) technique followed by carbonisation usingc@@tion
[Nandiet al.(2012)]. The group reportetigh CQ uptakes 06.14 mmol/g aR98 Kand 1 bar,

with a BET surface area of 2501%fg and nitrogen content df8 &.%. TheQ, wasreported as

65.2 kJ/mol The samples did not show correlation between nitrogen content increasing and Q
increasing, indicating thatore characteristicpore access and type of nitrogen site may also be
important. Polyindoladerived microporous carbon materigRIFs) have been synthesized via
an oxidative template assembly route using cetyl trimethylammonium bromide (CTAB) before
carbonisation and KOH activation [Salehal (2013)].At 298 Kand 1 bar C&this achieved

an uptakeof 3.2 mmol/g, CQ@N, selectivities of 5%nd heats of adsorption of 42.7 kJ/mol.
These heats of adsorption aretably higher thanundopedcarbonbased material(10.5 28.4
kJ/mol) [Guoet al. (2006)] The Q values for these foped carbonss typically highest at

zero loadings (C¢), thendecreases and then remains approximately constant with increasing

CGO; loading as the high energy-dites get occupied and become saturated.

Lewis acidbase interactions have been widely cited as the foremost re@strefincreased
uptakes of Ndoped materials with CQhowever this may not be the full story-ddriched
activated carbons from bean dreg, a biomass whaate been prepared using KOH chemical
activation to enhance porosity [Xirg al. (2012)]. The bessample, witha BET surface area of
1060 ni/g and 0.2 % nitrogenontent, showed uptake of 4.8#mnol/g CQ at 25°C and 1 bar.

In conjunction with these results, computational work by the group suggests that hydrogen
bonding interactions may also be imgott. Nitrogen atoms in the carbon lattice may alter the
electronic structure of the gragikilayers and that of the graphene edge hydrogen atoms, which

may in turn influence the interactions between the carbon surface andd¥gules
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Table 1.1. Pore baracteristics of high performing porous materials

. C02 uptake SS'AEET Vmicro
Material (1 bar) Ref o
273K 298K | (m7g) | (cm’g)
TFM-1 1.73 - 738 0.139 |Zhuetal.(2012)
CTNGC-800 4.37 3.00 988 0.422* [zhonget al.(2012)
CTF-0-400-20-5 4.22 - 2011 | 0.5 éagfg’m"'et al
BILP-3 5.11 3.30 1306 0.977* |[Rabbankt al.(2012)
PIF7 - 3.42 1038 0.571 |salehet al.(2013)
CMP-C 3.86 2.20 1237 0.487* |Dawsonet al.(2011)
CP-2-600 6.20 3.90 1700 0.740 [Sevillaet al.(2011a)
Amidoxime-PIM-1 2.74 1.65 531 0.204* [|Patelet al.(2012)
IBN9-NC1-A - 4.50 1181 0.730 [zhaoet al.(2012a)
PPN6-CH2DETA - 4.30 555 0.192* [Luetal.(2012)
PECONF3 3.49 2.47 851 0.319* [Mohantyet al.(2011)
RFL-500 - 3.13 467 0.210 |Haoetal.(2010)
MFB-600 - 2.25 490 0.116 |Pevicaet al.(2008)
KNC-A-K - 4.04 614 0.260* [zhaoet al.(2012b)
SK-0.5-700 - 4.24 1060 0.440 [Xing et al.(2012)
BILP-4 5.34 3.29 1135 0.530* [Rabbankt al.(2012)
ACM-5 11.51 5.14 2501 1.090* [nandiet al.(2012)
azoCOPR2 2.55 1.53 702 0.300* [Patelet d. (2013)
CS6-CD-4 7.48 455 | 2284 | 0.990* }’;’;)Cl"g')"mara‘”@t al.
YTC7 - 2.36 1685 0.70 |zhouet al.(2012)
CCI-30 5.57 5.14 831 0.367 Jinetal.(2013)
AC-2-635 - 3.86 1381 0.560 |[Fanet al.(2013)
ATS-4-700 5.40 3.40 1820 0.750 [Sevillaet al.(2012a)
K4-700 - 3.45 1745 1.170* |Huetal.(2011a)
AC-7000.5 5.85 4.13 826 0.400 |zhanget al.(2013)
Micro-TiC-CDC (700 C] 7.09 1832 - Presseet al.(2011)
STGP-500-A - 4.37 1743 0.640 |do Souzet al.(2013)
PAN-PK - 4.40 2231 0.760 [Shenet al.(2011)
HPG600-2 7.30 4.80 2003 0.810 |Leeetal.(2013)
ZYC_1000 - 3010 1.220 |[Younetal.(2011)
NPC-650 5.26 3.10 1561 0.650 [|wanget al.(2013)
AG-2-700 7.40 4.50 1940 0.760 [Sevillaet al.(2012b)
PA-400-KOH-2-600 - 4.18 1473 0.570 [Songet al.(2014)
CEM750 6.92 4.38 3360 1.240 |Xiaetal.(2011)
AS-2-600 6.10 4.80 1260 0.550 [Sevillaet al.(2011b)
K-PAF-1-600 - 3.66 2325 0.880 |Li etal.(2013)
3CG-60 - 2.26 758 0.160 [Liu etal.(2011a)
AC Norit R1 Extra - 2.23 1450 0.430 [Himenoet al.(2005)

*When na directly reported, the uptake values have been taken from adsorption isoth
the corresponding reference. gﬁptake at 298 K and 1 ba8SAger = BET specific surfac

area, \hicro = micropore volume

In the carbons so far discussed the impact ef thrying nitrogen species receives scant
discussion [Arenillaset al. (2005)], with pyridinic, triazine, pyrrolic and pyridonic types all

being typically present. A variety of porous polymers have been synthesised which may help
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better understand the radé different nitrogen functionality in increasing the heats of adsorption

and gas selectivitwithin CO, sorbents.

Table 1.2. Dopant characteristics, selectivity and Q of high performing porous

materials
Nitrogen Seledivity o
; content ; CO/N st 4
Material Nitrogen type /N, (k3/mol) Ref o
(at.%) 273 K(298 K)
TFM-1 9.0 Triazine 29 - Zhu et al.(2012)
CTNC-800 6.5 N-doped carbon 7 49.0 |zZhonget al.(2012)
CTF-0-400-20-5 20.0 Triazine - - fzagfg’mo'e‘ al
BILP-3 7.0 Imidazole 59 (31) 28.6 [Ralbaniet al.(2012)
PIF7 2.6 N-doped carbon - - Salehet al.(2013)
CMP-C 20.0 Tetrazole 14.2 34.0 |pawsonet al.(2011)
CP-2-600 10.1 N-doped carbon 5.3 31.5 |Sevillaet al.(2011a)
Amidoxime-PIM-1 10.1 N-doped carbon - 30.2 |Patelet al.(2012)
IBN9-NC1-A 12.9 N-doped carbon| 2527 (153) [ 36.1 |Zhaocetal.(2012a)
PPN6-CH2DETA 11.9 [ Diethylenetriaming 442 56.0 [Luetal.(2012)
PECONF3 29.9 Secondary aming 77 (41) 26.0 [Mohantyet al.(2011)
RFL-500 1.9 N-doped carbon - - Haoet al.(2010)
MFB-600 24.4 N-doped carbon - 31.9 [Pevidaet al.(2008)
KNC-A-K 10.5 N-doped carbon 48 59.3 |[zhaoet al.(2012Db)
SK-0.5-700 8.8 N-doped carbon - 27.0 [Xingetal.(2012)
BILP-4 15.2 Imidazole 79 (32) 28.7 [Rabbankt al.(2012)
ACM-5 1.8 N-doped carbon - 65.2 [nandietal. (2012)
azoCOPR2 14.4 azo 110 (131) 24.8 [Patelet al.(2013)
CS6-CD-4 0.0 - - 27.6 [hoyg et
YTC7 4.0 N-doped carbon - 32.6 [zhouet al.(2012)
CCI-30 - N-doped carbon - 32.6 [Jinetal.(2013)
AC-2-635 4.6 N-doped carbon (21) 304 [Fanetal.(2013)
ATS-4-700 0.0 - @) 26.0 |[Sevillaet al.(2012a)
K4-700 0.0 - (8) - Hu et al.(2011a)
AC-7000.5 6.6 N-doped carbon (8) 27.6 [zhanget al.(2013)
Micro-TiC-CDC (700 C] 0.0 - - - Presseet al.(2011)
STCGP-500-A 0.0 - - 30.0 |do Souaet al.(2013)
PAN-PK 8.1 N-doped carbon - - Shenet al.(2011)
HPG-600-2 8.9 N-doped carbon 27 29.0 |[Leeetal.(2013)
ZYC_1000 0.0 - - - Younet al.(2011)
NPG650 4.1 N-doped carbon 23 (12) 43.0 |wanget al.(2013)
AG-2-700 1.5 N-doped carbon 10 250 |[Sevillaet al.(2012b)
PA-400-KOH-2-600 3.8 N-doped carbon - - Songet al. (2014)
CEM750 4.7 N-doped carbon 10 36.0 [Xiaetal.(2011)
AS-2-600 0.0 - 10 20.0 [Sevillaet al.(2011b)
K-PAF1-600 0.0 - 81 26.0 |Lietal.(2013)
3C-60 0.0 - - - Liu et al.(2011a)
AC Norit R1 Extra 0.0 - - 22.0 [Himenoet al.(2005)

Amines have been successfully grafted onto porous silicas [(¥taf) (2013)] and organic

polymers [Luet al. (2012)]. Hypercrosslinked networks have been produced using Friedel
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Crafts allylation of benzene, and by the addition of anilimeino benzenecopolymers
containing amine functionality were afforded. This reduced uptake from 1.61 mmol/g to 0.35
mmol/g at 300 K and 1 bar for the 100% benzene polymer to the 100% aniline equivalent,
ascribed to pore blocking effects. Incremental increase in amine quantity does though bring
about incremental increase in €, selectivity from 15.9 to 49.2 [Dawscet al. (20129)].

Porous polymer network PR8I (also known as PAE [Ben et al. (2009)]) é&s had various
alkanoamines, such as mono; dnd triethylenediamine (EDA, DETA and TETA) tethered
inside the porous network [Let al. (2012)]. This resulted in improved uptakes at 1 bay &@

295 Kfrom 1.3 mmol/g (PAFL) to 4.3 mmol/g for the DETAbgst performing) equivalent. It

also showed exceptional G, selectivity of 442 and isosteric heats of adsorption over 60
kJ/mol, calculated using duaite Langmuir isotherm fitting. Polymers of intrinsic

m croporosity (PI M) cont alihas shownuptakésef 14 @fmaNg gr
at298 Kand 1 bar CQ with a Q, of 28.4 mmol/g and BET surface area of 8897y [Patelet

al. (2012)]. Tre PIM-1 structure has been modified via conversion @file@ groups into
amidoximes. This decreases BET surface area to 577qg but increases the uptake2a8 K

and 1 bar Ceto 1.6 mmol/g and the heat of adsorption to 30.2 kJ/mol [leatdl (2012)]. The
antioxime group may be enhancing the matepaidormance relative to the nitrile equivalent
because it has a stronger interaction with the high quadruple momenbt.oAlB@ugh carbon
dioxide has no permanent dipole moment, there is a considerable charge separation in the C=0
bonds. This results im significant quadrupole moment. A molecule with a strong dipole
moment, such as antioxime will then interact with the carbon of t6@ugh dipolenduced

dipole and dipolejuadrupole interactions. It has been suggested, however, that the most
importantcontribution comes from Lewis adidewis base electrostatic interactions, due to the

charge separation between the carbon and oxygen atoms ¢¥ Qgiatzis et al. (2009)]

The triptycene units used in PIMs due their contorted structure caraimve functionality and

have been used tproduce benzimidazoelsnked polymers (BILPs). BILP3 shows a BET
surface area of 1306%g, CQ, uptake of 3.3 mmol/g, isosteric heats of adsorption of 28.6
kJ/mol, and C@N, selectivity of 31 aR98 K and 1 barThis BILP was constructed using rigid
tetrahedral monomers as used in constructing-PARd many COFs. Alternatively such BILPs
synthesised to incorporate imidazole nitrogen functionality showed an uptake of 3.6 mmol/g at
1 bar CQ and298 K, with a heat of adsption of 28.7 kJ/mol. Th8ET surface area was 1135

mf/g and CQN, selectivity 32 Rabbani (2012)]PIMs have also been functionalised with
tetrazole units, again replacing the nitrile groups. This has shown very good uptake of around 3
mmol/g at 0.03 baCO, and good selectivities, for further details on this material | refer the
reader to the graphs in the paper [Bual. (2011)]. Various ricroporusorganic polymers

(MOPs) have been produced, many based on tetrahedral monomers [[2awk¢a011)]. Of
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these MOPsNetwork C containing tetrazoles units based on a structure from tetrahedral
monomers showed an uptake of 2n2nol/g at298 K and 1 bar, an@ heat of adsorption of

more than 33 kJ/mol at low coverage. An azo functionaltse@lentorganic polymer (aze

COR1) has been synthesised, usadifferent synthetic procedure antdtrahedral monomers,

this time achieving 8ET surface area of 635%y and an uptake of 1.5 mmol/g at 1 bar,CO

and @8 K [Patel et al. (2013)]. The authors reported an ieasing CQ@N, selectivity with
increasing temperature, the opposite of the usual trend found in other porous solids. At 0 °C the
CGO,/N, selectivity was 73.3or azcCOR3, and rose to 128.0 823 K This trend has been
attributed to the azo functional gmibeing Nfiphobi cd in character.
adsorption for C@was reported as 29.3 kJ/mol.

Yet another type of nitrogen containing functionality is the triazine ring, one commonly found
in N-doped carbons. This has been incorporated ¢ot@ent triazine frameworks Prepared
from 1,3,5Tricyanobenzene with a molten ZnQiatalyst [Katekomolet al. (2013)]. This
achieved an CQuptake of 4.22 mmol/g @73 Kand 1 bar C@with a BET surface area of
2011 nf/g. Triazine functionality has also bacluded into a porous membrane using a
superaciecatalyzed synthesis to produce triazireameworkbased porous membranes (TFMs)
[Zhu et al. (1012)]. TFM1 achieved a CQuptake of 0.9 mmol/g at98 K and 1 bar, with a
BET surface area of 738%/. The CQ/N, selectivity was reported 273 Kto be 48.2 and the
Qstwas 26.127.8 kJ/mol.

A variety of methods for the enhancement of porous solid carbon based materials for-the post
combustion capture of GChas now been highlighted aride impact of nitrogerdopants,
activation techniques and carbon precursor are all pronounced on the obtainedrsatbeal
Specifically a successful design of a porous solid carbon forcpasbustion C@capture will

likely include a highly microporous structure and camtaitrogen dopants, maximisingO.
capacity atl bar and>323 K, and CQ/N, selectivity. This thesis will therefore explore these
themes for the development of novelidgdorous carbon based sorbents and utilise varieus N
dopants: pyridine, triazine, gternary and pyrrole to better understanding of the interaction

between C@and Ndoped adsorbents.

To this endhere are 6 chaptec®vering the results and discussion of the synthesised materials
with the first 5 outlining the synthesis and charactédsaof the materials produced and the
final chapter comparing their performance with one another and that of literature. From the first
5 experimental chapteyshe first focuses on the potential use of the nitregem carbon nitride
structure and theedelopment of a microporous analogue. The second chapledicated to
further investigatiorof the role Ndopantsplay in the adsorption of COwithin porous carbon

solids and this is achieved through carbonisation of various nitroiganpolymer carbo
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precursorsThe third outlines theysithesis of gporous Ndoped graphene structuamd will
provide a goocdomparison tdN-doped porous carbemvhich are typically highly defective. As

the type of activated carbosynthesised from chemical activationings KOH is highly
precursor dependenthe fouth chapter isthereforededicated tcan investigationof various
carbon precursorslso enabling the effect of Mopants to be more rigorously interpretéd.

fifth chapter discusses the synthesis of a nowebgenrich microporous organic polymer
Further motives for such investigations are presented at the start of each forthcoming chapter.
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2. Experimental Details

2.1 Synthesis

2.1.1 Reagents and Materials

All glassware and ceramic boats wedried in an oven at 150 °C for 1 hour prior to use.
Thermal treatments were carried out uséither a Carbolite CWF 11/5chamber furnace or a
Lenton LTF 12/50/300 horizontal wiwound tube furnace fitted with a work tube of
dimensions 38mm i/d x 46mm/d x 900 mm long, with oxygefiee nitrogen (N4.8) used as

protective gas. Chemicals were purchased from Sigltidach UK and used as received.
2.1.2 Carbon Nitride

2.12.1 Synthesis of Carbon Nitride

In air: melamine (10.001 g) was loaded in a ceramoiat and the boat covered with a lid. The
boat was heated in a chamber furnace to 595 °C at 20 °C/min, with a dwell time of 1 hour. Yield
= 4.388 g. The product was designated-&5N.

2.12.2 Synthesis of Defective Carbon Nitride

Carbon nitrides withdttice structure defects were synthesized by mixing a carbon nitride
precursor with a structw@efect directing agent.

2.12.2.1 Dicyandiamide and 3Biaminobenzoic acid

Carbon nitride precursor dicyandiamide was mixed in weight ratios of 9:1, 7:HBL: @awith
structuredefect directing agent 3@iaminobenzoic acid and heated using the following
procedure: dicyanamide and JjEaminobenzoic acid were mixed together then added to a
ceramic boat and covered with a lid. The boat was then loaded inb® durnace and purged
with N, for 30 minutes before heating at 3 °C/min to 595 °C, with a dwell time of 30 mins,
under a steady Nlow. The product were designated as DCA:DBA X:Y, where X = weight
ratio of DCA and Y =weight ratio of DBA used. Seeable 2.1 for the yields obtained.

2.12.2.2 Dicyandiamide and Alkyamine

Carbon nitride precursor DCA was mixed with alkylamines butylamine (BA) and nonylamine
(NA) in molar ratios of 2:1 and 5:1, using the following procedure: DCA and alkanoamine were
added o water (4 ml) and stirred at 90 °C for 2 hours, the water was then removaclivand

the product dried in a vacuum oven at 150 °C overnight. The yellow solid was added to a

ceramic boat and covered with a lid, then loaded into a chamber furnace wmulthég®5 °C at
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20 °C/min, with a dwell time of 2 hours. Hard brown macroporous cakes were obtained and
designated as DCA:alkylamine X:Y, where X = weight ratio of DCA and Y = weight ratio of
alkylamine used. Sebkable 2.2 for the yields obtained.

