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Abstract

Reducing carbon dioxide emissions is vital to reducing the effects of global warming.
Numerous industrial methods exist, but developing alternative, greener and more
energy-efficient methods is essential. Two pieces of work were investigated in this thesis
towards developing alternative methods and are presented as two individual chapters, each
with their own introduction, results, discussion, conclusion and future work sections. A
general introduction to carbon dioxide and the vitality of decreasing carbon dioxide
emissions acts as a preface to these chapters and is presented in Chapter 1. Chapter 2
examines promoting Carbon Dioxide Utilisation with new chromium(lll) salophen
complexes and Chapter 3 investigates a novel electrochemical carbon capture and

mineralisation methodology.

A range of chromium(lll) salophen complexes were synthesised and were found to
catalyse the synthesis of cyclic carbonates from carbon dioxide and terminal or internal
epoxides at ambient conditions. The most active catalyst contained methoxy and tert-butyl
groups on the salicylaldehyde and a bromide counterion, and is one of the most active
catalysts in this field. Some of these catalysts were also used to catalyse the synthesis of
the oxazolidinone diphenyloxazolidin-2-one from styrene oxide and phenyl isocyanate

with successful results.

A new electrochemical method was developed to perform carbon dioxide mineralisation,
forming an amorphous aluminium hydroxycarbonate, at ambient conditions. The most
energy efficient methods captured carbon with an energy requirement of 231-250 kJ mol™
of carbon dioxide. This methodology worked with sustainable energy and materials, such
as solar energy, seawater and “waste” aluminium. The carbon capture and energy
efficiency of this methodology however could be improved to promote future
developments and industrialisation, but nonetheless provides an interesting and alternative

method to capture and mineralise carbon dioxide.
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Chapter 1: General Introduction

The world is constantly changing. In 2014, the world population reached 7.3 billion and is
predicted to keep growing and reach 10 billion by 2050. Furthermore 1.3 billion people,
approx. 18% of the population, currently live in less economically developed countries.
Not only is the human population ever-increasing, but the demand for a better quality of
life is growing. Hence carbon based fuels are becoming more and more essential across the

globe.

Modern society in developed countries, and the economic growth of less economically
developed countries, is reliant on the combustion of carbonaceous fossil fuels, such as coal,
oil and natural gas. The combustion of carbonaceous fossil fuels accounted for 81% of the
world’s commercial energy supply in 2009.% Fossil fuel combustion is performed in car
engines for transportation, electrical power plants to produce electricity and as a source of
energy for chemical production.® Fossil fuel consumption however has had a detrimental
effect on the planet. The combustion (and incomplete combustion) of fossil fuels leads to
the emission of greenhouse gases (GHGSs) into the atmosphere, such as methane, nitrous
oxides (NOy), sulfur oxides (SOx) and carbon dioxide (CO,). The global growth in fuel
utilisation since the industrial revolution correlates to an increase in GHG emissions, and is

believed to have caused a gradual rise in the Earth’s mean global temperature.

If GHG emissions are not reduced sufficiently, it is predicted that worldwide disasters will
occur, such as drought, increased desertification and animal extinction. This was discussed
at the Paris COP21 conference, where world leaders met and agreed to implement and
research new methods for decreasing global emissions to prevent a 2 °C rise in global
temperature increase by 2050, and thus prevent these disasters from occurring. Carbon
dioxide is the biggest contributor to GHG emissions, accounting for approx. 74% and 80%

of global and UK GHG emissions respectively in 2014.*° Needless to say, research
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towards reducing global CO; emissions is a field of huge interest. New and innovative
ways of providing energy without wasting or using carbon based feedstocks are also highly
desired, as natural fuel based resources are unsustainable and are projected to run out in the
future. Oil/natural gas and coal are predicted to last for 10-40 and 300 years respectively.”®
Changing energy sources is however a long-term solution. Research is therefore driven
towards the more short-term solution of reducing GHG emissions, especially CO,

emissions, in a useful, economical and sustainable manner.

1.1 Carbon Dioxide

1.1.1 General Properties

Carbon dioxide is a linear triatomic molecule, which exists as a gas at room temperature
and pressure, with electronegative oxygen atoms and an electropositive carbon centre
(Figure 1).° The carbon-oxygen bond of CO, has an equilibrium C-O bond length of
116 pm, shorter than a standard saturated single C-O bond (142 pm) and carbonyl double
C=0 bond (121 pm).>? Carbon dioxide can exist as a supercritical fluid, which is when
“compounds, mixtures or elements are above their critical pressure and temperature but
below the pressure required to condense it into a solid”.*® Carbon dioxide becomes a
supercritical fluid at temperatures and pressures above its critical point of 31 °C and 74 bar
respectively (Figure 2).> Carbon dioxide can also coordinate to metals via numerous modes
of coordination,>** including through the central carbon atom, the oxygen atoms and as a