Table 21. Reagent quantities and yields for the DCA:DBA X:Y serie

) Reagent quantities )
Sample Designated Yield (g)
DCA (g) DBA (g)

DCA:DBA 9:1 1.35 0.15 7
DCA:DBA 7:3 1.05 0.45 0.674
DCA:DBA 3:7 0.45 1.05 0.387
DCA:DBA 1:9 0.15 1.35 0.193

DBA 100 % 0 1 0.473

Table 2.2. Reagent quantities and yields for the melamine:alkylamine X:

series
. Reagent quantities .
Material . Yield (g)
Melamine NA BA

Melamine:BA 2:1| 1.00 g, 7.9 mmol - 0.285 g, 3.9 mmo| 0.230 g
Melamine:BA 5:1| 1.00 g, 7.9 mmol - 0.117 g, 1.emmol | 0.312 g
Melamine:NA 2:1 1.00 g, 7.9 mmol| 0.563 g, 3.9 mmo - 0.283 g
Melamine:NA 5:1 1.00 g, 7.9 mmol| 0.226 g, 1.6 mmo - 0.275¢9

2.12.3 Dissolving Carbon Nitride

Carbon nitride (synthesised as in air) (0.100 mg) was added to water (10 rahracated for
12 hours to form a milky solution with some precipitate. This was allowed to stand for 24 hours.
The still milky liquid part was then isolated from the precipitate using a pipette and the water

removed in a vacuum oven at 150 °C, yield = 8.0 The product was designated aGsbjl,
(aq).

The process was repeated and isolation of the milky solution attempted using centrifugation for
10 mins at 5000 rpm, leaving a clear colourless solution. This process was also carried out using

N-butanol, gammabutyrolactone and N, fdimethylformamide.

2.12.4 KOH Activation of Carbon Nitride

Carbon nitride (synthesised as in air) (0.29 g) and KOH (0.58 g) were added to a mortar and
well mixed using a pestle then added to a ceramic boat. This was loadadub®furnace and
purged with N for 30 minutes before heating at 5 °C/min, with a dwell time of 30 mins, under a

steady N flow. This was repeated at temperatures of: 700, 600, 450, 150 °C. Products were
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added to water and stirred, isolating by Buchrkrafion. This process was repeated until

washes with a pH of 7 were achieved.
2.13 Carbonization of Nitrogen Precursors

2.13.1 Synthesis of a Melaminéormaldehyde Resin

Melamine (15.001 g) and formalin (7.142 g, 37 % formaldehyde) were addedilteddistiter
(107.85 mL), sodium hydroxide (0.190 g) was then added and the mixture heated with stirring
at 70 °C for 15 minutes. After this time, the mixture had formed a clear and colourless solution.
The stirrer bar was removed and the solution alloweedobl. Hydrochloric acid (36 %) was
added until a pH of 1-8.8 was achieved (final pH was 1.73). The resin was then cured at 50 °C
for 2 days and at 95 °C for 5 days. The resin was placed in methanol for 2 days to extract water,
changing the methanol #tes a day. The resin was then transferred tebtgenol for 1 day,
changing the tesbutanol 4 times. The resin was isolated using Buchner filtration and freeze
dried. A solid white polymer was obtained in yield of 16.910 g. The product was desigaated a
MFR.

2.13.2 Carbonisation of Melamindormaldehyde Resin

The melamindormaldehyde resin was carbonised using the following procedure: MFR was
added to a ceramic boat, loaded into the tube furnace and purged\iith3® minutes. The

tube furnace wathen heated to the desired temperature at a ramping rate of 3 °C/min, with a
dwell time of 1 hour, under a steady flow. The heating temperatures used and yields #r th
derived carbons are given irafile 2.3

2.13.3 Activation of Melamineformaldehye Resin

MFRDC 700 (0.303 g) was added to a ceramic boat, loaded into the tube furnace and purged
with N, for 30 minutes. The tube furnace was then heated to 700 °C, ramping at 5 °C/min and
with a dwell time of 15 minutes under a steadyfibw. Maintaining the temperature at 700 °C,

the N flow was switched to Coflowing for 30 minutes at a flow rate of 3 L/min. The £0

flow was then switched back to,Mnd the furnace allowed to cool with a steadyflbw. A

black powder was obtained in yield of 0.243Tdne product was designated as MFRDC 700
C30.

MFRDC 700 (0.302 g) was added to a ceramic boat, loaded into the tube furnace and purged
with N, for 30 minutes. The tube furnace was then heated to 700 °C, ramping at 5 °C/min and
dwelling for 15 minutes unde steady Blflow. Maintaining the temperature at 700 °C, the N

flow was switched to C@and flowed for 60 minutes at a flow rate of 3 L/min. The,@6&w
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was then switched back to, ldnd the furnace allowed to cool with a steadyflblv. A black

powderwas obtained in yield of 0.114 g. The product was designated as MFRDC 700 C60.

Melamine resin and KOH (1:2) were added to a mortar and well mixed using a pestle. This was
added to a tube furnace and heated to 700 °C, ramping at 3 °C/min and dwellingoiar 1

under nitrogen. Yield = 0 %.

Table 23. Reagent quantities, temperature and yields for the carbonisatic

of MFR
Material Temperature (°C) | Quantity of MFR (g) Yield (g)
MFRDC 600 600 1.002 0.185
MFRDC 700 700 0.998 0.174
MFRDC 900 900 1.001 0.079

2.13.4 Carbonisation of Polyacrylonitrile and Polyvinylpyrrolidone

The carbonisation of polyacrylonitrile and polyvinylpyrrolidone was carried out using
polyacrylonitrile of Mw 150,000 and polyvinylpyrrolidone of Mw 10,000, with the following
procedurethe polymer was added to a ceramic boat, loaded into the tube furnace and purged
with N, for 30 minutes. The furnace was then heated to the desired temperature at a ramping of
3 °C/min, with a dwell time of 1 hour, under a steagyflbw. Products were litained as black

powders, the heating temperatiresed and yields are given inble 2.4

Table 24. Reagent quantities, heating temperature and yields for the carbonisatit
of polyacrylonitrile and polyvinylpyrrolidone

Material Temperature (°C Polyme used Quantity (g) Yield (g)
PAN 700 700 Polyacrylonitrile 5.232 2.528
PAN 900 900 Polyacrylonitrile 8.278 3.602
PVP 700 700 Polyvinylpyrrolidone 14.300 1.029
PVP 900 900 Polyvinylpyrrolidone 15.574 1.043

2.13.5 KOH Activation of Polyacrylonitrileand Polyvinylpyrrolidone Derived Carbons

The polyacrylonitrile and polyvinylpyrrolidone derived carbons were activated with KOH using
the following procedure: the derived carbon and KOH were added to a mortar and well mixed
into a grey powder using a pestlThe mixture was then added to a ceramic boat, loaded into a
tube furnace and purged with, Xor 30 minutes. The furnace was then heated to 700 °C,
ramping at 3 °C/min, with a dwell time of 1 hour under a steagfldw. After cooling, the

samples were ashed by stirring with distilled water until a pH of 7 was achieved, isolating the
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product using Buchner filtration. The black powders obtained were vacuum oven dris@l at 1

°C, the yields are given inable 2.5

Table 25. Reagent quantities, heating temgrature and yields for the activation o
polyacrylonitrile and polyvinylpyrrolidone derived carbons

Material KOH (g) | Derived carbor] Quantity (g) A?grl:]n;]tcr)?tr;srf?;;ed Yield (g)
PAN 700 KOH| 3.079 PAN 700 1531 4.396 0.666
PAN 900 KOH| 3.035 PAN 900 1.420 4.050 0.855
PVP 700 KOH| 2.824 PVP 700 1.420 4.028 0.803
PVP 900 KOH| 1.573 PVP 900 0.784 2.111 0.406

2.14 N-Doped Porous Graphene

2.14.1 Synthesis of Graphene Oxide

Graphene oxide was prepar ed ustialn(2012g. Graghitei f i e c
powder (10 g, <20 em) and sul furic acid (230
°C using an ice bath. To this was added potassium permanganate (30 g) slowly, avoiding rapid
temperature rise (less than 20 °C). The readtidfiure was then cooled to 2 °C. The-lzath

was removed and the mixture stirred at room temperature for 30 min. Over this time, distilled
water (230 mL) was slowly added to the reaction to keep the temperature under 98 °C. The
diluted suspension was std for an additional 30 minutes and further diluted with distilled

water (1.4 L), before adding hydrogen peroxide (100 mL). The mixture was left overnight. The
graphene oxide was separated by centrifugation followed by decantation. In repeated washes
using centrifugation followed by decantation, the graphene oxide was washed and neutralised to

a pH >6.5 by excess water (approx. 15 L). The final product was obtained bydrggmeto

remove water in yield of 9.8 g. The product was designated as GO.

2.14.2 Thermal Reduction of Graphen®xide

GO (1.002 g) was added to a ceramic boat, loaded into a tube furnace and purgedaviBON
minutes. The furnace was heated to 500 °C, at a ramping rate of 20 °C/min, with a dwell time of
10 minutes, under a steadly flow. After cooling, a jet black fluffy product was obtained in
yield of 0.412. The product was designated as thermally reduced GO.

2.14.3 Ammonia Treatment of Graphene Oxide

GO (2.0 g) was added to a ceramic boat and loaded into a quartz tube amoethvacuum
purged with nitrogen. From being under vacuum the quartz tube was then filled with ammonia

(100 %) up to a pressure of 1 bar. An outlet valve was then opened to allow ammonia to flow
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through tube during heating. The quartz tube was heate@d® at a ramping rate of 20
°C/min, with a dwell time of 10 mins. The ammonia flow was then switched for nitrogen flow
and the tube allowed to cool. A fluffy black powder was obtained in yield of 0.82 g. The

product was designated as NEO.

2.14.4 Dicyandiamide Treatment of Graphene Oxide

The treatment of graphene oxide with dicyandiamide was carried out using the following
procedure: GO and dicyandiamide were mixed together using a pestle and mortar until a fine
grey powder was obtained. The fine gpawder was then added to a ceramic boat, loaded into

a quartz tube and the quartz tube vacuum flushed withMidh a steady Blflow the quartz tube

was then lowered into the centre of a-peated furnace at a range of temperatures (250, 300,
350 and 400C) and heated for 10 minutes, with the expulsion of white fumes. After 10 minutes
the tube was removed and allowed to cool under a steady flow Bldtk solids were obtained

and designated as DGBO X, where X is the heating temperature used. See Rablfor the

yields obtained.

Table 26. Reagent quantities and yields for the DCAGO X series

. Reagent quantities Amount transferred| ..
Material ¢ Yield ()
GO (g) DCA (g) rom mortar (g)
DCA-GO 250 0.100 0.202 0.269 0.142
DCA-GO 300 0.102 0.201 0.272 0.157
DCA-GO 350 0.100 0.203 0.283 0.179
DCA-GO 400 0.101 0.202 0.293 0.180

2.14.5 Synthesis of a Monolaygpatched Nitrogerdoped Graphene

Following a literature procedure [kt al. (2012a)], dicyandiamide (4.000 g, vacuum oven dried
(120 °C)) and gloose (0.100 g) (weight ratio of 40:1) were mixed, added to a ceramic boat and
loaded into the tube furnace purging withftdlr 30 minutes. Under a steady flow the furnace

was heated at 2 °C/min, to 600 °C with a dwell time of 1 hour, then to 800 1& &E/min,

with a dwell time of 1 hour. After cooling a black fluffy solid was obtained. The procedure was
carried out 4 times achieving yields of 0.032, 0.029, 0.028 and 0.028 g. The samples were
mixed and designated as MPNG.

2.15 Synthesis of ActivatedCarbon from Various Carbon Precursors

Activated carbon was synthesised using KOH as activating agent and 4 different precursors: D
glucose monohydrate, cellulose, used coffee grounds and a soft template polymer The D

glucose monohydrate was uses as paset from Sigm&ldrich. For cellulose, cosmetic cotton
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wool balls 00% pure cotton) were purchased from Boots UK Limited. Wet fresh grounds of
Starbucks Dark Roast coffee were removed from a DeLonghi ECAM 23.450.S machine, these
were dried in a vacuumven for 24 hours at 120 °C, obtaining dry grounds (CG). Details of the

synthesis of the soft template polymer are given in 2.1.5.3.

2.15.1 Carbonisation of Carbon Precursors

Prior to activation, all of the carbon precursors were carbonised using theirfigliprocedure:
the carbon precursor was added to a ceramic boat and loaded into a tube furnace and purged
with N, for 30 minutes. The furnace was then heated to the desired temperature, ramping at 3

°C/min, with a dwell time of 1 hour under a steadyfldw. The yields are given inable 2.7.

2.15.2 KOH Activation of the Derived Carbons fromarious Carbon Precursors

The carbon derived from the carbon precursors givehainie 2.7 were activated with KOH

using the following procedure: the derived carbad &OH were added to a mortar and well
mixed into a grey powder using a pestle. The mixture was then added to a ceramic boat, loaded
into a tube furnace and purged with fidr 30 minutes. The furnace was then heated to 700 °C,
ramping at 3 °C/min, with aveell time of 1 hour, under a steady Now. After cooling, the
samples were washed by stirring with distilled water until a wash with a pH of 7 was achieved,
isolating the product using Buchner filtration. The black powders obtained were vacuum oven
dried at 150 °C. Seedble 2.8 for the obtained yields.

Table 2.7. Reagent quantities, heating temperature and vyields for t
carbonisation of a range of carbon precursors

Material Temperature (°C) Precursor Quantity (g) Yield (g)
Glucose 700 700 Glucose 14.419 3.057
Glucose 900 900 Glucose 17.474 3.372

CB 700 700 Cotton wool balls 4.767 0.682

CB 900 900 Cotton wool balls 3.117 0.420

CG 400 400 Coffee grounds 15.644 4.740

CG 700 700 Coffee grounds 5.003 1.303

CG 900 900 Coffee grounds 4,987 1.277

STP 7@ 700 Soft template polyme| 11.283 3.376

STP 900 900 Soft template polyme| 8.075 2.425

2.15.3 Synthesis of a Soft Template Polymer

A soft template polymer (STP) was synthesised using a preparation from literaturedt.ang
(2006)] via the followingprocedure: phloroglucinol (12.5 g) and pluronic F127 (12.5 g) were
dissolved into 10:9 weight ratio mixture of ethanol (47.36 g) and water (42.63 g). After the
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solids were dissolved under magnetic stirring at room temperature, HCI (1.0 g, 37%) was added
to the solution as a catalyst. The solution was stirred at room temperature for an additional 30
mins. Subsequently, formalin (13.0 g, 37% formaldehyde) was added to the above solution. The
solution turned cloudy after 30 minutes and separated into twoslafter ~1 hour. The upper

layer mainly consisted of the mixture of water and ethanol, while the lower layer was a
colourless polymerich solution. The liquid layer was removed and the highly viscous portion
left overnight. The resulting gelatinous resuas dried in an oven at 100 °C for 24 hours,
obtaining a hard dark blue solid in yield of 24.4 g. The product was designated as STP.

Table 2.8. Reagent quantities and yields for the activation of carbons derived frorr
range of carbon precursors

Material KOH (g) | Derived carbon| Quantity (g) Awg;n;qtgir;srfg;ec Yield (g)
Glucose 700 KOH 3.000 Glucose 700 1.523 4.262 2.971
Glucose 900 KOH 3.020 Glucose 900 1.503 4.323 1.060

CB 700 KOH 1.916 CB 700 0.915 2.590 0.492
CB 900 KOH 1.476 CB 900 0.780 2.043 0.458
CG 400 KOH 3.112 CG 400 1.546 4.445 0.780
CG 700 KOH 2.003 CG 700 1.021 2.860 0.506
CG 900 KOH 2.034 CG 900 1.013 2.641 0.676

CG 400 41 8.346 CG 400 2.104 10.257 0.740

CG 700 41 8.098 CG 700 2.028 9.775 0.949
STP 700 KOH 3.930 STP 700 2.047 5.687 1.380
STP 900 KOH 2.984 STP 900 1.426 4.012 0.950

2.16 Synthesis of the Phenolic Triazine Framework
2.16.1 Synthesis of 2,4;8ris(2,4,6trihydroxyphenyl}1,3,5trizaine

The synthesis of 2,48is(2,4,6trinydroxyphenyl)1,3,5trizaine was taken from literature
[Connet al (2011)] and carried out using the following process: an -@vésd Schlenk flask

was charged with a stirrer bar, cyanuric chloride (0.100 g, 0.542 mmol), phloroglucinol (0.206
g, 1.63 mmol) and vacuum flushedthvnitrogen. To this was injected a 1:4 solution of-1,2
dichloroethane and diethyl ether (5.0 mL). The solution was cooled over ice and anhydrous
aluminium chloride (0.216 g, 1.62 mmol) was added portionwise over 5 minutes. Upon
completion of this additio the Schlenk flask was fitted with a condenser and the reaction
transferred to an oil bath at 60 °C. The condenser was connected to a caustic soda bubbler. After
16 hours the solvent of the reaction was removedhguoand the solid resuspended in 10 %

HCI (10 mL). The resulting colloidal solution was then spun in a centrifuge at 3500 rpm for 5

mins and the supernatant removed. The isolated solids were resuspended several times in further
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HCI, then 3 times in distilled water (10 mL), isolating each timieagicentrifugation. The solids

were finally resuspended in diethyl ether (10 mL), isolating again through centrifugation, before
dissolving in ethanol and concentratingvcug *H NMR (600 MHz, ¢DMSO) & 12. 25
6H), U 10. 15 ( (r6H)S°C N\RH200 MHEd-DMS®) 88 166 . 32,
i@ 162.73, 0 98.53 and U 95.19

2.16.2 Synthesis of Phenolic Triazine Framework using d)2chloroethane as Solvent

The phenolic triazine framework polymer was synthesised withditf#oroethane as b@nt

using the following procedure: an ovdried Schlenk flask was charged with a stirrer bar,
cyanuric chloride (3 mmol, 0.552 g) and either phloroglucinol (3 mmol, 0.378 g) or resorcinol
(3 mmol, 0.330 g), and vacuum flushed with nitrogen. To thisditRloroethane (5 mL) was
injected. The solution was cooled over ice and anhydrous aluminium chloride (9 mmol, 1.197 g)
was added portionwise over 5 minutes. Upon completion the Schlenk flask was fitted with a
condenser and the reaction transferred toildmath at 85 °C. The condenser was connected to a
caustic soda bubbler. After 16 hours the reaction was allowed to cool. The obtained solids were
cleaned by washing well with distilled water, then HCI (10 %) and further water until the pH of
the wash redwed 67. Soxhlet extraction was carried out fo832ays using methanol. The
products were vacuum oven dried at 80 °C and designated as PTF P DCE (phloroglucinol
equivalent) and PTF R DCE (resorcinol equivalent).

2.16.3 Synthesis of Phenolic Triazine Fraework using 1,4Dioxane asSolvent

The phenolic triazine framework polymer was synthesised witllibxane as solvent using a
range of scales, temperatures and concentrations using the following procedure:-drienven
Schlenk flask was charged with @r®r bar, cyanuric chloride (1 eq), either phloroglucinol or
resorcinol (1 eq) and vacuum flushed with nitrogen. To this the solvent was injected. The
solution was cooled over ice and anhydrous aluminium chloride (3 eq) was added portionwise
over 510 minutes. Upon completion of this addition the Schlenk flask was fitted with a
condenser and the reaction transferred to an oil bath at the desired temperature. The condenser
was connected to a caustic soda bubbler. After 16 hours the reaction was allowged. to
Typically, hard resinous solids were obtained and cleaned by washing well with distilled water,
then HCI (10 %) and further water until the wash reached a pH7ofS®xhlet extraction was
carried out for 23 days using methanol. The synthesis wasiexh out using phloroglucinol

with a range of temperatures at@hcentrations as outlined irafle 2.9.
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Table 2.9. Reagent quantities and conditiongor the synthesis of phenoli
triazine framework

Material | Temperature (°C| Dioxane (mL) P cc AlCI,
PTF 70 20 70 °C 20
PTF 70 10 70 °C 10
PTF 705 70 °C 5
PTF 90 20 90 °C 20 0.378¢g | 05529 | 1.197¢
PTF 90 10 90 °C 10 3 mmol 3 mmol 9 mmol
PTE 905 90 °C c Mr =126 | Mr = 154 | Mr = 133
PTF 105 20 105 °C 20
PTF 105 10 105 °C 10
PTF 105 5 105 °C 5

P = phloroglucinol, CC = cyanuric chloride and AJ€laluminium chloride

2.16.4 Carbonisation of Phenolic Triazine Frameworks

Phenolic triazine frameworks were synthesised on a largég ssing the procedure in 2.136

with cyanuic chloride (15 mmol, 2.76 g) and either phloroglucinol (15 mmol, 1.89 g) or
resorcinol (15 mmol, 1.65 g), tdioxane (30 mL) and anhydrous aluminium chloride (45
mmol, 6.00 g). The reaction was carried out at 75 °C. The products were vacuum oveh dried a

80 °C and designated as PTF P (phloroglucinol equivalent) and PTF R (resorcinol equivalent).

For carbonisation, the following procedure was used: the dried polymer was added to a ceramic
boat, loaded into a tube furnace and purged wittfal 30 minutes The furnace was then
heated to the desired temperature, ramping at 3 °C/min, with a dwell time of 4 hours, under a

steady N flow. Temperatures used, produatyd their yields are given irable 2.10.

Table 2.10. Reagent quantities, yields and conditienfor the
carbonisation of phenolic triazine frameworks

Material Temperature (°C] Precursor| Quantity (g)| Yield (g)
PTF P 300 300 PTF P 0.202 0.172
PTF P 500 500 PTF P 0.214 0.161
PTF P 700 700 PTF P 0.201 0.123
PTF P 800 800 PTF P 0.214 0.118
PTFR 300 300 PTFR 0.208 0.185
PTF R 500 500 PTFR 0.198 0.160
PTF R 700 700 PTFR 0.212 0.131
PTF P 800 800 PTF P 0.214 0.118
PTF R 800 800 PTF R 0.222 0.129
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2.16.5 An Alternative Workup for the Synthesis of the Phenolic Triazine Framework

The phenlic triazine framework was synthesised following the procedure in 2.1.5.3. Prior to
Soxhlet extraction the solids were well broken up using a pestle and mortar, isolating using
centrifugation at 4000 rpm for 10 mins and the supernatant poured off. Ammayuroxide
solution (50 mL, 28 % NKin H,O) was added, stirring for 10 mins. The solids were isolated
using centrifugation and further ammonium hydroxide solution (50 mL, 28 % ilNH,O)

added, stirring for 10 mins and isolating again using centrifogafihe solids were washed
twice with distilled water (50 mL), then HCI (50 mL, 37 %) twice, distilled water until pH 7
was achieved, then diethyl ether (50 mL) twice and finally ethanol (50 mL) twice, isolating the

solids each time using centrifugatiord@00 rpm for 10 mins.

2.2 Characterisation
2.2.1 XRD

X-ray diffraction (XRD) was performed using a Bruker axs, D4 endeavor witK-@lpha
radiation. The Cu ion beam source has a wavelength of 1.5406 A. StahsSéurces work
under vacuum, where adiinent (often tungsten) is heated by a current causing it to liberate

electrons, these liberated electrons are accelerated to a Cu target wherayGwabe generated.

Rontgenstrahinterferenzen, commonly termedrdy diffraction, is the diffraction of Xays by
crystals and first discovered by German physicist Max von LauayDiffraction was initially
largely developed through work done by Sir William Henry Bragg and his son William

Lawrence Bragg. The Braggds | aw states that
n ¢ AEI Equation 2.1

and explains why the cleavage faces of crystals appear to reflagt beams at certain angles
of incidence (thet a, d) . I n Braggs | aw n 1is

atom c | ayers in a crystal andybeami s t he wavel e

60



Figure 2.1. Diagram of ncident X-rays being diffracted by the layers of atoms in a crystalline
material.

Consider a pair of parallel planes, a distance of d apart. If we halepairay beams, 1 and 2,

making an angle theta with these planes, a reflected beam of maximum intensity results if the
refracted waves, 1Fgurea2rld The dntensities &f the reflectioh are e (
determined by the distribution of eleatsoin the unit cell. Planes going through areas with high

electron density will reflect strongly, planes with low electron density will give weak intensities.

2.2.2Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was recorded in transnoisshode using a Thermo Scientific Nicolet iS10.

Infrared spectroscopy is the study of rotational, vibrational and roteitivation energy
changes in the ground state of molecules. Infrared spectroscopy deals with the interaction
between a molecule anddiation from the IR region (IR region = 4000400 cm') of the
electromagnetic spectrum. Appearance of a vibrational transition in the infrared region depends
on an overall change of the electric dipole moment during the vibration and the intensdy of th
bands are dependent on the magnitude of the dipole moment change. It is worth noting that
many of the materials presented in this thesis are black carbons and absorb intensely in the IR

region, meaning FTIR analysisused wherever appropriate

2.2.3 Xray Photoemission Spectroscopy (XPS)

XPS analysis was carried out using a Thermo Scientifik Alpha surface analysis instrument.

XPS spectra are obtained by irradiating sample surfaces withray lxeam, measuring the
energy and electrons that are #ed from the top L0 nm of the material being analysed. The
spectra represent a record of the ejected electrons over a range of kinetic energies, with elements

and bonding environments emitting electrons of characteristic energy. Such analysis tierefore
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representative of a materials surface rather than the bulk. Elemental analysis was carried using

CASA XPS software giving the elements in atomic % (at.%).

Ejected K Electron
(1s Electron) @

Vacuum \

\

Fermi level

L Incident
23 X-ray
L, H\/\/\/\ (hv)
K——e—0%

Figure 2.2. Thephotoemissionprocess involved for XPS surface analysis.

2.24 Thermogravimetric Analysis (TGA)

TGA was carried out using a Setaram Setsys 16/18 machine with vertical overhead hanging
balance. Heating was carried out under argon gas at 2 °C/min. Background runs were performed

with an empty crucible and subtracted manually usingogiate software.

2.25 Nuclear Magnetic Resonance SpectroscoplNiMR)

Liquid NMR were carried out using a Bruker Avance 600 NMR spectrometer at 600 MHz using
600 MHz for'H NMR and 100 MHz for'®*C NMR. Solidstate NMR were recorded using a
Varian VNMRS 400at 400 MHz for'H NMR and 100 MHz for®C NMR. Spectra were

referenced to neat tetramethylsilane.

2.26 BET Surface Area

Specific surface areas were calculated using the BrwtamarettTeller method (SSé:r) and
measured by nitroge(N,) adsorption at 7K on a quantachrome 1Q2 sorption analyser. All
SSAser values reported are mufboint values from a minimum of 3 points in the appropriate
relative pressur€P/R) range. Samples were degassed at a minimum temperature of 150 °C for
12 hours under vacuunx (L0° bar) before analysis. The BET specific surface areas were all
calculated over a relative pressure range of 0.01 to 0.3 bar. Pore size distributions were
calculated using both DFT and BJH methods. For pores of width <50 nm a QSDFT equilibrium
model r slit and cylindrical pores was used, unless otherwise stated. Pore volumes in pores of
width >50 nm were derived using the BJH model from the desorption curve, ignoring pressure
below P/RB = 0.35. Total pore volumes  were calculated from isothernas maximum P/p

in the adsorption curve, where PA# 0.99 bar. Pore widths were calculated using the same
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QSDFT method as outlined above, giving a modal value. Micropore volumgsn@fe taken

from the QSDFT analysis as the cumulative volume at porthwid2.0 nm.

The BrunaueEmmettTeller (BET) method allows the determination of the surface area of
solid materials using the BET theory [Brunaee¢ral. (1938)]. It extends the Langmuir theory
which considers monolayer molecular adsorption, developing take multilayer adsorption

into consideration. In the BET theory, the following assumptions are made (a) gas molecules are
physically adsorbed on a solid in infinite layers, (b) there is no interaction between each

adsorption layer and (c) the Langmtlkieory can be applied to each layer.

The BET equation can be expressed by

— Equation 2.2
where:

W = weight of gas adsorbed at relative pressurg P/P

W, = weight of adsorbate constituting a monolayer of surface coverage

C = BET constant, related to the energy of adsorption in the first adsorbed layer and
consequently its value is an indication of the magnitude of the adsorbent/adsorbate interactions.
This BET constant can be expressed as

6 Aob— Equation 2.3

where:
E; = heat of adsorption for the first layer of adsorbate
E, = the heat of adsorption for all following layers

The BET equation is an adsorption isotherm and can be plotted with JR¥{Pvs. P/B. The
linear relationship can only be maintained in the, PARge of 0.05 to 0.35.

Using a multipoint procedure the weight of a monolayer of adsorbajea then be obtained
from the slope s and intercept i of the BET pkg(re2.3)

P — Equation 2.4
and

Qo — Equation 2.5
giving
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W — Equation 2.6

0.0

02 04 06 08 1.0 12 14 1.6 1.8
P /P
Figure 2.3. A typical multi-point BET plot.

The surface area can then be calculated with the molecularserttgsnal area (&) of the
adsorbate molecule. The total surface aked e sample can be expressed as

Y — Equation 2.7

where:
N = Avagadro6s nu*mblecules(m6él. 0221415 x 10
M = molar mass (molecular weight) of adsorbate

Assuming a hexagonal clepacked nitrogen monolayat 77 K we use the crosgctional area
Acsof 16.2 K.

The specific surface area can then be calculated from the total surface aneatl® sample
weight w

Y Y 0 Equation 28

It is worth noting that the BET equation is applicable to nonporous solids and materials
consisting of pores of wide pore diameter. However, in a strict sense, it is not applicable to
microporous adsorbents. Notwithstanding the problems arising fromchieeical and
geometrical heterogeneity of the surface, the type of porosity (i.e. mawso, or micropores)

also plays an important role in the applicability of the BET equation. The problem is that it is
difficult to separate the processes of mangitilayer adsorption from micropore filling, usually
completed at relative pressures (P/Below 0.1. Another problem is associated with the size

and shape of the adsorptive molecule, i.e. the effective yardstick used to assess the surface area.
In case ofvery narrow cylindrical micropores (ultraicropores <0.7nm), the area calculated by

the BET analysis from the area covered by the adsorptive is significantly smaller than the total

geometric area, so the BET analysiglerestimatethe true surface are@onversely, in broader
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supermicropores (>0.7 nm), a number of molecules, those filling in the centre of the pores, do
not touch the surface, and this leads toogsarestimationof the surface area. Therefore, the
surface area obtained by applying the Bfa&thod on adsorption isotherms from microporous
solids does not reflect the true internal surface area, but should be considered as a kind of

characteristic or equivalent BET area.

2.2.7 CO; Uptake Analysis

2.2.7.1 Volumetric Analysis

CGO, isotherms up td bar were measured at 273, 298 and 323 K using the Quantachrome 1Q2,
taking nonideality factors of: 9.08 xI) 6.84 x1¢® and 5.66x10 respectively. Where units of

cc/g at STP are used, STP (Standard Temperature and Pressure) is defined as 427%8.05C

K) and 1 bar. Under these conditions the molar volume is the volume occupied by one mole of
ideal gas = 22.4 L/mol (22400 cc/g).

Carbon dioxide isotherms up to 10 bar were measured using a High Energy PCT Pro 2000.
Samples were outgassed at 1506€C12 hrs prior to measurement. Between measurements, re

activation was carried out at 180 °C for 30 mins under vacuum {b4x).

2.2.7.2 Gravimetric Analysis

Gravimetric CQ uptake analysis was carried out using the Setaram Setsys 16/18 machine with
between 120 mg of sample. Samples were loaded into the TGA and outgassed at 150 °C,
under argon flow, for 1 hour. The sample was cooled under argon flow to the desired
temperature. The gas flow was then switched from argon to carbon dioxide (99.99 #grat

Background runs were all performed with an empty crucible and subtracted manually using

appropriate software.

Temperatureprogrameddesorption(TPD) profiles were carried out at a ramping rate of 2
°C/min, from 25 °C to 170 °C under a steady,@Ow.

Due to the easy availability of the Setaram Setsys 16/18 machine, samples were typically

screened for CQuptake using gravimetric analysis prior to volumetric analysis.
2.2 8 Isosteric Heats of Adsorption

The isosteric heats of adsorptiongfQvere @lculated from isotherms at temperatures of 0, 25
and 75 °C. The isotherms were fitted using the-Hatigmuir isotherm model, with Origin 8.6.
From these isotherms the pressure was recorded for various mbhlarevgas uptakes (see

Table 2.11for a givenexample).
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The ClausiugClapeyron equation concerns the characterisation of a discontinuous phase
transition between two phases of mater of a single constituent. On a ptesspeeature
diagram, the line separating two phases can be described by tsa&€&apeyron relationship

where the slope and tangent are given. The Cla@ajseyron equation:is

— 5 Equation 2.9
Where:
L = specific latent heat
o = specificvolume change of the phase transition
For our adsorption purposes this equation can be rewritten as:
I 10 YO — ®EEi O0OMEO Equation 2.10

Where:

In(Pi) = log of pressuré(bar)
-0H.4s = heat of adsorption (kJ/mol)
R = gas constant (8.315 J/K mol)
Ti = temperature for isotherm i (k)

As this fits the form of y = mx + ¢, for any gas uptake we can take a plot of InP vs. 1/T. A linear

slope of this, accounting for the gas dans, gives us Qat this uptake.

2.29 Ideal Adsorbed Solution Theory (IAST)

In order to determine the ability of materials for separation of i€Qhe IAST method [Myers

and Prausnitz (1965)] has been used. In the case ideahsolution the partiglressure of an
adsorbed component is given by the product of its mole fraction in the adsorbed phase and the
pressure it would exert as a pure adsorbed component at the same temperature and spreading

pressure as those of the mixture.

We can state thdhe selectivity of preferential adsorption of component 1 over component 2 in

a mixture containing 1 and 2 can be formally defined as

Y + Equation 2.11
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where gland g2 are the absolute component loadings of the adsorbed phase in the mixture, and
pl and p2 are gas components,@@d N at partial pressures of 0.15 and 0.85 bar respectively,

the pressures of a pestmbustion flue gas system.

Table 2.11. Relaitve pressure and gas uptake values taken from isotherms
273, 298 and 348 Kor a melamineresin derived carbon material. Such date
can be used in the determination of th€lausius-Clapeyron equation

Gas uptake Pressure (bar)

(mmol/g) 273 K 298 K 348 K
0.5037 0.00362 0.02215 0.40608
0.5111 0.00413 0.02399 0.41586
0.5818 0.00608 0.03555 0.51041
0.6134 0.00864 0.03889 0.55322
0.7088 0.01440 0.05840 0.79077
0.8818 0.02748 0.12573 1.06891
0.9958 0.05060 0.18540 1.36854
1.1029 0.07088 0.26259 1.73628
1.2177 0.10775 0.37133 2.22843
1.2663 0.12894 0.42848 2.47736
1.3123 0.14461 0.49207 2.74454
1.3605 0.17040 0.56580 3.057898
1.4630 0.23987 0.74230 3.91940
1.5096 0.26933 0.82684 4.27320
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3. Carbon Nitride: Synthesis of a Microporous Andogue

The presence of nitrogen doparlfté-dopants)within porous carbon CQOsorbents has been
correlated with increased relative uptake capacities, binding enthalpies afid, G€ectivity
relative to undoped counterparts. With this in mind, carbordeita nitrogesrich polymer with

the empirical formula ¢N,4, appears to be an attractive material for novel sorbent synthesis.
Specifically, interest in carbon nitride for carbon dioxide capture stems from the type of
aromatic nitrogen atoms present indtriazine structural units and how this form of nitrogen
may interact with gaseous GQCarbon nitride (CN) also has a high thermal stability, being
stable up to 600 °C [Thomast al. (2008)], giving it an inorganic/organic character and
indicating it ma have a long lifetime in cyclic temperature swing industrial processes. The
synthesis of CN, its characterisation, graphitic nature and use for potential applications in
energy conversion and storage, and environmental applications including directohéikean
cells, and catalysis have all made it an area of recent research interest ¢Zlan@012)].
However, the synthesis of a microporous CN still remains challenging to materials science.