9,11,12

bridging ligand (Figure 3).

o- o+ o-
0O—C—o0
116 pm

Figure 1: Representative structure of CO,.>*
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Figure 3: Coordination modes that can be exhibited between CO, and metal atoms (M).****2

1.1.2 Infrared Properties and Global Warming

Carbon dioxide naturally occurs in the Earth’s atmosphere, from sources such as animal
and plant respiration, forest fires and volcanic eruptions.® Carbon dioxide was vital for the
origin of life on Earth, as research has shown that CO, was present prior to primitive life
on Earth.® Carbon dioxide is still important today in the carbon cycle, and plants require
CO, to grow via photosynthesis, using >750 gigatonnes of CO, per year.'* Carbon dioxide

is therefore intrinsic to the formation of life.!®

The infrared active vibrations of CO, are responsible for its GHG properties. When visible
light from the sun hits the Earth’s surface, it is re-emitted as infrared light. Many gases in
the Earth’s atmosphere are transparent to infrared light, whereas CO, absorbs infrared light
and thus traps in heat. This process is vital for the natural regulation of Earth’s
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temperature, but ever-increasing anthropogenic CO, emissions caused by transportation,
electricity, and industrial processes (Figure 4 and Figure 5) have offset the natural balance

of CO..
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Figure 4: Anthropogenic global CO, emissions from different energy sectors in 2014.*
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Figure 5: Contribution of industrial processes to global anthropogenic CO, emissions in 2014.*

Atmospheric CO, levels have increased by >43% since the industrial revolution (from 270
ppm to over 400 ppm).*® As a result, more infrared light and heat is being trapped in the

Earth’s atmosphere and leading to global warming.®> Although anthropogenic emissions
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only account for approx. 33% of CO, in the atmosphere, with approx. 3300-3500 million
tonnes of CO, emitted per year from industrial processes, Earth cannot cope with this

surplus.**

1.1.3 Kinetics and Thermodynamics

Carbon dioxide is a very thermodynamically stable molecule, with a standard enthalpy of
formation (AH) of -393 kJ mol™.*""** Despite the extreme negative value of A¢H for CO,, it
can be used in exothermic reactions. For example, the formation of calcium carbonate
(CaCOs3), which is essential for cement manufacturing,® has a negative enthalpy of

reaction (A;H) of -178 kJ mol™ (Scheme 1).>'8
COp+X ——> Y+2Z AH = [AH(Y) + AH(Z)] - [AH(CO,) + AH(X)]

COz(g) + CaO(S)

CaCOjys)  AH =-(1207) - (-394 + -635) = -178 kJ mol™

Scheme 1: Synthesis of CaCO, from CO, and CaO and its enthalpy of reaction (AH).>*®

Reaction equilibrium, and thus the Gibbs free energy of the reaction (A/G), enables the
spontaneity of a reaction to be determined and is related to the enthalpy and entropy of a
reaction (A/G = AH — TA,S). Entropies of CO, reactions are usually negative, as the
conversion of CO, from a gas into a solid or liquid product leads to a decrease in entropy.
If reaction entropy however becomes too negative, thus creating a positive TA,S, the Gibbs

free energy becomes positive and dictates that the reaction is unfavourable.

Despite the exothermic nature of some CO; reactions, not all of them are spontaneous due
to high activation energies. For example, the formation of CaCO3 from CO, and CaO has a
AG of -185 kJ mol™ and therefore is favourable in terms of reaction equilibrium. In nature
however, this reaction takes years, due to its slow kinetics as a result of the reaction’s high
activation energy. As a result many CO, reactions, such as carbonate formation, require
high temperatures and pressures to occur over a realistic timescale. Catalysis is therefore
often employed to lower the activation energy, thus enabling reactions to occur at less

strenuous, or near ambient, reaction conditions.
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Many industrially relevant chemicals can be synthesised with CO,, but are endothermic
reactions with high activation energies, as the Gibbs free energy of formation (A:G) of the
products is higher than the starting materials. For these reactions, it is especially
challenging for catalysts to lower the activation energy and thus the reaction temperature

and pressure. The formation of cyclic carbonates from CO; and diols is one such example.
1.2 Reducing Carbon Dioxide Emissions

It is predicted that current CO, emissions must be reduced by 50-80% by 2050 to avoid
major global catastrophes. More than 3.5 billion tonnes of CO, must therefore be captured
every year, and global use of fossil fuels must remain at 7 billon tonnes of carbon per year
(although they are predicted to rise to 14 billion tonnes of carbon per year by around
2050).”* Reducing CO, emissions however is not a simple task due to the stability of CO,
(as discussed in “1.1.3 Kinetics and Thermodynamics”). There is therefore no simple
“dream” answer to this humongous challenge,?> and many alternative methods must be
used collectively to reach and maintain these goals.”*® Although these goals will be

demanding, predictions indicate that this task could be possible.