Microporous and mesoporous carbon nitride structures haredymthesised using nanocasting
techniques with zeolite templates [Lét al. (2008)]. However, to remove the template it must

be etched using a strong acid (HF), making the process unappealing and an alternative method
for creating porosity attractivenlsearch of such a method, this chapter focuses on the
utilisation of methods common to the synthesis of porous carbon satiglying them to

carbon nitride.

3.1 Synthesis of Carbon Nitride

The history of carbon nitride (CN) is an interesting chaptempolymer history, and its
characterisation has only been achieved recently alongside developments in NMR and XPS
technology [Thoma®t al. (2008)]. Berzelius first synthesised CN by treating potassium or
sodium thiocyanate with chlorine, giving the prodtlee name melon as described by Liebig
[Liebig (1834)]. Melon was characterised as having the empirical formy@gNgland structural

models based on tsitriazine (heptazine) core units were proposed [Rederetiah (1940)]

(Figure 3.1(a) and (b)). Haver, variations in the hydrogen content were common and this was
rationalised by assuming that a mixture of several compact condensation products had resulted

with the conjecture that Ait is probahbdy in
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more than likely a mixture of molecules of different sizes and shapes. This gives rise to its
amor phous chaeta@®38Fr 6 [ Pauling

An alternative i mensi onal f o r mCi;M,)fhasalaa been proposed, withd e (
predicted hardnessrsilar to that of diamond [Cohen (1985)]. This has been an active area of
research with applications in the field of lam@mpressibility materials and recently synthesised

using complex mechanochemical techniques ial. (2003)]

At ambient conditions dwever, the thermodynamically favoured allotrope is in fact a layered
form that has become known as graphitic carbon nitrid€;kt) [Teter et al. (1996)]. Two
structures were proposed foxgN,, one based on triazine core units and the other on heptazin
units (Figure 3.1(c) and (d)). However, the heptazine form has been found to be energetically
more favourable relative to triazine at ambient pressures and the hepatzine form is therefore
likely to dominate [Thomast al.(2008)].
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Figure 3.1. Formsof carbon nitride: (a) and (b) are proposed structures for melon, (c) and (d)
portray the hypothetical structural models for g-C3N4 based on the triazine and tris-triazine
(heptazine) forms respectively.

For the synthesis of-GsN,4 various precursors su@s melamine, urea and dicyandiamide have
been typically used [Zhengt al. (2012)]. The reaction is a combination of polyadditions and
polycondensations where precursors such as cyanamide and dicyandiamide condense to form
triazine ring structures like rfamine. These then undergo condensation processes where
ammonia is eliminated. The reaction process has been well documented [Bi@h§2008)]

and it is understood that the melamine groups are stable up to 350 °C and form heptazine units
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via rearrangment at 390 °C, condensing into Aamear polymeric units at temperatures up to
520 °C (Figure 3.2).

This chapter focuses on the development of a porous carbon nitride analogue and testing its
affinity for the sorption of CQ To do this gC3N4 was firstsynthesised and then several novel
procedures were attempted in order to synthesise a porous form. A suitable synthe€iNfor g

was taken from literature [Yaet al. (2009)] where melamine was heated at 595 °C, using a

dwell time of 1 hour and achievirag43 % yield, the product was designhated-&sNy.
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Figure 3.2. Calculated energy diagram for the synthesis of carbon nitride. The starting precursor
cyanamide is condensing into melamine. Further condensation can then proceed via the triazine
route (dash-dot line) to C3N4, or melamine can form melem and then follow the trs-triazine route
(dashed line) to form GNg (energies presented per atom) [Thomast al (2008)].

The chemical structure of the as synthesise@:Ny was analysed using FTIR and IP
analysis. In the FTIR spectrum (Figure 3.3(a)) the peaks at-1@80D cnt are typical of the
stretching modes of -© bonds in CN heterocycles. SingledNbonds are found at 124500

cmi* and a doublet can be seen at 1414 and 1458 atimibuted to €N stretching modes of the
fused triazine rings in heptazine [Ferratrial. (2003)]. C=N double bonds are typically found at
15001650 cnt [Thomaset al (2008)], with norfused triazine groups showing strongNC
stretching modes bands at 15B820 cm' [Socrates (1980) p.95]. A sharp peak is observed at
1577 cni corresponding to such triazine C=N stretching modes. A peak at 1636 aiso
present and this can be attributed to C=N stretching modes of fused triazine rings within
heptazine units [Ferraet al. (2003)]. NH deformation modes are also expected in this region
and are found in the melamine starting material, the presence of such peaks though is not
thought to be due to unreacted starting material, thanks to analysis using deuteratecdtisaimples
indicate this is not the case [Ferrarial. (2003)]. The breathing mode of the heptazine unit (out

of plane ring bending) is seen at 807 'dini et al. (2009b)]. The broad band at 328600 cnt

can be attributed to adsorbed water, but may algwib®ary and secondary-N stretching and
deformation modes, indicating that the product is not fully condensed but amorphouet ffan
(2009), Bojdyset al. (2008)]. This incomplete condensation is typical of graphitic carbon

nitrides synthesised at aimeht pressure and is accepted as being a predominately kinetic
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problem, with the reaction not proceeding significantly past the polymeric melon form [Bojdys
et al.(2008)].
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Figure 3.3. (a) FTIR spectroscopy and (b) XRD pattern of the as synthesisedlOgNy.

Structur al analysis was carried out using XF
corresponds to the characteristic interlayer stacking of aromatic systems, indexed as (0 0 2),
giving an interlayer distance of 0.324 nm. The small angle peaR.@5°, corresponding to a
distance of 0.679 nm, is indexed as (1 0 0). This is related to-plaria structural packing

motif of the lattice planes perpendicular to thaxis [Thomaset al. (2008)]. This peak will be

stronger when the distance betwgmmlymeric melon units has a narrow distribution range,

giving rise to high long range order. The polycondensation of the carbon nitride precursor at
elevated temperatures will result in loss of nitrogen, meaning the distances between strands will

have a wder distribution range, and a reduced long range orderdt\ali (2012)].

From XPS analysis the elemental atomic concentrations are calculated to be N: 57.1, C: 42.1
and O: 0.8, with no other elements present (Figure 3.4(a)). This results in an &nfpinla

of C3Nzg, equating well to the-§sN, formula. The presence of oxygen is not unexpected and
relatively low at <1 at.% [Lotschkt al. (2007)]. The symmetrical peak at a binding energy of
288.2 eV in the core level C 1s spectrum (Figure 3.4(xyesponds to nitrogen bound carbon

in an sp-bonded array, C=NC [Thomaset al.(2008)].

The core level N 1s spectrum (Figure 3.4(c)) is dominated by a peak at 398.5 eV, that
corresponds to $phybridized aromatic nitrogen bonded to carbon atomdl£C) [Hu et al.
(2011b)]. The small peak at 404.4 eV can be attributed tgtBi@inal groups and charging
effects. The broad shoulder between-402 eV indicates several other nitrogen environments.
Tertiary amine groups would be found within this region &nday be reasonably argued that

the gCsN, has formed with triazine units rather than heptazine. This is supported through
deconvolution of the peak, to imply a ratio of aromatic nitrogen atoms to amine groups close to
the 3:1 ratio we would expect (indta3.65). However, current literature [Lat al. (2011b), Hu

et al. (2011b), Leeet al. (2010)] suggest that a peak at 399.7 eV represents tertiary nitrogen

71



atoms at the heart of the heptazine unit, therefore bonded to three carbon atoms. From the
peak:pak ratio analysis between the aromatics at 398.5 eV and tertiary nitrogen atoms at 399.7
eV, a value of 6:1 supports the heptazine core unit form. The peak at 400.9 eV is assigned to
terminating amine groups and its dominance is assigned to enhancee slerfiaity resulting

from the surface specific nature of XPS analysis [Thostas. (2008), Leeet al (2010)].
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Figure 3.4. (a) XPS survey analysis for the as synthesisedCgN. Core level C 1s (b) and N 1s (c)
XPS spectra for gC3N. (d) TGA for g-C3N4 and g-C3Ny4 (aq) under an N, atmosphere heating at 2
°C/min.

3.2 Exfoliation of Carbon Nitride

One way a porous derivative of carbon nitride may be achieved is through exfoliation of the
graphenegype layers. This exfoliation would involve pawy apart he layers and suspending
them in a suitable solution. Once in solution a porous structure may be synthesised chemically
by pillaring the layers creating a porous network, or through the formation of aerogels. Similar
work has been carried out with graghliased layered structures where sonication was used to
separate the graphene layers [Burressl. (2010), Liet al. (2012b)]. Initial tests as to the
solubility of carbon nitride were therefore carried out, guidbgdhe Hildebrand and Hansen
solubility parameterschoosingo-butyrolactone (GBL) and-butanol, due to their high polar
bonding and hydrogen bonding parameters respectively. Water and dimethylformamide (DMF)

72



were also used, based on their strong polarity and success in work with graphene, another
layered aromatistructure [Park (2009)]. Mixtures of 1 wt% were made up and sonicated for 12
hours. For the #butanol, DMF and GBL there was no indication that dissolution of 16¢N\g

had occurred, based on the colour and transparency of solvent and amotiNgEdids. In

the water equivalent a cloudy milky white solution had been achieved, suggesting some
dissolution. This was left to stand for 24 hours, after which time the solution became markedly
thinner with precipitation evident at the bottom of the test.tllhés solution was isolated and
dried in a vacuum oven at 150 °C to obtain a pale yellow ,sdédignated ag-CsN, (aq).

Using TGA in a nitrogen environment up to 700 °C at a ramping rate of 2 °C/min the
decomposition properties of@N, (aq) were testd (Figure 3.4(d)). The decomposition profile

of the gC3N,4 (ag) can be seen to be analogous with tagMNy,. However, decomposition of the
g-CsN4 (aq) begins at a slightly lower temperature than for #@&Ny, such that a mass loss of

20 % had occurredt @ temperature of 679.8 °C for@N, (aq), while a mass loss of 20 % for
g-CsNy4 required a temperature of 689.5 °C. This may be attributed to the dissolving portion
consisting of shorter and more thermally labile carbon nitride/melon units. Nonethhlsss,
does indicate some@sN, had become dissolved. Centrifugation of the dissolv€dNy, milky
solution at 5000 rpm for 10 minutes resulted in a clear colourless solution and full precipitation
of the gCs;N4. While it seemed apparent some success was\able, the quantity of dissolved
g-CsN4 was very limiting for the first step in a synthetic process. After this work was carried out
the dissolution of N, in water was published, and in similarly low yields as achieved here
[Zhanget al. (2012)].

3.3 Installing Porosity in Carbon Nitride Using Structure-defect
Directing Groups

As discussed in the introduction, activated carbons have a highly microporous structure, with
BET surface areas up to 3008/gSiriwardaneet al.(2001)]. The structure afctivated carbon

is not composed of well crystalline graphite, but disorderly micrographite crystallites. It is the
small crystallite thickness and short range ordering between crystallites that enable activated
carbons to exhibit their high surface ar@idanekoet al. (1992)]. Conversely, the structure of
carbon nitride exhibits lorgange order. In order to enhance the surface area of carbon nitride, a
similar defective structure of carbon nitride is envisaged. The potential for the addition of
defectiveconstituents into the carbon nitride structure was therefore investigated. To do this
organic structurelefect directing groups were selected that may partake in the condensation

reactions leading to carbon nitride formation, isolating microcrystalliieocanitride regions,
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but burnoff at the elevated final synthesis temperature to leave disordered carbon nitride

crystallites with short range order.

As the amine condensation step is known to be crucial in the mechanistic process of carbon
nitride formaion, additives containing amine groups capable of partaking in these condensation
steps were chosen. The process of fmffmay differ depending on the type of structdefect
directing agent and it is well known that chemical structure controls threedefjgraphitisation

of organic materials [Lewis (1982)], thus dictating the manner of-bfirrhe initial thermal
reaction in the carbonisation of hydrocarbons is complex, but the first step is expected to
involve the formation of free radical internmatks [Lewis (1982)]. Radical stability is
dependent on chemical structure and following their formation aromatic groups may undergo
thermal rearrangement and alkyl groups may aromatize, while both may decompose into smaller
gaseous molecules. Amine sturetdefect directing agents based on the aromatic unit, 3,5
diaminobenzoic acid (DBA) and the alkane chains butylamine and nonylamine were therefore
selected.

Dicyandiamide (DCA) was used as the carbon nitride precursor, due to the increased quantity of
condensation steps required in its transformation ir@Ny, [Thomaset al (2008)]. A series of
structuredefect directed carbon nitrides were synthesised using varying ratios of DCA:DBA,
whereby the DCA and DBA were ground together in ratios of: 1:9,7337and 9:1 DCA:DBA

and heated following the literature process used above, to 595 °C with a dwell time of 1 hour.
The materials were then designated as DCA:DBA X, where X = the ratio of DCA:DBA. As the
amount of DBA was increased the product took onr&estecolour, until with DBA 100 %, the

product was a silver glassy carbon.

a b

—gCN, —CN,

——DCA:DBA 9:1 ——DCA:DBA 9:1
— DCA:DBA 7:3 ——DCA:DBA 7:3
—— DCA:DBA 3:7 —— DCA:DBA 3:7
—— DCA:DBA 1:9 ——DCA:DBA 1:9
—DBA 100 % ——DBA 100 %

Intensity
Intensity

204 202 290 288 286 284 282 280 406 404 402 400 398 396 394
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Figure 3.5. (a) C 1s and (b) N 1s core level XPS spectra for DCA:DBA X.Y series.

From the core level XPS C 1s spectra of the DCA:DBA series (Figure 3.5(a)), the typical peak
for the gC3N,4 at 288.2 eV is shifted to 284.5 eV. This shift is indicative of an overhaul of the
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chemical composition, with peaks at 284.5 eV being assigned to/lspdised carbon, typical

of graphitictype carbons [Shenet al (2011)]. Therefore disorderegtCsN, microcrystallites

were not obtained, rather theGgN, synthesis has been retarded and a gragiyjtie carbon
material was obtained. From the N 1s spectra a defined alteration can also be observed (Figure
3.5(b)), whereby the heptazine N 1s petl8@8.5 eV is largely reduced to form twin peaks
centred at 400.5 and 398.5 eV. These are typicdl-dbped carbon environments such as
quaternaryand pyrrole (399101 eV), and pyridine (398.5 eV) groups [Wal (2012)].

The samples were analysed gsgravimetric CQuptake analysis 298 K and 1 bar (Figure 3.6).
Figure 3.6(a) shows that the samples with a greater portion of DBA are capabdéerGents,
achieving capacities of 1.99, 2.11 and 2.09 mmol/g for DCA:DBA 3:7, DCA:DBA 1:9 and
DBA 100 % respetively. The other samples indicated no affinity for LC®orption.
Temperature programmed desorption (TPD) analysis was carried out for the samples with an
affinity for CO, sorption (Figure 3.6(b)). It can be seen that for DCA:DBA 3:7 and DCA:DBA
1:9 the @, is removed as temperature increases, such that at 170 °C the samples retained only
0.12 and 0.24 mmol/g of the G@dsorbed. For the DBA 100 % equivalent less of the samples
capacity is being regenerated under these conditions, such that at 170 BAth6@% retains

0.55 mmol/g of the COadsorbed, equivalent to 30 % of capacity. This reduction in the
regenerated capacity indicates that some of thert&@y be chemisorbed onto the sorbent. This
chemisorption is also indicated by the wider knee and ngoa€lual uptake found in the
adsorption curve. Using Nsotherms at 77 K the BET specific surface area of the DCA:DBA
3:7, DCA:DBA 1:9 and DBA 100 % were <1.0, 10.3 and 4®gmespectively This very low
apparent surface area, yet significant,@Bysirption, is indicative of an ultramicroporous

(pores of width <0.7 nm) material.

a
- 2.5
20 ——DCA:DBA 3:7
20 e ——DCA:DBA 9:1
S 2.0 —g 2.0+ —— DBA 100%
é].i* &GN, g 1.54
e ——DCA:DBA 9:1 =
s = DCA:DBA 7:3 =
S 1.0+ ———DCA:DBA 3:7 2 1.0-
. ——DCA:DBA 1:9 =)
] 0.5* ——DBA 100% O 054
O
0.0 0.0
0 200 400 600 800 1000 1200 20 40 60 80 100 120 140 160 180
Time (s) Temperature (°C)

Figure 3.6. (a) CQ uptake capacities at 298 K and 1 bar, measured on a gravimetric basis (b)
temperature programmed desorption (TPD) from 25170 °C, under a dynamic CQ flow, for
DBA:DCA series.