Research since the late 19™ Century has illustrated that CO, can be used in organic
chemistry, and is currently a component of many global industrial processes. Since 2010,
industry uses approx. 120 million tonnes of CO, per year.?* Using atmospheric or waste
CO;, gas as a C; renewable feedstock, would not only increase the lifetime of
non-renewable carbon resources, such as coal, natural gas and fuel, but also reduce
anthropogenic CO, levels. The abundance of anthropogenic CO, emissions also means

using waste CO; is economically viable.
The two key and most favoured methodologies for currently reducing CO, emissions are:

1) Carbon Dioxide Utilisation (CDU), and
2) Carbon (dioxide) Capture and Storage (CCS)
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Carbon Dioxide Utilisation (CDU) is when “CO; is transformed from waste or recycled
CO, into a useful chemical product.”® Carbon Capture and Storage (CCS) is “a process
consisting of the separation of CO, from industrial and energy-related sources and
“long-term isolation from the atmosphere”.”® Both methods have their advantages and

disadvantages, but can effectively reduce CO, emissions on an industrial scale.***’

1.3 Carbon Dioxide and Green Chemistry

One major issue of performing CDU or CCS is the thermodynamic and kinetic stability of
CO; (as discussed in “1.1.3 Kinetics and Thermodynamics”). In order to utilise or capture
CO,, a high input of energy or catalysis is usually required to overcome this stability.
However, use of an unsustainable catalyst or a very energy intensive, and thus expensive,
process offers no benefit to diminishing CO; emissions and hinders future
industrialisation.”® Recent emphasis has therefore been given towards green, sustainable
and energy efficient CDU and CCS methodology, to ensure CO, emissions can be depleted
without simultaneously impacting the environment. This ties in with the paradigm shift
towards promoting greener chemical processes across the globe since the establishment of

Green Chemistry in the 1990s.

The principle of Green Chemistry started in 1983, when the World Commission on
Environment and Development defined sustainable development as “meeting the needs of
the present generation without compromising the ability of future generations to meet their
own needs”.” Following this report, research devoted to promoting sustainable,
environmentally friendly chemical reactions increased dramatically, and Green Chemistry
obtained its official name in the 1990s. The concept of Green Chemistry was summarised
into 12 principles by Anastas and Warner in 1998 (Figure 6).3°3* Carbon dioxide itself has
ideal properties for Green Chemistry, as it is non-toxic, extremely abundant,

non-flammable, non-explosive and potentially renewable.” Supercritical CO, can be
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The 12 Principles of Green Chemistry

A framework for designing or improving
materials, products, processes and systems.

1. Prevent Waste \
2. Atom Economy
3. Less Hazardous Synthesis
4. Design Benign Chemicals
5. Benign Solvents & Auxiliaries
6. Design for Energy Efficiency
7. Use of Renewable Feedstocks
8. Reduce Derivatives
9. Catalysis (vs. Stoichiometric)
10. Design for Degradation
11. Real-Time Analysis for Pollution
Prevention

12. Inherently Benign Chemistry
for Accident Prevention , ‘

Figure 6: A simplistic approach to the 12 principles of Green Chemistry (from ACS).
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reached at fairly mild temperatures and pressures, and can be removed by simply
evaporating off CO, as a gas. Supercritical CO, has therefore also been researched
extensively as an alternative to organic solvents, and is currently employed in the
decaffeination of coffee beans. Nonetheless, the development of new, greener, energy

efficient and sustainable CDU and CCS methodology is vital.

1.4 Research Aims and Thesis Outline

Carbon dioxide emissions must be diminished in order to avoid an increase in global
warming. The two main ways to reduce CO, emissions currently are CDU and CCS, but
more greener and more energy efficient methodology must be investigated. This area of
research became of interest and two separate pieces of work were pursued (and are
presented) in this thesis, one in CDU and the other in CCS, with the common theme of
reducing CO, emissions using green methodology. Chapter 2 discusses work performed
towards promoting CDU, via “The development of chromium(III) salophen complexes for
cyclic carbonate and oxazolidinone synthesis”, and Chapter 3 describes work in developing
an alternative electrochemical based CCS technique, titled “A novel mixed anode approach

for electrochemical CO, sequestration and mineralisation under near ambient conditions”.

34



Chapter 2: The Development of Chromium(lll)
Salophen Complexes for Cyclic Carbonate and

Oxazolidinone Synthesis

2.1 Introduction

2.1.1 Carbon Dioxide Utilisation (CDU)

The continuous growth in anthropogenic CO, emissions is a global issue. One
methodology that can reduce CO, emissions is the conversion of “waste” CO, into useful
and valuable products. This process is Carbon Dioxide Utilisation (CDU) and has been
known since 1869, when the synthesis of salicylic acid using CO, and phenol salts was
discovered. Salicylic acid synthesis is now an important industrial use of CO,, as well as
the Solvay process, which makes sodium bicarbonate and carbonate solutions, and the
conversion of CO, and ammonia into urea.** Today, CDU has been thoroughly researched

and can form many products (Figure 7).'*%%

Despite the versatility of CO, in forming different products via CDU, only a few of these
processes have been industrialised (Figure 8). The major hindrance in utilising CO; is its
thermodynamic stability and kinetic inertness. Only a few CDU reactions are spontaneous,
and many require a catalyst to lower the activation energy of the reaction (see “1.1.3
Kinetics and Thermodynamics”). Consequently, very few methods can be employed at
near ambient conditions. Developing methods which therefore cannot only perform CDU
but proceed using near ambient conditions is highly desired. This research also concerns
green chemistry, as the principle of “Design for Energy Efficiency” states that “if possible,

synthetic methods should be conducted at ambient temperature and pressure”.31 The
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Figure 7: Examples of CDU methodology reported in the literature.****%
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Figure 8: Industrialised CDU methods, #4343
development of CDU using green chemistry principles is vitally important, to ensure CO,

emissions are reduced without compromising the environment further for future
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generations. One important branch of compounds that can be formed via CDU and green

methodology are organic carbonates.

2.1.2 Organic Carbonates

Organic carbonates can be classed into three main groups: acyclic, cyclic and

polycarbonates (or polymeric carbonates, Figure 9).

Acyclic carbonates

O
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Poly(cyclohexene Poly(propylene
carbonate) 8 carbonate) 9

Figure 9: Classes of organic carbonates used in industry today.
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Organic carbonates were first commercialised in the mid-1950s,*® and are now industrially

important chemicals. Acyclic carbonates, such as dimethyl carbonate (1) and diethyl

carbonate (2), are used as gasoline additives, cosmetic thickeners, pharmaceutical

intermediates and pesticides.®**** Cyclic carbonates can be used in lithium-ion batteries, in

paint stripper, act as drug intermediates and precursors for polymer synthesis.? They have
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been researched as alternative “green” dipolar aprotic solvents, as they are non-toxic,
biodegradable and non-corrosive chemicals, making them excellent alternative solvents,*’
for example the Heck reaction.** Polycarbonates can be used to make CDs, DVDs and

aircraft windows due to their optical transparency and impact resistant properties.*

The synthesis of organic carbonates is a huge and growing market. In 2016, worldwide
production of organic carbonates reached approx. 7 million tonnes per year, and is
predicted to reach 20 million tonnes per year by 2030.° Cyclic carbonates are not
industrialised to the same scale as acyclic and polycarbonates. For example, the worldwide
synthesis of polycarbonates in 2014 reached approx. 4 million tonnes per year, whereas
cyclic carbonates only reached 0.1 million tonnes in the same year.'** Research is
therefore not only driven towards increasing the industrialisation and commercialisation of

cyclic carbonates, but also towards investigating alternative synthetic methods.
2.1.3 Synthesis of Organic Carbonates and Cyclic Carbonates

Traditional Methods

The traditional method of synthesising organic carbonates is now considered extremely
inefficient and uneconomical (Scheme 2). This reaction requires the toxic reagent
phosgene (10), an excess of pyridine and solvents such as benzene which are now

considered unsustainable.®® The reaction also forms HCI, which is not only corrosive but

generates extra waste.?**"4®

O . 0
)]\ + 2R-OH Pyridine (excess) - R )J\ R 4 2 HCI
Cl = 0-25 °C, inert conditions O~ O~
10 Dry solvent (toluene, CH,ClI,,
chloroform, benzene)