To further investigate the adsorbemtsorbate interaction volumetric €0Optake analysis was
carried out for both the DBA 100 % and DCA:DBA 9:1. Figure 3.7 shows the up@ke
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capacities at 273, 298 and 323 K and 1 bar. Of natgaisthe capacity for the DBA 100 % is
lower when calculated using volumetric analysis relative to gravimetric analysis, 1.64 compared
to 2.09 mmol/g respectively. The isosteric heats of adsorptign(Eggure 3.7(d)), a measure of

the adsorbatadsorbeninteraction energy, are 33.37 and 34.70 kJ/makarzero loadings for

the DBA 100 % and DCA:DBA 9:1 respectively. This opposes the indications from the TPD
that there is a greater chemical interaction between the DBA 100 % ancel@ve to the
DCA:DBA 9:1. Alternatively, it may be that a lack of mesopores in this ultramicroporous
material results in a low mass transfer diffusion rate, this will cause hindered regeneration and
reduced capacity in measurements made using volumetric analysis wheggitheium times

are set for carbon materials with hierarchical porosity [de Setizd (2013)]. Thegradual
increasean the gravimetric analysis (Figure 3.6(a)) for the DBA 100 % also supports this.
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Figure 3.7. CO, adsorption isotherms (01 bar) for the DBA 100 % and DCA:DBA 9:1 carbons at
(a) 273 K, (b) 298 K and (c) 323 K. (d) Isosteric heats of adsorption {Qcalculated from CO,
adsorption isotherms

In addition, a series of structudefect directed carbon nitrides were synthesised usingng

ratios of DCA to amine functionalised alkyl chains. For this alkyl chains of 9 and 4 carbon
atoms long were chosen, nonylamine (NA) and butylamine (BA) respectively (Figure 3.8). The
reagents were mixed with 2:1 and 5:1 ratios of DCA to alkylantieating in the procedure
taken from literature for-@€sN,4 synthesis as above; to 595 °C with a dwell time of 1 hour. The

resulting materials were designated as DCA:X Y, where X = the alkane used and Y is the ratio
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of DCA:alkane. Structural and chemical bs&s was carried out using XRD and XPS
techniques. In the core level C 1s XPS analysis (Figure 3.8(a)) the charactetigtic @N-C
coordination peak is observed at 288.2 eV for all samples in the series. The smaller peak at
284.5 eV is typical of somgraphitictype adventitious surface carbon [Nitial (2012)]. This
increase in surface adventitious carbon has likely arisen from the carbonisation of the
alkylamine additive. The core level N 1s spectra (Figure 3.8(b)) for the series all exhibit the
man C-N-C group peak at 398.8 eV and identical profiles to thHé;Ny Altogether this
indicates that the -§@:N, chemical structure is still present. From the XRD pattern (Figure
3.8(c)) all t he t dssignesl o rrefleetion e x h i
from the (0 0 2) plane, it indicates theCgN, structure is also still present. Gravimetric LO
uptake analysis at 298 K and 1 bar showed the samples had no affinf@@f@and BET
specific surface areas calculated from adisorpion at 77K was very low, <25 3y for all
samples, indicative of normal carbon nitride. This suggests that the alkylamines are not effective

materi al s i n

as porosity inducing structugefect directing agents when used in this process. This may be

because the alkanoamais are boilingff before amine condentéan reactions can take place.
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Figure 3.8. Core level C 1s (a) and N 1s (b) XPS spectra and (c) XRD patterns for the

DCA:alkylamine series.
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3.4 Chemical Activation of Carbon Nitride

The process of chemical adtion in porous carbon is now well understood [Wagal.
(2012a)]. In particular, the use of KOH as activation agent has yielded activated carbon with
excellent gas sorption properties [Sowtaal. (2013)]. For the synthesis of activated carbon,
carbonbased materials with high aromatic content, such as lignocellulosic materials [Katderis
al. (2006)] and coke pitch [Lat al. (2005)] are carbonised to graphitipe carbons, which are

then activated using KOH and thermal treatment. These graplpgccarbons consist of
layered graphitic crystallites with some long range order; a similar latypkastructure to g

C:N4. The KOH activation of €3N, was therefore attempted to create a porows:Ny
analogue. For KOH activation the KOH and carboacprsor are ground together and heated,
during which time the KOH melts permeating the precursor. The KOH then reacts with the
carbon structures to release hydrogen gas and metal potassium complexes which act to separate
the lamellae [LilleRodenas (2004)
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Figure 3.9. Analysis of the kg-CsN,4 with (2) C 1s and (b) N 1s core level XPS spectra. FTIR
spectroscopy (c) and XRD pattern (d).

KOH was mixed and ground with-@N, in a 2:1 ratio. This mixture was heated under a
nitrogen atmosphere at 5 °C/mio, 700 °C, with a dwell time of 30 mins, resulting in a zero
yield. The process was repeated at 600, 555 and 450 °C, also resulting in zero product yields.

Heating to 150 °C a white monolith was obtained which was washed thoroughly with water

78



until neutralty, designating the product as-gCsN;. From the FTIR and XPS chemical
analysis the carbon nitride structure can be seen to be still largely present. This is indicated in
the XPS analysis where the core level Cgpsctrum(Figure 3.9(a)) is dominated &n sp-

bonded carbon C=IC peak at 288.5 eV and in the N 1s spectrum (Figure 3.9(b)) which is
dominated by a peak at 398.5 eV, typical of nitrogen in Ahywidized aromatic environment
bonded to carbon atoms-{i C). From FTIR spectroscopy (Figure &) the peak at 1623 ¢m

!is assigned to C=N stretching modes of fused triazine rings in heptazine groups, peaks at 1466
and 1327 cm arise from the irplane stretching of triazine and at 804 cthe triazine out of

plane ring deformation further supp®ithat the carbon nitride structure is still present. Some
decomposition of the carbon nitride structure is though apparent. This is indicated byithe C
stretching peaks at 2900 ¢rand the C 1s XPS spectra displaying graphitic type C=C bonding

at 284.5eV. Gravimetric CQuptake analysis of the materials showed it to have no affinity for
CO, and the BET specific surface area calculated froradisorption at 77 K was 19%py,

typical of gC3N,.

Interestingly the XRD analysis (Figure 3.9(d)) showed a lafsthe carbon nitride long range
order, with the sharp (0 0 2) peak at 27.5A
6.2 and 12.4A 2d can be noticed. In additio
XPS elemental analysis showedtgssium species present (10 at.%). These new XRD peaks
may correspond to K ions becoming intercalated between@blgayers, being (0 0 1) and (0O

0 2) for 6.2 and 12.4A 2d respectively. Such
et al (2012), Dollet al (1989)] and has since been published in carbon nitride systemsd(Gao

el. (2013),Bojdyset al (2013)]. While this result was considered interesting it was deemed too

far a departure from the goal of this thesis for further explaoratibp was concluded that

chemical activation with KOH was not suitable feCgN,.

I n this chapter carbon nitride has been inve
its synthesis and characterisation. The synthesis of a microporouspalbizs been attempted

by: sonication in various solvents to dissolve the carbon nitride, inducing defects within and
activating the ¢CsN,; methods that have all been utilized with graphitic carbon structures. A
microporous allotrope of graphitic carboitricle has not been obtained using these approaches,

and a carbon nitride capable of £forption has therefore not been achieved.
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4. Carbonisation of Nitrogen Containing Precursors

In response to the demands for greater,/8©selectivity and incresed uptake capacity at

el evated temperatures (Nabping HaEheenwtlizedeaxhibitmmar o u s
positive impact Zhonget al. (2012)] This positive effect has been rationalized through the
Lewis acidity of CQ, enabling it to acceptnaelectron pair and therefore react with a Lewis

base to form a Lewis addudtogiatziset al.(2009)]. The influence of nitrogen doped groups is
therefore believed to be due to their action as Lewis basic sites and the form of nitrogen present
will impact upon the strength of interaction with the CiCGewis acid [Pevideaet al (2008b)].

The common forms of nitrogen in-tlbbped carbon have been identified as pyridinic, pyrrolic

and quaternary (Figure 4.1) [Pevidhal (2008a)]. Of these each has differirgsizity due to

the nature of their bonding within the carbon matrix.

Pyridine and pyrrole groups both have electron lone pairs on the nitrogen atom. They are
aromatic and have filled stabilised bonding orbitals. They differ in that the pyridine has a lone
pair that is not part of the aromatic ~ syst
[Solomon (1980) pp. 458]. In contrashe quaternaryform of nitrogenis bonded to three
carbon atoms in the plane of the carbon matrix, meaning ther@ éxtra electron pair. The
result of this is that pyridine is the most basic of these weak bases, withoh 8 compared

to 13.6 for pyrrole. It is due to the greater basicity of pyridine that it is predicted responsible for
Lewis acidbase interactioss with the Lewis acidic CQand the resultant increase in;Q
[Vogiatziset al. (2009)]. However, this mechanism has been questioned, with matopéd
carbons being synthesised but not exhibiting increased selectivities,a/aiu@s [Sevilleet al

(2013), Xing et al. (2012)]. To therefore increase understanding into the role played-by N
dopants this chapter focusses on the synthesisddpdd carbons via the carbonisation of 3
different nitrogerrich polymers: melaminéormaldehyde resin, polyvinylpyolidone and
polyacrylonitrile. The obtained materials which have varied chemical and porous characteristics
were tested as to their G@apacities, which can be rationalised through porosity addpsnt
effects. The materials can then be compared whhretsynthesised in this work and literature

to help answer mechanistic questions and tungNGGelectivity and @ based on Nlopants

effects, with a Q of around 40 kJ/mol preferential for a pasimbustion capture system.

4.1 Carbonisation of Plyvinylpyrrolidone and Polyacrylonitrile

Carbonisation via heating is a complex pssia which many reactions take place concurrently
such as condensation, dehydration and isomerization. The resultant carbonaceous product then

consists of carbon in a ladgesp’ hybridised form. Notably, this chapter focusses on polymeric
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precursors as they are typically less thermally labile than simple molecules, so favour greater

yields producing a carbon more readily [Marsh (2006) pp-4&8].

S 1 | 55 2

a € f

Figure 4.1. Schematicshowing pyridine (a), pyrrole (b), quaternary (c) and pyridonic (d) nitrogen
forms. Also shown are the polymeric units for polyvinylpyrrolidone(e) and polyacrylonitrile (f).

Various nitrogen containing polymers are readily available and mass producedhiclhdave

high nitrogen content and are suitable for carbonisation are polyvinylpyrrolidone (PVP) and
polyacrylonitrile (PAN) (Figure 4.1(e) and (f) respectively). PVP is known to be thermally
labile, subliming readily with the decomposition of intra antérmolecular bondsccurring

above 275 °C, to leave only a little carbonised pcodhigure 4.2). PAN on the other hand is
commonly used as a precursor to synthesise ¢
thermal chemistry is well understood [Peds al. (1995), McGannet al (2012)]. During
carbonisation of PAN the cyargroups undergo cyclisation by polymerisation at-200 °C to

form conjugated imines. With further heat treatment, up te80°C, hydrogen is released

and a series of aromatic pyridine rings formed [Relsl. (1995)]. Further heat treatment (>900

°C) introduces small components of nitrogen into the basal plane of the nanographenes in a
quaternary state [McGanet al. (2012)]. As a result carbonisation at 700 °C is suitable to
deliver a pyridine rich Nloped arbon. Furthermore to contrtile ratio ofpyridine/quaternary
nitrogen in the carbon matrix and elucidate the role of the different groups, carbonisation at 900
°C was also selecte@he polymers were carbonisedparately in a tube furnace under a steady
flow of nitrogen. The furnace was heatatl a ramping rate of 3 °C/min to the desired
temperature, with a dwell time of 1 hour. The fouddped carbons obtained were: PVP X and
PAN X, where X is the temperature of carbonisation, either 700 or 900 °C. The yields of PAN
and PVP at 700 and 900 °@ahown in Table 4.1.

The products of carbonisation were tested using TGA analysis for theinit&ke capacity at

298 K and 1 bar, revealing that none excepting PVP 900 (with a capacity of 0.36 mmol/g) had
any affinity for CQ (Figure 4.3(a)). Indeed sing BET specific surface area analysis these
carbonised materials can be seen to be-pwyous, again excepting the PVP 900, which
displayed a smaBET specificsurface area of 55.5%g (Figure4.3(b) and Table 4.1). From

XPS analysis (Table 4.1) thes&/P and PAN derived carbons can be seen to possess

considerable nitrogen contents, up to 12.3 at.%.
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Figure 4.2. TGA plots for PAN, PVP and the melamineformaldehyde resin (MFR), heating to 700
°C at 2°C/min under argon. Photos of samples PAN 700, PVRO® and MFR.
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Figure 4.3. (a) CQ uptake analysis at 1 bar CQ and 298 K, on a gravimetric basis for PAN and
PVP derived and activated carbons. (bN, isothermsat 77 K showing adsorption (filled symbols)
and desorption (open symbas) between 61 bar for the PAN and PVP series.

4.2 Carbonisation of Polyvinylpyrrolidone and Polyacrylonitrile

Due to the low apparent porosity obtained following carbonisation, the carbonised products
were then activated using chemical activation with KOH, a common chemical activanashat
been shown to produce porous materials dominatedibsoporosityin good yield [Leeet al

(2013), Sheret al (2011), Zhanget al (2013), Xinget al (2012), Sevilleet al (2011a)]. For

the activation process a ratio of 2:1 KOH:carbon were graniada fine grey powder using a
pestle and mortar then heated at 3 °C/min to 700 °C, with a dwell time of 1 hour. The remaining
chemical activation agents were then removed by washing with distilled water and the obtained
products were designated as PVRKRH and PAN X KOH, where Xs the temperature of

initial carbonisation, either 700 or 900 °€tom XPS analysisHigure 4.4(a)) the chemical
activation agent is successfully removed as indicated by absence of potassium ions (K 2p

species are usually fourad a binding energy of 29296 eV).
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Table 4.1. Collated data for the PAN and PVP series including: porol
characteristics, CQ, performance, sample yields and elemental analysis

SSA_, v, v, CO, uptake | vield Elemental analysis
Material (at.%)
(mlg)  (cmlg) (cmig) | mmoig) | @) | ¢ | o | N
PAN 700 1.0 - - - 483 | 826 49 | 123
PAN 900 19.6 - ; ; 435 | 885| 40 | 7.4
PVP 700 23 - - - 72 | 905| 39| 55
PVP 900 | 555 - - 0.36 58 | 930 38| 3.2
PAN 700 KOH 1691.0 0729  0.541 3.64 265 | 87.8| 9.5 | 2.7
PANQOO KOH 1311.2 0548  0.465 3.59 679 | 85.1| 13.2| 1.6
PVP 700 KOH 1599.6 0.861  0.563 3.43 489 | 845| 147| 08
PVP 900 KOH 1052.4 0.437  0.377 3.22 578 | 825| 15.2| 1.8

CO, uptake was measured at 298 K and 1 bay @0a volumetric basis, expect for PAN 900 &P 90(

which is taken from gravimetric tests. Yields are based the amount of direct precursor used, e.g. ¢
PAN 700 KOH is based on amount of PAN 700 starting material. Elemental analysis is taken fri
surface analysis

XPS analysis was ad for further chemical and elemental analysis of the PAN and PVP derived
and activated carbons. Table 4.1 shows the PAN derived materials achieve greater nitrogen
dopant levels than their PVP equivalents. It also shows that the activation with KOH
significantly reduces the nitrogen content, with the activated nitrogen doped porous materials
derived from PAN and PVP containing nitrogen in-2.8 at.%. From the core level C 1s
spectra (Figure 4.4(b)) the majority of the carbon atoms in the PAN and P\Wedlearbons

are in sphybridised graphitic type forms, with binding energies centred at 284.6 eV. The
shoulder peak at 286.3 eV for the activated carbons can be ascribed to carbon in various oxygen
bound environment¥anget al (2009), Shenegt al (2011)]. As expected from the low content

from elemental analysis, the N 1s spectra is weak for the activated materials. Jdetivened
carbons show peaks at 398.4 and 400.8 eV, typical for pyridine and pyrrolic/quaternary nitrgoen
respectively Wu et al (2012), Shenget al (2011)] It is also evident that at 900 °C the
pyridinic form is reduced in prevalence and the quaternary form is favoured. The N 1s peaks of
the activated carbon materials are centred around 400.2 eV, indicative of pyrrolic, quaternary
and pyridonic forms [Pevidat al. (2008a)]. Howeverpyridonic nitrogen forms are known to
decomposes at 500 °C, and pyrrolic groups convert to pyridinic nitrogen forms at 600 °C [(Pels
et al (1995)], sat can be assumed this is mostly quaternary gé&no From the symmetrical O

1s spectra at 532.8 eV for the activated carbon the oxygen is typically in single bonded

environments to carbon atoms within aromatic rings, such as phenolic and esters groups
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[Larcipreteet al. (2011)]. Chemical analysis usiRJ IR reveals little chemical information due

to the high absorbance of the materials and is not included.
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Figure 4.4. The XPS survey spectraa) and core level C 1s (b), N 1s (c) and O 1s (d) for the PAN
and PVP derived and activated carbons.

The poreand structural characteristics of the materials were anlaysed using nitrogen iostherms
at 77 K Figure4.3(b)). While the nomctivated carbons have very little apparent porosity, the
activation process develops significant porosity with BET specific seiidaeas of up to 1691.0

m?/g for PAN 700 KOH the most porous and 1052 Zgnfior PVP 900 KOH the least porous.

Both the samples carbonised at 700 °C gave higher surface areas after activation than those
carbonised at 900 °C. From tiype| nature of theN, isotherm and the narrow knee in the
adsorption curve at low relative pressure, the activated samples can be seen to have structures
dominated by micro and narrow mesoporosity. This is further supported by the QSDFT pore
size distribution plots (Figure.® a ) ) t hat show all sample por
diameter, excluding the PVP 700 KOH which has some larger mesopore volume. Indeed, the
majority of all activated samples total pore volumenisroporous 74, 85, 65 and 86 % for

PAN 700 KOH, PAN 90 KOH, PVP 700 KOH and PVP 900 KOH respectively (Table 4.1).

The activation mechanism of pore opening carried out by KOH is discussed in chapter 6, where
a more in depth analysis of the process is undertakbarefore through this controlled

activation tehniqgue moderately fdoped highly porous carbon based materials have been
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synthesised, dominated by pores in the micropore region and thus they could be favourable for

the adsorption of COat atmospheric pressures.
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Figure 4.5. (a) QSDFT pore size distbution plot for the PAN and PVP series, showing cumulative
pore volumes in pores of up to 50 nm (inset) for the PVP and PAN activated carbons and €O
adsorption isotherms (01 bar) at (b) 273 K, (c) 298 K and (d) 323 K.

The resulting C@Quptake performare of these highly microporous-tfbped carbons can be
seen in Figure 4.5, where tests have been carried out at 273, 298 and 323 K, up to il Ibar CO
can be noted that the PAN 700 KOH, the sample with the highest nitrogen content, has the
greatest CQ capaity at 273 and 298 K, despite not having the greatest surface area or
micropore volume; a potential indication that nitrogen content may be linked to an increase in
uptake capacity. When compared to other activated carbon materials these capacitied are go
and typical of other KOH activated porous carbon materials that use the same ratio of KOH to
carbon precursor. Such activated carbons normally achieyec&acities of 2.5 mmol/g at

298 K and 1 bar, with the variation in capacity the result of differprecursors used and
activation method (see Table 1.1). While many of the materials with particularly high capacities

(>4.0 mmol/g) contain Miopants, not all do.

The role of the nitrogen content in the activated PVP and PAN carbons can be further
undestood by calculating the enthalpy of adsorptiQs)((Figure4.6(a)). From this the PAN

and PVP carbons exhibit enthalpies of adsorption typical for undoped carbon mai€ials (
28.4 kJ/mol [Guo et al. (2006)]), suggesting theldpants do not play arctive part in CQ
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uptake, instead it is a totally micropore dependant process. Suchslealu@s in spite of the

N-doping can be attributed to the absence of the Lewis basic pyridine functionality.

The CQ/N; selectivity was calculated for the PAN andRPactivated carbons, a characteristic

of a material that may be enhanced throughldding [Zhaoet al (2012a)]. The C&N,
selectivities were calculated using the ideal adsorbed solution theory (IAST) method that
predicts mixture adsorption equilibriumssing singlecomponent adsorption isotherms. The
CO, and N adsorption curves at 273 and 298 K are shown in Figure 4.6(b) giving selectivities
of 1417 at 273 K and ¥47 at 298 K. These values are typical for undoped activated carbons in
which CG/N; selectivities typically fall as temperature increases [Zhahgl. (2013)], so it is
notable that the selectivities remain similar at 273 and 298 K for the PVP and PAN activated

carbons.
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Figure 4.6. (a) (Q) calculated from CGO, adsorption isotherms up to lbar at 273, 298 and 323 K (b)
CO, and N, adsorption isotherms up to 1 bar at 273 and 298 K for the PAN and PVP series.

4.3 Synthesis of a Melamindormaldehyde Resin

Alternatively, a melamindormaldehyde resin (MFR) polymer as carbon precursor is aflso
interest. MFRs are attractive as they are well understood, industrially available, nitrogen rich
and largely aromatic. MFRs have been the subject of research for several years, and their
synthesis is well understood [Leidt al (2005), Pevidat al (2008b), Wilsonet al. (2000),
Baueret al (1980), Rubewt al (1995), Pekalat al (1992)].

The polymerisation (resin curing) of melamine and formaldehyde (Figure 4.7) proceeds via two
stages. The yrst step, c aloheftbrmaldehyteydnelanainei o n ,
and is carried out in an aqueous phase under typically basic conditions. The second stage of
curing mainly consists of two types of condensation reactions leading to the formation of

methylene and methylene ether bridges {Feg4.7) and this is carried out via heating under
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acid/basic conditions. During the curing chain extension and crosslinking takes place to form a

hard insoluble8-dimensional network.
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Figure 4.7. Schematic showing melamine, formaldehyde and structuréorms that occur during the
curing process.

On addition of melamine to formalin nine distinct methylolmelamines are formed in a complex
series of competitive and consecutive equilibria [Tomita (1977)].

A monomethylolated amino group may form:
-NH, + HOCH,OH ANHCH,0H +H,0 (Equation 4.1)
Subsequent reaction gives a disubstituted group:
-NHCH,OH + HOCHO H AN(CH,OH), + H,O (Equation 4.2)

Two types of condensation reactions are then possible:

Reaction of a methol group with an amino group to form a methylene linkage:
-NH, + -NHCH,O H  -BIH-CH,-NH- + H,0 (Equation 4.3)

Reaction of two pairs of methylol groups in mutual condensation to give a methylene ether

linkage:
2-NHCH,OH ANH-CH,0OCH,-NH- + H,O (Equation 4.4)

The various possible reactions lead to formations of oligomeric melamine structures by random
combination of possible forms of methylolmelamines connected via either methylene ether or
methylene bridges (Figure 4.7). Reactiamditions play a complicated role influencing the

exact makeup of the final polymer with formation of a methylene linkage favoured by low pH,
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low formaldehyde to melamine ratios and by relatively high temperatures during curing. In turn
the formation of rathylene ether linkages is believed to be favoured by high pH and by high
F/M rations.Of these two linkages (methylene and methylene ether) the oxygen present in the
ether form can be considered detrimental to the formation -dbpé¢d carbon due to the
generation of oxygen dopants. As a consequence the methylene form is considered preferential.
Indeed, the MFR was synthesised using a low melafoimealdehyde ratio of 1:2 with a
sodium hydroxide catalysed first step. Following formation of the methyloimiet
observable by the insoluble melamine fully dissolving in aqueous solvent, the pH was adjusted
to 1.51.8, a suitably low value and curing was carried out at 95 °C [Megtiaé (2013)].

As discussed in the introduction the use of rigid bonds, asi@rylaryl and alkynes, that forbid

bond rotation in polymeric structures has been utilised in MOPs to delivery porosity intrinsic to
the structure. Conversely, the MFR contains structural units such as the methylene bonds,
around which rotation is pofde, enabling the polymer to adopt the most energetically
favourable structural conformation, typically one with a low pore volume. While MFR does not
contain rigid bonding, porosity can still be obtained through transformation of the wet resin to
an aerogl; a porous material obtained by replacing the liquid component with a gas.

As the MFR is cured in an aqueous environment the polymer is swollen, contaisiihg H
molecules that permeate the structure. Upon traditional drying a -N@pidur meniscus is
formed due to the surface tension of the liquid, which recedes during the emptying of the pores
in the wet resin. As the meniscus recedes a capillary pressure gradient builds in the pore walls
and collapses most of the pore volume. To avoid this, the liguithce tension must be
removed and this is possible by freeze drying, whereby the wet resin is first frozen and dried by
sublimation. Furthermore, for successful fredrgng the water can be replaced with tert
butanol using solvergxchange, a solventithr a low expansion coefficient and a high pressure

of sublimation [Pierreet al (2002)].
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Figure 4.8. FTIR analysis of (a) MFR and melamine starting material (b) MFR derived carbon
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The thus obtained MRF was then analysed chemically using XPS and p&dfRoscopy. From
the FTIR analysis (Figure 4.8(a)) primary amine stretching and bending modes (3469, 3419 cm
! and 3331, 3130 chrespectively) in melamine are lost and replaced by a broad secondary
amine stretching at 3401 cmn the MFR [Scheeperst al. (1993)]. The MFR polymer
methylene linkages can be identified by their aliphatidl @ibration modes at 1151 ¢hand
their aliphatic GH stretching peaks at 2974 ¢nthough this is largely obscured by the broad
amine stretching peak [Merline (2013]]he triazine IR modes for the MFR can be observed at
1563 and 1343 cihdue to inplane stretching vibrations and 811 tas a result of oubf-plane
ring deformation [Pevidat al (2008b)].
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Figure 4.9. Core level O 1S (a), N 1s (b) and C 1s (c) XBfectra for MFR and its derived carbons,
MFR N 1s peak includes deconvolution fitting with three peaks at 398.7 and 399.9 and 401.1 eV
(purple). The survey spectra are also shown (d).

Using XPS elemental analysis (Table 4.2 and Figure 4.9) the atormcofaC:N is 1:1.08

which deviates from the theoretical ratio of 1:1 (see the polymers in Figure 4.7, both those with
methylene ether and methyene linkages). However, this deviation from 1:1 can be accounted for
by the presence of polymer end groups [Merkt al (2013)]. There is also 5.6 at.% oxygen
present which from the core level O 1s analysis peak at a binding energy of 532.2 eV (Figure
4.9(a)) indicates that some of the polymer linkages may be methylene etBe€)dndeed,
deconvolution of the NLs spectra (Figure 4.9(b)) shows 5 % of the nitrogen is bonding in the
methylene ether linkage form (401.1 eV), the two equivalent peaks at binding energies of 399.9
and 398.7 eV can be ascribed to methylene linkages and triazine forms [Caatllgré2000)],
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showing the methylene linkage dominates as proposed. In the C 1s spectrum (Figure 4.9(c)) the
peak at a binding energy of 2288 eV is attributed to carbon in a triazine ring environment
and in methylene/methylene ether form, the smaller peak8&t02eV as attributed to
adventitious hydrocarbon contamination, which is not unexpected upon curing [Costlatez
(2000)].

The porous characteristics of the MFR are given in Table 4.2. The MFR has a BET specific
surface area of 327.1%fg and total pre volume of 1.78 cifg. Micropores only contribute
0.015 cn¥g of this total pore volume indicating a largely m@sacroporous structure. From

the Ny isotherm at 77 K (Figure 4.10) the MFR can be seen to have -l igpgherm indicating

a hierarchicalpore structure with meso, macro and microporosity. The presence of wide
mesopores is evident due to the increase in thadsorption as relative pressure increases,
where many layers of adsorbate are forming. This is further supported by the QSDFEgore si
distribution plot (Figure 4.11) which shows dominant mesoporosity, with some micropores of 1
1.5 nm in width. The volumetric analysis (Figure 4.12) shows the MFR has,auii&ke
capacity of 0.99 mmol/g at 1 bar and 298 K. Hence this represents thesigrif an as made
porous melaminéormaldehyderesin with reasonable GQuptake performance, interestingly

the polymer obtained is not synthesised using rigid building blocks. Instead, through aerogel
formation it retains open micropore volume makingapable of C@sorption. While relatively
moderate the CQuptake capacity of the MFR aerogel makes it competitive with a range of
other porous polymer materials synthesised from more complex approaches such as Yamamoto
coupling and Sonogashira crassuping [Holst et al (2010)], FriedelCrafts chemistry
[Dawsonet al. (2012b) and silica templated melamiioemaldehyde polymers [Wilket al
(2011)], all of which show capacities of ~1.0 mmol/g.

Table 4.2. Collated data for MFR and its derived Ndoped cabons including:
porous characteristics, CQ performance, yields and elemental composition

Material SSAer | Vi V,, | CO,uptake| Yield E'emigiiz‘”a'ys's
m1g) | emig) | €mig) | mmoig) | @) | ¢ N O

MFR 3271 | 1778 | 0.015 099 | 922|493 449 56
MFRDC 600 | 1428 | 0.310 | 0.026 135 | 185|682 289 29
MFRDC 700 | 482 | 0.085 | 0.012 158 | 174|662 301 3.6
MFRDC 900 | 20.1 | 0.031 | 0.003 0.39 79 | 822 105 7.2
MFRDC 700 C30| 177.7 | 0.145 | 0.072 176 | 80.2 | 65.2 231 115
MFRDC 700 C60| 388.4 | 0.349 | 0.117 179 | 377|798 151 5.0

Uptake was measured at 298 K up to 1 bar, @®a volumetric basis, expect for MFRDC 900 which

taken from gravimetric tests. MFR yield is based1®® % methylene linkages. The MFRDC vyields
relative to amount of MFR used and the yieldt¥RDC 700 Cs are relative to amount of MFRDC 700.
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4.4 Carbonisation of the Melamineformaldehyde Resin

To greater enhance the MFR material as a, GOrbent the polymer was carbonised.
Carbonisation of the MFR enables thedbpant chemistry to be tunechnverting the triazine

rings into other forms, such a pyridine groups. The porous structure will also be altered. It has
been documented that the triazine ring, of which the MFR mainly consists, will decompose
around 606700 °C [Pevideet al (2009)]. Ushg TGA analysis of the decomposition under an
inert atmosphere (Figure 4.2) three main regions of mass loss can be identified: up to 150 °C
mass loss due to adsorbed water occurs, at4RB80°C the mass loss can be ascribed to
methylene linkage decompositi and the mass loss at over 600 °C occurs due to the
decomposition of the triazine rings. While the triazine ring is not stable over 700 °C, pyridinic
and quaternary forms of nitrogen have been reported as stable up to 1000 °C [Peks (1995)].
Carbonisatiorof the MFR was therefore carried out at 600 and 700 °C, the temperatures before
and after decomposition of the triazine structure, in order to obtain nitrogen doped carbon
containing contrasting nitrogen forms. Furthermore carbonisation was also catrsgd®00 °C

to further document the effect of contrasting nitrogen forms on S0€ption and for ease of
comparison with the PAN and PVP carbons. Using the same procedure as for the PVP and PAN
carbons the MFR was carbonised in a tube furnace underdy @& of nitrogen. The furnace

was heated at a ramping rate of 3 °C/min to the desired temperature, with a dwell time of 1
hour. The melaminéormaldehyde resin derived carbons (MFRDC) obtained were labelled as
MFRDC X, where X is the temperature of camisation: 600, 700 or 900 °C.

The chemistry of the MFRDCs was analysed using FTIR and XPS. From the XPS elemental
analysis (Table 4.2) there is little difference in the MFRDC 600 and MFRDC 700, with both
displaying high quantities oN-dopants at around03at.%. The MFRDC 900 displays
considerable nitrogen loss having only 10 at.%. The nitrogen forms can be analysed using XPS
(Figure 4.9(b)) where the core level N 1s spectra for MFRDC 600 and 700 are dominated by
pyridinic nitrogen, evident at a binding engy of 398.5 eV. A smaller peak is present at a
binding energy of 400.6 eV, this can be assigned to contributions from pyrrolic, pyridonic [Pels
et al (1995)] and quaternary nitrogen groups [Lv (2012)] with the different types hard to
deconvolute. Of netis that in the MFRDC 700 N 1s spectrum a reduction of the peak at 400.6
eV is evident, this can be ascribed to loss of pyridonic nitrogen which decomposes at 500 °C,
and pyrrolic groups which convert to pyridinic nitrogen at 600 °C [Behl. (1995)].For the
MFRDC 900 the two peaks (398.4 and 400.8 eV) are more equivalent in size, attributed to
conversion of pyridinic (398.4 eV) into quaternary nitrogen (400.8 eV) at elevated temperatures.

The core level C 1s spectra for the derived carbons (Figufe a8 show a peaks at binding
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energies of 284-285.1 eV, which are assigned td sybridised carbon in aromatic graphite

type domains. In the MFRDC 600 and 700, the asymmetric nature of the peak centred at 285.1
eV, broadened to give a shoulder petkigher binding energies, is attributed to carbon bound

to heteroatoms, in this case nitrogen groups. The C 1s spectrum of the MFRDC 900 is centred at
284.7 eV, shifted slightly from the 700 and 600 equivalents in agreement with a greater degree
of graphtisation, the peak is also less asymmetric due to fewdwpénts.
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Figure 4.10.N, isotherm at 77 K showing adsorption (filled symbols) and desorpaiin (open symbols)
between 01 bar for MFR and its derived carbons.

FTIR analysis of the MFRDCs (Figure &% shows peaks at 158600 cni that are from
aromatic ring C=C stretching vibrations and at 12280 cm from C-N stretching vibrations.

The broad peaks at 3400 ¢rnan be assigned to-N symmetric stretching vibrations,-©

group stretching or th@-H stretching from interacting water. In the MFRDC 600 a peak at 808
cm’® can be assigned to the aft plane deformation modes of triazine rings that are still
present. The absence of this peak in the MFRDC 700 and MFRDC 900 indicates the triazine
ringsdecompose after carbonising at and above 700 °C.

Structural analysis carried out using nitrogen isotherms at 77 K, shows all the MFRDCs exhibit
a typel N, isotherm (Figure 4.10) consistent with a microporous structure, indicating that under
carbonisationthe mesoporous structure of the melarforenaldehyde resin shrinks to form
microporous domains. This shrinking is further evidenced from the incremental decrease of
surface area, total and micropore volume as carbonisation temperature increases. olumetri
CGO, sorption analysis was carried out on the MFRDCs, with isotherms at 1 bar and 273, 298
and 323 K shown in Figure 4.12 and uptake capacities at 1 bar and 298 K given in Table 4.2. Of
the derived carbons the best performing was the MFRDC 700 with aitya@b298 K and 1

bar of 1.58 mmol/g, notably better than the MFR (0.99 mmol/g).
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Figure 4.11. QSDFT pore size distribution plot for MFR and its derived carbons, showing
distributions in pores of up to 50 nm, with 85 nm inset.

4.5 Activation of the Melamine-formaldehyde Resin

To further enhance the micropore volume of the MFRDCs, activation was carried out. KOH
activation was attempted from the MFR, achieving a zero yield. Alternatively, publications have
achieved excellent uptake capacities using, @Ctivation, in particular grous Ndoped
activated carbon monoliths [Nandi (2012)], so a,@Qivation regime was undertaken. For this
CQO, activation, the MFRDC 700 was selected, due to it exhibiting the highest&acity.

CQO, activation was carriedut for 30 and 60 minutes giving MFRDC 700 C30 and C60 in
yields of 80.2 and 37.7 % respectively, relative to the MFRDC 700 starting material (Table 4.2).
Due to the darkabsorptivenature of the materials the FTIR gives little evidence as to the
chemicalcomposition (Figure 4.8(b)). The XPS elemental analysis on the other hand shows that
the Nidopants are volatile under the activation regime, witloldant concentration decreasing
with an increase in residence time (23.1 to 15.1 at.% from C30 to C60,4lApl€orrelated to

this is an increase in oxygen concentration initially, 11.5 at.% for MFRDC 700 C30 compared
with 3.6 at.% in the MFRDC 700, this then falls with activation time to 5.0 at.% for the
MFRDC 700 C60. From the core level N 1s spectra (Eigu®(b)) of C30 and C60 the ratio of
pyridinc:quaternary/pyrrolic  nitrogen decreases with activation time, indicating the
decomposition of pyridinic groups, while the quaternary form is more stable. The oxidation of
pyridinic groups to pyridonic forms cdwe ruled out due to their instability at such elevated

temperatures [Peks al (1995)].
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Figure 4.12. CQ adsorption isotherms (B1 bar) for MFR its derived and activated carbons at (a)
273, (b) 298 and (c) 323 K.

From the typd N, isotherms at 77 KFigure 4.10) the BET specific surface area increases with
activation residence time to 177.7 and 388%gnfor C30 and C60 relative to 48.2/m for
MFRDC 700 (Table 4.2). The total and micropore volume also increases with residence time.
The total porevolume is 0.145 and 0.349 &t for C30 and C60 relative to 0.085 ¥mfor
MFRDC 700, and micropore volume is 0.072 and 0.117gror C30 and C60 relative to
0.012 cnig for MFRDC 700. The effect of activation is also apparent from the pore size
distribution curves which also reveal a development of microporosity (Figure 4.11).
Corresponding to this developed microporosity accordingly enhanceat&pacities are 1.76

and 1.79 mmol/g for C30 and C60 respectively at 298 K and 1 bar. Thisap@city incease

from activation, relative to the MFRDC 700 (1.58 mmol/g), can be attributed to the activation
regime opening micropore volume. Previous melarfiimmaldehyde derived carbons have
achieved CQuptakes of 2.25 mmol/g at 1 bar and 298 K [Pevida et @0812)], however, for
these materials a hatdmplate was used that required a harsh HF etching process to remove.
Interestingly the increase in micropore volumenirC30 to C60 does not correlate to a
significant increase in CQuptake, this may be ascribéo either effects of the greater nitrogen
concentrations in #hless porous materials, orttee ultramicropores (<0.7 nm in diameter) that

are not observed using Bdsorption at 77 K due to kinetic effects [Garr@@l. (1987)].