Scheme 2: Example of a traditional cyclic carbonate synthesis route.®**

Today, the traditional method is not ideal from a green chemistry and financial perspective.
The currently employed industrial process for (some) cyclic carbonates is greener and

more sustainable than the traditional method, and uses tetrabutylammonium bromide
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(TBAB, BusNBr, 11), attached to silica. This creates a heterogeneous catalyst which can
convert epoxides and CO, into cyclic carbonates (Scheme 3). This method however
requires high temperatures and pressures and is extremely energy inefficient. There is
therefore a lot of interest in performing cyclic carbonate synthesis using ambient reaction
conditions (i.e. 25 °C and 1 bar of CO,) and green chemistry principles.*

o)
BuyNBr/SiO, )J\

Q +co, —~ o0
R/A 80 bar, 150°C  \_/

R
R = CHj,, CH,CI, Ph, CH,OPh, CH,OPr

Scheme 3: Current industrial synthesis for (some) cyclic carbonates.*

Modern Methods

Since the 1990s, numerous synthetic routes have been researched towards the formation of
five- and six-membered ring cyclic carbonates via CDU (Figure 10).*4"*° However, many
of these are not “green” synthetic routes. Oxidative cycloaddition (1, Figure 10) requires
solvents such as DMF and is heavily catalyst dependent, with metals such as niobium or
vanadium giving the best conversions.>***? Alcohols, including diols (2, Figure 10) and
glycerol, have been successfully employed in cyclic carbonate synthesis.>**” The reaction
of alcohols and CO, however is extremely difficult to drive to high conversions and yields,
as this reaction is thermodynamically unfavourable, requires a drying agent to shift the

equilibrium towards product formation, and high temperatures and pressures.>®*°

Using ionic liquids with epoxides (3, Figure 10) can successfully form cyclic carbonates
using milder conditions than current industrial methods (Scheme 3),**% but are
expensive, require complicated synthetic routes to make them and add complications to
purification and isolation of the cyclic carbonate. Alkyl and metal salts can be used but
often require strenuous reaction temperatures and pressures (5, Figure 10). The

65,66
d,

electrochemical formation of cyclic carbonates has also been reporte with a notable
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Figure 10: Modern examples of cyclic carbonates synthesis via CDU in the literature.**4>°

example from Buckley et al. in 2011 (6, Figure 10),>° who reported the electrochemical
conversion of epoxides to cyclic carbonates at atmospheric pressures using a magnesium
anode and copper cathode. This method however may not be the best method to pursue in

the interest of metal sustainability.

The carboxylative cyclisation (7, Figure 10) of propargylic alcohols, to form cyclic
carbonates has been reported, but requires a large excess of copper salts and an organic
base for effective conversions and is problematic towards product selectivity.®”®® The
transformation of oxetanes (8, Figure 10) into six-membered cyclic carbonates has been
reported, but the low reactivity of oxetanes hinders this reaction, and the formation of a

six-membered cyclic carbonate is thermodynamic unfavourable.*®™

Despite the thermodynamic stability of CO,, some CDU synthetic routes have shown the
potential to occur using ambient reaction conditions. One of the most promising and
thermodynamically favoured reactions for promoting “green” CDU is CO; insertion into

40484958 a5 this reaction is 100% atom economical, uses non-toxic

epoxides (4, Figure 10),
reagents and forms innocuous products. The main problem is that very few metal, or
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non-metal, based systems operate under ambient conditions. The possibility of creating

such desired catalytic systems was intriguing and became of interest in this work.

2.1.4 Carbon Dioxide Insertion into Epoxides

A vast range of synthetic methods have been reported for CO, insertion into terminal and

internal epoxides to form five-membered cyclic carbonates (Scheme 4).4047-4971

R R3 R Ry
R2 Rs
Terminal Internal
Epoxides Epoxides
0] @) *The chirality of epoxide and cyclic carbonate
/A A functional groups has been omitted for simplicity
R R; R,

Scheme 4: Reported methods for five-membered cyclic carbonates synthesis via CO, insertion into

epoxides. 474"

In the interest of investigating simple and near ambient catalytic systems, only notable
examples of homogenous metal based systems (Pathway 1, Scheme 4) and the formation of
five-membered cyclic carbonates will be considered. Parameters such as reaction
temperature, CO, pressure, catalytic loading (with respect to the epoxide) and turnover
frequency (TOF), defined as “the number of revolutions of the catalytic cycle per unit
time” will be considered.”” When possible, the ability of the catalytic system to perform
CO; insertion into styrene oxide (12) to form styrene carbonate (7) will be considered to
facilitate a fair comparison of catalytic activity.
o)
Ay

12 Ph 7

Ph
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2.1.5 Carbon Dioxide Insertion in the Absence of Metal Complexes

Using -onium Based Salts

In 2002, Cal6 et al. reported the synthesis of cyclic carbonates from epoxide precursors
using molten tetrabutylammonium (TBA) salts, such as TBAB (11) and
tetrabutylammonium iodide (TBAI, BusNI, 13), 1 bar of CO, and temperatures as high as

120 °C (Scheme 5).”

Mixture of BuyNBr o
0 and BuyNI )J\ 83% yield,
A +CO; > 9 ProrF=o024n
120°C,4h )_/ :

12 (1 bar)

Ph
Ph 7

Scheme 5: Calo’s method of cyclic carbonate synthesis.”

Despite the harsh reaction conditions and the low TOF, acceptable yields were obtained.
Cald’s work also helped establish the reaction mechanism explaining how TBA salts can
catalyse CO; insertion into epoxides. The TBA salt halide anion induces a ring-opening of
the epoxide via nucleophilic addition, enabling CO, to then undergo addition into the

alkoxide intermediate, followed by cyclisation to form the cyclic carbonate (Scheme 6).

Ring opening of X = halide counterion
the epoxide O@ ®
o) : NBU4
R’ R X
Alkoxide CO,
intermediate
X® ([J\?Bu4 Carbon dioxide
addition
L0
: : (@)
Cyclic ! O)J\O: >~O@ %Bu
carbonate ! : o g ) 4
R >
R - R X

Cyclisation and reformation
of TBA salt

Scheme 6: Formation of cyclic carbonates using epoxides and CO, with TBA salts.**"

Cal6 discovered that the better the nucleophilicity of the halide counterion, the faster the

conversion of the epoxide.” Cal6 also hypothesised that the lack of solvent led to greater
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reactivity of the nucleophilic anion, as solvation effects are eliminated. Hence it is now
common practice to use the epoxide (and cyclic carbonate product) as the reaction solvent
(use neat conditions), thereby also creating a greener reaction. Cald’s method however
required high temperatures and a large catalytic amount (approx. 80%) of the TBA salts,
making the definition of TBAB and TBAI as catalysts in this reaction questionable.

Numerous -onium based salts have been researched since,*>™"

as well as quaternary
ammonium hydroxides,”® however in the absence of a metal complex sufficient
conversions are unachievable, especially at near ambient conditions. Many of these

compounds are also ineffective at ring-opening sterically hindered internal epoxides.

Other Methodology

Different non-metal based catalytic systems have shown promise in reaching near ambient
reaction conditions.”” Perhaps the most intriguing example was developed by Hirose et al.
in 2016, who developed the binary system of pyridine based reagents and TBA salts (14) to
produce cyclic carbonates. No solvent is required and sufficient conversions are achievable
using ambient conditions (Scheme 7). High catalytic loadings of 14 are however required

for good conversions, the reaction reported low TOFs, and was inefficient at ring-opening

L
Pz OH + BugNI
N 4

14 (8 mol%)

internal epoxides.”

)OJ\ Yield = 73% (25 °C),
> O 0 TOF=0.46h"
20 h, neat Yield = 85% (45 °C),
25°Cor45°C Ph 7 TOF =0.53 h™’

+ CO,
Ph 12 (1 bar)

Scheme 7: Hirose’s alternative “green” synthesis of cyclic carbonates.”

2.1.6 Carbon Dioxide Insertion in the Presence of Metal Complexes

Metal Complex and Co-catalyst: A Co-operative Mechanism
Simple salt based systems require metal complexes in order to obtain sufficient
conversions and yields of cyclic carbonates. Interestingly, the majority of metal complexes

that have shown promise in cyclic carbonate formation also require co-catalysts to obtain
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sufficient yields and conversions. Tetraalkylammonium (TAA) salts, phosphonium salts,
and nitrogen based compounds are some examples of co-catalysts reported in the literature
(Figure 11).**8™ Only a few metal complexes give sufficient conversions in the absence

of a nucleophilic co-catalyst.

®
ST ==
@ [
|
) @ - © ©
TAA salts N-Methylimidazole 4. (D|methylam|no pyndlne

(N-Melm) 15 (DMAP) 1 X@

Bis(triphenylphosphine)iminium
halides

Figure 11: Some co-catalysts that have been used for CO, insertion into epoxides.”
When a metal catalyst and co-catalyst are used together, a co-operative mechanism occurs.
There are four proposed co-operative reaction mechanisms, each of which are dependent

on the reaction conditions and catalytic system used.”® These include:

1) A monometallic mechanism involving one nucleophile (Scheme 8),
2) A monometallic mechanism involving two nucleophiles,
3) A bimetallic mechanism involving two different metal complexes, and

4) A bimetallic mechanism involving two metal centres from the same complex.

In the generally accepted reaction mechanism (Scheme 8), the metal catalyst acts as a
Lewis acid, to create an activated epoxide which is then ring-opened by a nucleophile
(usually the co-catalyst) to form a metal-alkoxide intermediate. Carbon dioxide addition

then forms a metal-carbonate, which can undergo ring closure (or “back-biting”) to form

the cyclic carbonate, or undergo further CO, addition reactions to form polycarbonates.*®"

Numerous metals have successfully promoted CO, insertion into epoxides in the form of

40,48,49,80 83,84

metal complexes, such as acen® amino-tris(phenolate),®> scorpionate,

85-87 88-90

salen and salophen (or salphen) complexes (Figure 12). Only some of the more
notable metal complex catalytic systems will be discussed further.
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Scheme 8: The generally accepted co-operative mechanism of cyclic carbonate or polycarbonate

synthesis, using epoxides and CO, with a metal catalyst and co-catalyst.**"
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Figure 12: Metal complexes that have been researched for cyclic carbonate formation.