The effect of Ndopants can be further understood by measuring the isosteric heats of adsorption
(Qsp (Figure 4.13(a)), calculated from the isotherms at 273, 298 and 32BigUrg 4.12).
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Interestingly, all of MFRDC NJoped porous carbons exhibit elevat@g values relativeto

those of undoped porous carbo®8.628.4 kd/mol [Guo et al. (2006)]), with values all around

50 kJ/mol at near zero GQoadings, among the very highest reported for porous carbon
materials [Nandet al (2012),et al Zhong (2012), Zhaet al (2012)]. Also of note is that the

MFR, with triazine nitrogen functionality, has a markedly lower enthalpy of adsorption, 28.5
kJ/mol. This indicates that through a controlled carbonisation process not only has the uptake
capacity for CQ increased but also ¢hbinding energy through conversion of the triazine
functionality into the nitrogen groups discussed. It also indicates that when regarding the
functionality of nitrogen most beneficial for enhancing binding energy, and thus uptake at
elevated temperates (323 K, as required in peasbmbustion systems), the use of nitrogen in
forms found in doped carbon such as quaternary, pyrrolic and pyridinic may be more suitable
than nitrogen in triazine form.
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Figure 4.13. (a) Isosteric heats of adsorption (§ calculated from CO, adsorption isotherms up to 1
bar at 273, 298 and 323 K (b) C®and N, adsorption isotherms up to 1 bar at 273 and 298 K.

As the Ndoping in the MFRDCs appears to influence the materials interaction withtxO
CGO,/N, selectivity was calaated for MFRDC 700 C30 and C60 using the IAST method from
the CQ and N adsorption curves at 273 and 298 K (Figure 4.13(b)). At 273 K thgNzO
selectivities are 14.5 and 23.0 for C30 and C60 respectively, while at 298 K they are 47.4 and
43.2 for C30and C60 respectively. These are higher than found in undoped porous carbon
materials (Table 1.1) and notably increase with temperatures which is the revdisd of
typically foundin other porous polymers reported which exhibit significant loss in/KGO
selectivity on going from 273 to 298 K [Rabbatial (2012), Dawsoret al (2012a)]. Indeed,

this increase observed for @@ selectivity with temperature has been ascribed to gohidbic
character of Ndoped materials, ascribed to entropic factorseRatal (2013)]. Similar high
CGO,/N; selectivities (>40) when calculated using the same IAST method have been reported in
a range of Ndoped porous carbon materials, typically citing the high selectivity as a result of
the high nitrogen content in the tadals [Zhao et al. (2012a), Lee (2013)]. However, pore size

has also been cited as an important factor on thgN;Qelectivity with small micropores
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favouring high selectivity [Dawsoet al. (2012b)], likely due to the smaller kinetic diameter of
CG,(0.330Nnm)thanN( 0. 364 nm) ¢tal§2809)¢ Whilapore size effects cannot
be excluded, the lower G, selectivity and @ values found in the nitrogeggoor PVP and

PAN activated carbons compared to the nitregelm MFRDCs can be ascribéad the influence
of N-dopants.
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5. N-doping in a Porous Graphene

The temperature of feigas in postombustion systems is expected to be betwee604TC

[Gray et al (2008)]. For solid adsorbents to be competitive with existingdiguminebased

wet scrubbing capture systemsatllanisnegssankat C a |
these temperatures [Dawsat al (2012a), Grayet al. (2008)]. High isosteric heats of
adsorption have been found inddped porous amorphous carbswlids and ascribed to the
nitrogen functionality [Nandét al. (2012)]. This increased heat of adsorption has been shown to
increase capacity at the elevated temperatures found itqosustion systems [Sevilk al.

(2011a)]. In this chapter synthetioutes towards the synthesis of a porouddded graphene

material and its potential as a €€apture material are explored. The contrasting carbon matrix

of graphene and amorphous carbon solids will also make for an interesting comparison.

Graphenebasel materials are of great current scientific interest [Geim (2009)] and their use
here is particularly interesting for several reasons: graphene has been shown to possess a very
high theoretical specific surface area of 2630grfzhu et al (2010)], makingt very attractive

as a porous material. Also, the high adsorptienaht s ( qH)  pdoped functiendlityb y N
can generate owdreating during C@capture, this unavoidably leads to partial degradation of

the sorbent, reduced working capacity, poor cycle stability and even safety problemsfYang

al. (2013)]. A graphenbased material may overcome this due to its high thecoraductivity,

allowing rapid thermal transfer [Zhet al (2010)]. Furthermore, the incorporation of amine

type nitrogen functionality in porous solids frequently leads to loss of surface area and
accessible pores [Let al (2012)], graphentype materials can contain-#bping in various

forms such as: pyridine, pyrrole and quaternary, this will incorporate desired nitrogen

functionality without such losses [Dawsenhal (2012a), Diet al. (2009)]

Graphene is a-8limensional shedike material comprising of $phybridized carbon atoms

ordered in a honeycomb array. Graphene sheets stack together in an ABA pattern through van
der Waals interactions to form the nparous graphite (Figure 5.1(a)lhe XRD pattern of
graphite powder shows a sharp narrow peak a:
graphite and corresponding to an interlayer distance between sheets of 0.335 nm. For graphite to
be converted into a higburface area graphebased material the layers therefore need to be
exfoliated. This work then encompasses two main objectives: the exfoliation of graphite and the

doping of nitrogen atoms into the honeycomb Iattice.

The interest of graphene as a key next generation mdtarignoelectronic devices has led to

a vast interest in its synthesisldvoselovet al (2005), Parket al (2009)], with diemical
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vapour depositioffZhou et al (2013)] and expitatal growth [Bergest al (2004)] producing
largedomain single crystallinggraphene with few defects. These methods are, however,
impractical for large scale applications. Instead physical and chemical exfoliation of bulk
graphite is more coffective and can be combined with the desired cherhicationalisation
[Boukhvalov et al. (2008)]. Exfoliation can be carried out from starting materials such as
graphite oxide, pristine graphite and graphite intercalation compounds (GICs). From pristine
graphite, exfoliation can be achieved using sonication withiowie surfactants, dwever,

yields are usually quite low [Guardet al (2011)]. The intercalation of alkali metal atoms or

acid molecules in between graphitic layers in GICs increases thelayeer distance and
weakens the van der Waals interactions, facilitating exiohatfPark et al (2009)].
Alternatively, graphite can be oxidised to form graphene oxide, whereby oxygen functional
groups are chemically introduced, increasing the distances between layers. Due to the
hydrophilic nature of the oxygen functional groupg tfnaphene layers can then be dispersed in

a wide range of solvents [Stankovich et al. (2007)]. Thermal exfoliation of graphene oxide can
also be carried out. Rapid heating to temperatures >200 °C results in the decomposition of the
oxygen functional groupat a rate that surpasses the diffusion rate of the evolved gases, creating
a pressure that overcomes the van der Waals interaction between graphene layers [McAllister et
al. (2007)].
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Figure 5.1. (a) Schematic displaying graphite and the ABA stackingreangement (b) structure of
N-doped defective graphene.

The loss of oxygen functionality during the thermal reduction of graphene oxide has been
highlighted as a facile route to chemical functionalisation at the reactive sites creage@l[Li
(2009a)]. The high yield and more realistic scalability of the synthesis also make this an

attractive route for the synthesis ofddped graphene.
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Graphene oxide sheets are known to range in size from several hundred nanometre2 to 1 or
€ m, they contain vacancy defect s, epoxi des,
functionality resulting in disrupted conjugation [Gaioal (2009)]. It has been shown that such
carbonyl, carboxylic, lactone and quinone groups can redlatnitrogen containing molecules

to form N-doped graphene under thermal treatmentefLal. (2009a)]. The types df-dopans
included in graphene are known to include quaternary, pyridinic and pyrrolic forms (Figure
5.1(b)) [Lvet al (2012)].

5.1 Synthesis of Graphene Oxide

Graphene oxide (GO) was therefore synthesised using what has become known as the modified
Hummers method (Peit al. (2012)], where graphite powder is treated with sulfuric acid and
potassium permanganate. The potassium permangegates with concentrated sulfuric acid
producingmanganese (VII) oxidéMn,O;), a very reactive oxidiser. Hydrogen peroxide is
added at the end reducing the realdpermanganate and manganese dioxide to colourless

soluble manganese sulphate [Humnedral (1958)].
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Figure 5.2. (a) FTIR analysis for GO (b) XRD pattern for GO and graphite, with schematic
showing structural transformation from graphite to GO with i ntercalated H,O.

GO is a tan brown colour and can be well characterised using XRD, FTIR and XPS analysis.
From FTIR analysis [Gaet al (2009), Socrates (1980) pp.-84], of the as synthesised GO
(Figure 5.2(a)) peaks for asymmetric bending modes irogth (C=0) are found for ketones

at 1732 crit and carboxyls at 1623 ¢inThe peak at 1460 chis assigned to contributions
from in-plane stretching modes of C=C aneDQyroups. Epoxide asymmetricKC stretching is
present at 1377 ¢t Asymmetric and symetric GH bond stretches can be seen at 28000

cm*. Hydroxyls stretching vibrations due to adsorbed water and surface acid and alidhol
groups lie at 3008600 cn. XRD analysis allows us to interpret the interlayer spacing for

graphitic materia. As already discussed the most stable and common form of graphite is the
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ABA stacking array with an interlayer spagi(d) of 0.335 nm, this (0 0 2) facet can be seen in
XRD patterns at 26. 5A 2d; a sharp peak indi
range order (Figure 5.2(b)). Conversely, graphene oxide layers are known to have intrinsic
nanocurvature disttions [Fujimoto (2003)] (Figure 5.2(b, inset)) with edge and basal plane
oxygen functional groups and intercalation gfOHmolecules, resulting ingd>>ds. dso can

vary (0.50.9 nm) depending the amount of intercalated water [Bugteak (2010)], theXRD
pattern (Figure 5.2(b)) for the as synthes

corresponding to an interlayer spacing of 0.8 nm.
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Figure 5.3. XPS analysis for GO showing (a) the survey spectrum and core level XPS analysis
showing (b) C 1s, (cN 1s and (d) O 1s peaks.

Elemental XPS analysis for the GO shows that carbon and oxygen are present in atomic ratios
of 65:35, C:O (Figure 5.3(a)), with no other elements present. Analysis of the carbon
environments from core level C 1s XPS analysis (Kghr3(b)) shows 2 main peaks. A
graphitelike sgf hybridised carbon peak is present, assigned at a binding energy of2884.5

eV. The larger peak at 2880 eV corresponds to large amounts of apd sp hybridised

carbon atoms bonded to heteroatomshis tase oxygen bonded environments. Of the oxygen
bonding environments chemical shifts at Z8y eV correspond to-OH, 287289 eV to C=0,

and 289291 eV to O=COH [Yanget al (2009), Shenget al. (2011)]. The O 1s spectrum

(Figure 5.3(c)) gives us furer information of the type of oxygen functionality present with
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C=0 and O=@0OH at 531533 eV, COH at 533534 eV, CO-C at 532534 eV and KO at
>534.5 eV Larcipreteet al. (2011), Linet al (2012), Yanget al. (2009)]. The N 1s spectrum

(Figure 5.3(d) shows that nitrogen is not present.

5.2 Ammonia Mediated Reduction of Graphene Oxide

Various literature reports have highlighted that the thermal reduction of GO in the presence of
nitrogenrich precursors, such as: melamine [Shehgl (2011)], uredLin et al (2012), Suret

al. (2012)] and ammonia [lat al. (2009a)], can yield Mloped graphene materials. Of these, the
thermal reduction of GO in the presence of ammonia was initially tried, as it had been shown to
lead to the highest specific suréa@reas and good nitrogen content (600gnand 5at.%
nitrogen) [Genget al (2011)]. Following the literature preps [kt al. (2009a), Genget al

(2011)] the GO was treated with ammonia gas at 500 °C for 10 minutes, resulting in a fluffy
black productA fast heating rate (20 °C/min) was used as this was reported to enable rapid
thermal exfoliation of the GO, maximising surface area [Yah@l (2009)]. The reduction
temperature of 500 °C resulted in the highest surface area and nitrogen conteottad irep

the literature

Figure 5.4. Photographs of (a) GO and (b) the same piece of GO after thermal reduction at 500 °C.
The increase in volume from exfoliation is evident.

Mechanistic studies show the thermal reduction of GO begins to occur atl @@iC, with

the release of 0, CO and C@in the gas phase [Larcipre&t al (2011)]. This instigates
vacancies in the graphene basal plane and consumes the edge defects. This thermal reduction
results in a rapid conversion of the brown GO powder anjet black flocculent solid of low

density (Figure 5.4). Alternatively it is understood that if thermal reduction is carried out in the

presence of ammonia an amidated graphene will form [&tal (2011)], i.e. where ammonia
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is connected to the oxygeontaining functional groups in the graphene sheets and this forms at
temperatures below 300 °C. The amine in the amidated graphene is then transformed to
pyrrolic, pyridinic and quaternary nitrogen at the graphene edges and defective sites above 300
°C.
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Figure 5.5. Characterisation of the NH-GO, showing core level XPS C 1s (a), O 1s (b) and N 1s (c)
analysis for NH;-GO, GO and thermally reduced GO. (d) XRD patterns for the GO, thermally
reduced GO and NH-GO.

The Ndoped graphene product from the thdrin@atment of GO in an ammonia environment
was designated as NM&O. It was analysed and compared to the GO starting material and a
thermally reduced GO exfoliated under an argon atmosphere, using the same temperature
profile as for NH-GO. The XPS elemé¢al analysis of the NHGO detected 5 at.% nitrogen

was present; 8 at.% oxygen functionality also remained (Table 5.1). The core level C 1s XPS
spectra (Figure 5.5(a)) of the M&O and thermally reduced GO both show defined peaks at
284.5 eV corresponding carbon atoms in an spybridised environment, indicating reduction

to the graphitic honeycomb chemical structure. However, rather than a single symmetrical peak
with a constant width, as found in graphite, the C 1s peaks of the thermally reducedl GO an
NH;-GO are asymmetric, broadened toward the high binding energy side. This broadening is
indicative of heteroatom functional groups (N and/or O) being present. For the&s®QH

formation of doped nitrogen atoms, accounting fof-Gp(pyridine, quaternaryand sp-C
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(amine) systems would be indicated by new peaks at ZBBS eV [Linet al (2012)].
However, these are concealed by the oxygen bound carbon systems and are hard to interpret.
The core level O 1s spectra of the the thermally treated grapheigese(5.5(b)) show peak
formation at 53632 eV, indicative of developed C=0 and G6E oxygen environments
[Larciprete et al (2011), Linet al (2012), Yanget al (2009)]. The type of nitrogen
functionality in the NH-GO can be analysed from the ctaeel N 1s spectrum (Figure 5.5(c)),
which shows a broad and asymmetric peak atZ&8BeV; nitrogen can be seen to be absent in
GO and thermally reduced GO. At binding energies of8%8eV: pyridinic (398.1398.6 eV),
pyrrolic (399.5400.2 eV), amine400.3401.3) and quaternary (40481.6 eV) forms may all

be present [Weet al (2012), Shengt al. (2011) Linet al. (2012) and Suet al (2012)]. The
asymmetric nature of the peak towards lower binding energies indicates that pyridinic forms are

mostcommon.

From the XRD analysis (Figure 5.5(d)), the (
not present following thermal treatment to form NBO and thermally reduced GO. That
strong peaks cannot be identified in the XRD pattern, suggests the ngagiieets have been

well separated and nedBmensional long range order is present. The BET specific surface area
for the NH-GO calculated from Nadsorption at 77K is 128 %g. Qualitative analysis of the
curve (Figure 5.6(a)) shows arslsaped or typdl isotherm representing hierarchical pores with
dominant mesoporosity. A porous-ddped graphene based material, with 5 at.% nitrogen
content predominately in pyridinic form armlBET specific surface area of 128 g was
therefore synthesised. Using girmetric CG uptake analysis the NHGO and thermally
reduced GO were tested for their abilities as sorbents. Both showed no affinity for the uptake of
CO,, one likely reason for this is that while both materials are porous they do not possess

porosity in he micropore region (Figure 5.6(a)).

5.3 Dicyandiamide Mediated Reduction of Graphene Oxide

Qualitative analysis of the Nisotherms at 77 K for the Noped graphene materials from
literature, using various nitrogeaith precursors: melamine [Shergd. (2011)], urea [Linet

al. (2012), Suret al (2012)] and ammonia [Let al (2009a)], indicates that precursorstza
distinct effect on porosity. For a microporous material, thasbtherns at 77 K show greater
uptake at low relative pressures and shehaviour is more evident in the melamine and urea
literature equivalents, when compared to the ammonia equivalents. An approach using
melamine as a nitrogen precursor was identified [Sheng (2011)], with the added feature that a

greater amount of ddopans may also be introduced. In this process the melamine is known to
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decompose into ammonia gases at temperatures above 600 °C [Tdtahd2008)], and it is

these gases that are known to be the active species in the nitrogen doping mechanism [Mou
al. (2011)]. The thermal annealing temperature used in this process was therefore 700 °C.
However, at 700 °C the surface area of the material is limited due to graphitisation taking place
as more elevated temperatures are reached. Alternatively, it is knatdidyandiamide (DCA)
decomposition into ammonia species begins at around 250 °C [&taag (1997)]. It was
therefore envisaged that through the use of DCA in place of melamine asi@np¥ecursor,

the synthesis of a microporousdéped graphene nmeatal may be achieved.