Acen Complexes

In 2011, bimetallic aluminium(acen) complexes 17-19 were developed by Young et al., in
the search for more cost-effective and cheaper aluminium complexes for cyclic carbonate
synthesis. These complexes along with the co-catalyst TBAB (11) were able to convert
terminal epoxides into cyclic carbonates with reasonable conversions, using only 2.5 mol%
of metal catalyst and co-catalyst under ambient conditions. The potential for further
developing the functionality of these complexes is however limited and they remain

untested in ring-opening internal epoxides (Scheme 9).%

N N N
DOSNFeSdNbSY
I ME——0 \‘[N,\AI/ o | aE—o

R r|\1 ® R ) ke rlxl 0
17:R=H 19
18: R-R = (CH,),
17-19 (2.5 mol%) 0 17: 33% conv. (3 h), TOF = 4.40 h™!
o BuyNBr 25 mol%) 85% conv. (24 h), TOF = 1.42 h"’
+CO, - 0 0 . 290 _ 1
Ph/A 26°C 241 18: 39% conv. (3 h), TOF = 5.20 n
12 (1 bar) > 91% conv. (24 h), TOF = 1.52 h

P 7 19: 60% conv. (3 h), TOF = 8.00 h™’

93% conv. (24 h), TOF = 1.55 h™"

Scheme 9: Cyclic carbonate synthesis with Young’s complexes 17-19.%*"

Amino-tris(phenolate) Complexes

In 2014, Kleij et al. investigated aluminium amino-tris(phenolate) complexes, and found
that complex 20, with TAA or phosphine based co-catalysts, provided an extremely active
catalytic system for terminal epoxides, such as epichlorohydrin (21) into
3-chloropropylene carbonate (22, Scheme 10).%2 Using only 0.0005 mol% of (20) and
0.05 mol% of bis(triphenylphosphine)iminium bromide (PPNBr, 23) gave good
conversions of 1,2-epoxyhexane (24) into 1,2-hexylene carbonate (25) with a TOF of

36,000 h™. Achieving good conversions and high TOFs with such low catalytic loadings
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was unprecedented. These complexes however require high pressures of CO, (10 bar) and
sometimes non-ambient temperatures (90 °C) to obtain quicker TOFs.2?
R
20 (0.5 mol%) @)
0 Bu NI (2.5 mol%) L i
C'VA +CO, » O O N,,,/
R

21 (10 bar) 30°C.2h C|\)£/

91% yield, TOF =91 h™’

20 (0.0005 mol%) O
PPNBr (0.05 mol%) cl
0

/& +CO > o) \ \
2 - AI
n )
BU” 24 (10bar)  90°¢2h — N
"Bu 25 cl

36% conv., TOF = 36,000 h™'

Scheme 10: Cyclic carbonate synthesis with Kleij’s complex 20.%

Scorpionate Complexes

Aluminium scorpionate complexes have been researched by North et al. since 2012 with
26 (and TBAB, 11) currently reported as the most active complex.*#% Complex 26
however required high pressures of CO, (10 bar) for good conversions and TOFs, and a
moderate catalytic loading of 5 mol% (Scheme 11). Some scorpionate complexes can
ring-open internal epoxides but require increased temperatures and pressures of 50 °C and

10 bar of CO, respectively and reported low conversions.®**

tBu\'j Al Me RH wR
C—o Me c—ao R
26 (5 mol%) o / \ Me / \ R
0 Bu,NBr (5 mol%) P ‘ LM
A\ +CO, » O 0 ‘N N/ “Me \"NN R
Ph™ 42 (10pay 20 G 24h Ph)—/
100% conv., 85% vyield Me/K)\ /K)\
TOF =0.71 h"

Scheme 11: Cyclic carbonate synthesis with North’s complex 26.%

Salen Complexes
Perhaps one of the most widely researched complex structures for cyclic carbonate

synthesis are salen complexes (Figure 13). These ligands have been researched extensively
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due to three main factors. Firstly, the ligands and complexes require a simple and
cost-effective “green” synthesis, by reacting two equivalents of a salicylaldehyde with one
equivalent of a chiral or achiral diamine, which can then coordinate to a metal precursor.*
Secondly, the functional groups present on the salicylaldehyde and diamine backbone can
be adjusted with ease, enabling the electronic and steric effects of the complex to be
fine-tuned for desired purposes.*®®® Thirdly, these ligands can coordinate to numerous
metals, and thus form various complexes. Only notable chromium(lll), cobalt(lll) and

aluminium(I11) complexes are discussed and by no means provide a comprehensive list.