Table 5.1. XPS elemental analysis anBET surface area analysis
for GO, N-doped graphene and thermally reduced GO materials

Elemental Analysis (at.%, XPS) | SSA,;
Sample )
C N 0] (m'/g)
GO 66.0 0 34.0 -
Thermally Reduced G( 86.8 0 13.2 94.3
DCA-GO 250 48.5 45.2 6.3 15.3
DCA-GO 300 49.0 43.9 7.1 6.0
DCA-GO 350 47.9 45.8 6.3 9.3
DCA-GO 400 44.0 50.4 5.6 12.7
NH,-GO 87.2 5.0 7.8 128.4
MPNG 73.0 24.7 2.3 505.1

To then synthesise -Noped exfoliated graphene from DCA and GO, te@ADand GO were

well mixed together in a pestle and mortar in ratio of 2:1. The mixture was then placed-n a pre
heated furnace at four different annealing temperatures: 250, 300, 350 and 400 °C, for ten
minutes, under an inert nitrogen atmosphere. Theklpagvders obtained were desighated as
DCA-GO X, where X = the thermal treatment temperature. The nitrogen atomic percentages
achieved for each different temperature DG® 250 to DCAGO 400 as calculated from XPS
elemental analysis can be seen in Table BAA-GO 250, 300 and 350 can be considered to
give similar results and nitrogen content of around 45 at.%, significantly higher than the NH
GO. DCAGO 400 has higher nitrogen content (50 at.%) at the expense of carbon content. All

the samples in the DC&O series retained oxygen functionality et @t.%.

From the core level C 1s XPS spectra of the DCA:GO series (Figure 5.6(b)) a high proportion
of carbon atoms appear to remain ifi epvironments bound to heteroatoms as found in GO
(287-289 eV), contragng to the carbon atoms predominately found inrsfbridised graphene

like systems (284.5 eV) in the thermally reduced GO. However, this peak-2898%/ cannot
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be the result of carbon bound in®dpybridised environments to oxygen heteroatoms as the
DCA:GOs only contain & at.% oxygen (Table 5.1). Amine functionalities can therefore be
expected to be prevalent as carbon bound to nitrogen heteroatomnvispnments, such as
pyridine, pyrrole and quaternary groups are found at 23388eV [Lin et d. (2012)]. By

looking at the core level N 1s spectra (Figure 5.6(c)) an asymmetric peak centred at 398.5 eV

can be seen, indicative of pyridine type nitrogen.
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Figure 5.6. (a) N isotherm at 77 K showing adsorption (filled symbols) and desorption (open
symbols) between € bar for the NH3-GO. Core level XPS C 1s (b), N 1s (c) and O 1s (d) spectra
for the DCA-GO series, GO and thermally reduced GO.

The tail towards higher binding energies shows that some pyrrolic, amine and quaternary
nitrogen forms maylao be present. However, amine groups are typically expected at 400.3
401.3 eV [Wuet al (2012), Shengt al. (2011)], so the prevalence of amines as expected based

on the C 1s analysis interpretation is not observed.

Alternatively, it is known that DCAan decompose to form triazine containing compounds like
melamine and heptazine at elevated temperatures [Theinas(2008)]. The C 1s spectra of

such triazine and heptazine structures show peaks at-288.9 eV, and this fits in with the C

1s spectraf the DCA:GO. It is therefore likely that the DCA ¢snvertinginto triazine and
heptazine structures. This is further supported by the N 1s spectra, as triazine and heptazine

structures can be seen in the region 0f-398 eV [Huet al.(2011b)].
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Furthe chemical analysis can be carried out using FTIR spectroscopy (Figure 5.7(a)). The
peaks for carbonyl and carboxyl groups found in GO at 1730 and 162%espectively, are
lost during the reduction and nitrogen doping process. The peaks at3@800cnt,
corresponding to asymmetric and symmetric stretching of edge and defegr@@ips in GO
are not present for the DCGBOs and reduced GO. TheseHChonds are lost as the carbon
atoms are returning to a graphiy@e sp hybridised, conjugated honeycomhttice, as
indicated by the C 1s peaks at 289.5 eV. The B&IA FTIR spectra all show distinct peaks at
around 1605 cimand 14701420 cm which are typical of aromatic nitrogen ring C=C and C=N
stretching vibrations as would be expected from pyridines aarirtes [Socrates (1980) pp.
95]. Ring stretching vibrations from pefytrogen containing ring structures such as
quinazoline and triazine groups can be ascribed to the peak at 132Uensharp peak at 808
cm* is characteristic of out of plane rimgformation in triazines or-& deformation vibrations

in substituted pyridine and pyrrole groups [Socrates (1980) pp. 93].

As the triazine and heptazine units observed from the decomposition of the DCA are typical of
carbon nitride structures, it is pdde a separate carbon nitride phase was synthesised. To
understand if the DCA is indeed reacting with the GO during annealing or forming separate
phases, XRD analysis was carried out (Figure 5.7(b)). XRD patterns of the@@C250, 300

and 350 allshowhr oad peak at 26.5A 2d, i ndicative

separate carbon nitride phase would be seen

that the triazine and heptazine units are likely incorporated within the graghecéure.
Highly N-doped (45 %) amorphous graphene products, with a predominately triazine and

pyridinetype nitrogen functiondl weretherefore synthesised.
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Figure 5.7. (a) FTIR spectraand (b) XRD patterns for the DCA-GO series, compared with GO ad
thermally reduced GO.

BET specific surface area analysis usingi$détherms at 77 K shows all DGBO samples to

have very little accessible surface areas, rangih§.8 nf/g (Table 5.1). Using gravimetric GO
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uptake analysis these materials also didshowv affinity for CQ sorption, this can be attributed
to the lack of porosity. It also shows that nitrogen content of the types so far produced: triazine,

pyridine, pyrrole and quaternary are not capable of chemically binding CO

5.4 Synthesis of a Moalayer Patched Ndoped Graphene

While this work was being carried out a report of a novel route to a poralap®t graphene
material, with high nitrogen content was publisheddtial (2012a)]. The reported synthesis
utilises glucose as a graphene prsor in a process whereby DCA acts asiin template for
graphene formation and nitrogen dopant. The literature synthesis reported a nitrogen content of
up to 26 at.% and a BET specific surface area up to 9fth fhe synthesis was achieved by
mixing DCA and glucose with a ratio of 240:1, and heating to 600 °C, whereby formation of

a graphitic carbon nitride {Gs:N,) is achieved which acts as template to graphene sheet
synthesis. The article purports that glucose between the graphitic carbon laiyds is
templated into forming graphene sheets, and via a second heating step to 800 °C, decomposition
of the carbon nitride template leads to patchworks of graphene sheets. Furthermore, upon
decomposition of the-@s;N, template, nitrogen atoms becomedrporated into the graphene
matrix, resulting in high Mlopant levels. The results showed that the higher the DCA:Glucose
ratio, the higher the surface area and nitrogen dopant atomic % achieved.
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Figure 5.8. XPS analysis of the MPNG, showing (a) survespectrum and core level spectra for (b)
C 1s,(c) N1sand (d) O 1s.
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Therefore, following the literature script, DCA (vacuum oven dried at 120 °C) and glucose were
mixed in a ratio of 40:1. This was then heated under a protective nitrogen flow to 60@ °C a
°C/min, with a dwell time of 1 hour. A second heating stage at 1.6 °C/min to 800 °C was then
carried out with a dwell time of 1 hour, allowing to cool naturally. A jet black flocculent solid
was obtained, with very low apparent density. This processcamaied out 4 times to achieve a
suitable quantity for full characterisation.
patched graphenebo6, this pr eced-patched Ndoped f ol |
graphene (MPNG).

Elemental analys from XPS shows the MPNG to have atomic ratios of: 73% C, 25% N and
2% O (Figure 5.8(a)). From the C 1s spectrum (Figure 5.8(b)) the peak centred at 285.1 eV can
be seen to be asymmetric, indicating it to be radthponent. This peak is dominated by a
peak at 284.285.0 eV corresponding to carbon igraphitelike sg hybridised environment.

Also included in the broad peak may bé €N bonded structures at 2286.5 eV[Lv et al
(2012)] and oxygen bound carbon species atZHEbHeV C-OH, and C=0) Yanget al (2009),
Shenget al (2011)]. From the N 1s spectra (Figure 5.8(c)) the ped@R&®6 eV can be assigned

to pyridinic forms of nitrogen, while that at 401.0 eV can be assigned to quaternary nitrogen [Lv
et al (2012)]. Lower quantities of pyrio (399.5400.2 eV) and amine (4004D1.3 eV) forms

may also be present [Wet al (2012), Shenget al (2011), Linet al (2012) and Suret al
(2012)].
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Figure 5.9. (a) FTIRand (b) XRD analysisfor the MPNG.

Like the thermally reduced GO the MPNGaiget black solid that due to high adsorption results

in poor quality FTIR analysis. Use of % transmission and % reflectance FTIR modes were
experimented with. Nevertheless, FTIR analysis for MPNG is given (Figure 5.9(a)). The peak at
3400 cm' is attribtted to adsorbed 4 or covalently bound @ stretching, at 1620 chthe

peak can be assigned to aromaticdwitaining ring stretching vibrations or graphitic domain
skeletal vibrations [Xwet al 2008)] and the peak at 1270 tmay be interpreted as e#hGO
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stretching modes [Kumaet al. (2012)] or pyridinic ring bending [Socrates (1980) pp. 93].
Absence of clear C=N stretching vibrations at 23260 cnt, which are expected for pyridine

type forms means that this FTIR analysis technique is likelyeita
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Figure 5.10. (a) N isotherm at 77 K showing adsorption (filled symbols) and desorption (open
symbols) between @l bar for MPNG. (b) QSDFT pore size distribution plot and cumulative pre
volume plot calculated using the DFT and BJH method obtainedrom the N, isotherm for the
MPNG.

Structural analysis was carried out using XRD (Figure 5.9(b)) the featureless pattern indicates
that the MPNG material has nednmensional long range order, in particular no (0 0 2) peak is
observed indicating that gragie type forms and not graphitic types have been produced. This

is further supported by TEM images (Figure 5.11) where the materials can be seen to have a
homogeneous, shelite structure, containing both crumpled and folded domain areas, these
folded ar@as can be seen in the highlighted region (Figure 5.11(b)), very typical of graphene
sheets and observed in the report followedefLal (2012a)].

Figure 5.11. TEM images of the MPNG, highlighting a folded sheet domain.
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Pore structural analysis waarried out using Nisotherms at {1 bar and 77 K (Figure 5.10(a)).

From the adsorpticdesorption curve a typkk isotherm can be identified, representing
hierarchical pores within the mesopore range. The BET specific surface area was calculated as
505.1 m’/g and the total pore volume = 4.007 *tyn The mesoporous nature is further
evidenced from the QSDFT pore width of 25.2 nm and the sample also shows some
microporous character with a micropore volume = 8.0 ® d®’g. Such pore characteristics

are inline with those reported by the literature followed. With a micropore volume as low as 8 x
10° cm/g, CO, uptake capacity at 1 bar can be expected to be low due to the vital role
micropores play in physisorption up to 1 bar [Garedal (1987)].

The CO, adsorption characteristics were then analysed using volumetric measurements up to 5
bar at 273, 298 and 348 K (Figure 5.12(a)) and the uptake capacities at 5 and 1 bar shown in
Table 5.2. From these volumetric measurements the MPNG achieves an apitieyof 1.21
mmol/g at 1 bar and 25 °C. At 1 bar €&dsorption has been shown to be an ultramicropore
dominated process [Zharg al (2013), Huet al (2011a), Pressaat al (2011)]. As pressure
increases, the isotherms show continued uptake, upp&o, 3vhich is attributed to filling within
narrow mesopores [Gadipedi al (2014)]. By calculating the isosteric heat of adsorptiog) (Q

from the isotherms at 273, 298 and 348 K using the Cla@ageyron equation (Figure
5.12(b)), the effect of theitrogen functionality can be further assessed. Thedue reflects

the strength of adsorbatelsorbent interaction between £&hd carbon adsorbents and would

be elevated by favourably interacting functional groups. The MPNG showgsadd £8.517

kJ/mol at near zero loading, typical for a physisorption process as found for normal carbon
sorbents [Zhangt al. (2013), Huwet al. (2011a), Presset al (2011)] and does not indicate that

the nitrogen functionality is increasing the adsoHraatsorbentriteraction. It can be observed

that the value of Qfalls with gas uptake (Figure 5.12(b)), whereby at low loadings this Q
higher (23.5 kJ/mol), then significantly drops and becomes nearly constant at 17 kJ/mol. Such
higher Q; values at low gas loaaljs are believed to be the result of the strong interaction
between C@and small micropores [Zhareg al (2013)], although the effect of active site on
functional nitrogen groups present cannot be rolgddand more will be discussed in the later
chaptes. Therefore C@adsorption here is determined by the pores arising from the folding and

corrugation of the graphene structures.
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Figure 5.12. (a) Volumetric CG uptake analysis (65 bar) at 273 298 and 348K. (b) Isosteric heats
of adsorption (Q) calaulated from CO, adsorption isotherms up to 5 bar at 3 temperature73,
298 and 348 K.

A highly N-doped porous graphene solid material, containing pyridinic, quaternary and likely
pyrrolic forms of nitrogen was synthesised. The pore architecture was tehiget and it
contains a hierarchical pore structure with narrow micropores, meso and macropores. Analysis
of the capacity for COuptake shows the MPNG has a positive affinity for,&Dlow and
elevated pressures. The impact of the nitrogen functignatitthe enthalpy of adsorption was

also characterised and indicates that the present nitrogen functionality do not have a strong
impact on adsorption at elevated temperatures, rather the narrow micropores within the structure

appear principally responsifor the CQuptake.

Table 5.2. Volumetric CO, uptake capacity of the
MPNG at relative pressures of 1 and 5 bar

Temperature Relative Pressure
) (1 bar) (5 bar)
273 1.78 4.19
298 1.21 2.74
348 0.68 1.73
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6. Carbon Precursors to Porous CarborMaterials

The use of chemical activation with KOH has led to a series of publications yielding highly
microporous solid activated carbon materials (Table 6.1). Of pertinent interest is that the carbon
precursor used has varied markedly and has a prdfoymact on the resulting activated carbon.
Furthermore, as a good part of this thesis focusses on the use of nitrogen dopants within porous
carbons to enhance their performance as €pture materials, synthesis of undoped carbon
sorbents will provide &uitable comparison. In this chapter the synthesis of activated carbon
from 4 different carbon precursors: cellulose, glucose, spent coffee grounds antemplafte

polymer is discussed and their suitability as mashbustion CQcapture materials anaed.

Table 6.1. CQ uptake capacities for leading porous solid sorbents derived fro
KOH activation

CQ, Uptake*
Material Precursor & Methodology Reference
(mmol/g)
Tic-CDC 4.1 Synthesised from Titaniuy o, o oot a1 (2011)]
carbide powder
IBN9-NC1-A 4.5 Hardtemplate approach| [Zhaoet al (2012a)]
KNC-A-K 4.0 using a sacrificial zeolite) [Zhaoet al (2012b)]
ATS-4-700 3.4 template [Sevillaet al. (2012a)]
K-PAF-1-750 4.2 [Li et al (2013)]
AC-7500.5 4.3 [Zhanget al. (2013)]
STGR-500-A 4.4 Polymer synthesised for| [de Souzaet al (2013)]
PAN-PK 4.4 carbon precursor [Shenet al. (2011)]
6002 4.8 [Leeet al (2013)]
NPG-650 3.1 [Wanget al (2013)]
AG-2-700 4.5 [Sevillaet al. (2012b)
AS-2-600 4.8 Naturally existing biomas [Sevillaet al. (2011b)]
aCL 4.3 and waste materials [Wanget al (2012)]
PA-400-KOH-2-600 4.2 [Songet al (2012)]
AC-2-635 3.8 [Fanet al (2013)]

*When not directly reported, the uptake values have been taken from adsorption isotherm

correponding reference. CQiptake at 298 K and 1 bar.
Table 6.1 displays the GQiptake performance for a variety of leading activated carbons that
have been synthesised from the KOH activation of a range of carbonaceous precursors.
Precursors that have semtost focus in literature are typically: polymers, mesoporous carbons
achieved through synthesis and carbonisation of polymers usingemapthtes, and biomass.
Of these precursors, the hasiplate processes utilise zeolites as hard templates whiclenust
removed using harsh HF acid washes, making them unattractive for investigation here. In turn
some polymer syntheses can be complex, such as that-FARKL-750 where PAR is

synthesised from Yamamactgpe Ullmann crossoupling chemistry. Alternatig this
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chapter focuses on the use of biomass materials and uncomplicated polymeric structures due to
their greater prospects economically, with use in industrial applications stringently limited by
cost. In conjunction to this the performance of matglialTable 6.1 is not evidently improved

through use of precursors of greater complexity.

In this chapter 4 different carbon precursors are investigated: cellulose (a natural and abundant
polymer), glucose (an abundant chemical utilised for graphitic egistfLiet al (2012a)], used

coffee grounds (an abundant lignocellulosic biomass) and aesaflated phenolic resin
polymer. All of which contain carbon, oxygen and hydrogen and no other elements, they are

highly abundant and readily available, or t&nachieved through a facile scalable process.

6.1 Synthesis of a Softemplated Polymer

For the synthesis of the sda@implated phenolic resin polymer a literature preparation was
followed using a commercially available triblock copolymer (pluronic FEX3,0dPO;0EO 06

as a structure directing agent and a polymer of phloroglucinol and formaldehyde as an
inexpensive carbon precursor [Liaagal (2006)]. The sethssembly of block copolymers such

as pluronic F127 facilitates structure direction withase of hard silica templates, and the
associated harsh conditions of their removal. The comparatively facile removal (achieved
through carbonisation) of such block copolymers for the generation of porous carbon structures

denotes thempeéameidsoft

Figure 6.1. Schematic modified from literature displaying the process of structureirected
polymerisation of phloroglucinol and formaldehyde [Liang et al (2006)]. (a) Phloroglucinol,
formaldehyde and pluroinic F127 (shown in detail with the PEGPPO-PEO structure). (b)
Spherical hydrogen bonded array (c) hydrogen bonding reinforced PEO aggregationgd)
Localized polymerization in the PEO domain

The block copolymer pluronic F127 is amphiphilic and contains polyethylene oxide (PEO) and
polypropylene oxde (PPO) regions. The hydrophilic PEO region interacts with the hydrophilic
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