R R
R _N\MI,N-— R M = metal centre
N = i
R O/)I( o R X = counterion
R R R R

Figure 13: General structure of salen complexes.

Chromium(l11) Salen Complexes

In 2001, Paddock et al. first highlighted the catalytic ability of chromium(lll) salen
complexes, illustrating that complexes 27-30, with 4-(dimethylamino)pyridine (DMAP,
16), could convert epoxides into cyclic carbonates (Scheme 12). The most active complex
was 30, which Paddock hypothesised was due to less steric crowding round the chromium
metal. Complex 30 nevertheless required increased temperatures and pressures (85 °C and

3.5 bar of CO,) and dichloromethane (DCM) to obtain faster conversions.*

A I e
mo

/\ +CO, > 0o 0 NERY

Ph” L (3.5 bar) CH20|3 (0.5 mL) )_/ o
85°C,7h Ph 7 . a \

, 'Bu o) 0 '‘Bu
99% conv., TOF = 14.1 h" Cl
30 (1 mol%) O Bu Bu
+CO, DMAP (1 mol%)= O)J\O 27: R4 = Ry = trans -(CHy),-
Ph 75°C, 12 h 28: R»]: CH3, R2 =H
12 (3.5 bar) 7 29: R, =R, = trans Ph

99% conv., TOF = 8.25 h™' 30: Ry = Ry = meso Ph

Scheme 12: Cyclic carbonate synthesis using 27-30.%
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In 2004, Darensbourg et al. synthesised a range of chromium(lll) salen complexes to
investigate their ability in epoxide polymerisation.*® Darensbourg determined that the
combination of electron donating functional groups on the salicylaldehyde, less bulky
diamine backbone functional groups and more nucleophilic metal counterions created more
active catalysts. Complex 31 combined with N-methylimidazole (N-Melm, 15) provided
the most active catalytic system for converting cyclohexene oxide (32) to its corresponding

polymer with 99% carbonate linkages. Cyclic carbonate formation however did not occur.

~ :
~
N

pu— \C //N— O
I.
AN
MeO o | o OMe @
N3
By By
21 32

In 2004, Garcia demonstrated that the formation of cyclic carbonates was possible using
chromium(111) salen complex 27 an extremely low mol%, co-catalyst N-Melm (15) and
ionic liquid BMIM-PFg as a co-solvent (Scheme 13).% Garcia’s method however required
80 °C and 100 bar of CO, to obtain a conversion of only 50% for styrene oxide (12). Using

expensive ionic liquids also decreases the cost-efficiency of this process.

27 (1.2 x 105 mol%) j\ Q

o) ] —N. N=
+CO, N-Melm (10pl) " g o
Ph (100 bar) BMIM-PFg (0.4 mL) N/ By o ‘ o 5
12 80 °C, 6 h PR u
‘ cl o,
50% conv. Bu Bu
TOF =24.3 h™" 27

Scheme 13: Cyclic carbonate synthesis using complex 27.%

In 2010, North studied the activity of numerous monometallic salen complexes, including
complex 27, to compare their activity to bimetallic aluminium(lll) salen complexes.
Complex 27 was found to only achieve 20% conversion of styrene oxide with TBAB (11)
into styrene carbonate under ambient conditions after 24 h (Scheme 14), and was less

active than bimetallic aluminium(111) salen complexes (described later).®’
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! t Cl t
20% conv. Bu Bu
TOF =0.33 h™ 27

Scheme 14: Cyclic carbonate synthesis using complex 27.%

Cobalt(111) Salen Complexes

Only a few cobalt(lll) salen complexes favour cyclic carbonate formation over
polycarbonates. In 2004, Paddock et al. synthesised a range of extremely active cobalt(l11)
salen complexes. The most active complex 33, with DMAP, had a TOF of 65.3 h™ after
only 1.5 h (Scheme 15), and could ring-open internal epoxides, but required harsh
conditions (100 °C and 20 bar of CO,).*" Although only a low catalytic loading of complex
33 was required (1 mol%), the reaction was extremely temperature dependent, required

DCM and would form a mixture of poly- and cyclic carbonates at lower temperatures.

33 (1 mol%)
o] DMAP (2 mol%)

/\ t COZ >

12 (20bar) 450°c 15h Ph ;

_N N_

Ph

98% conv., TOF =65.3 h™’

Scheme 15: Cyclic carbonate synthesis using complex 33.%

In 2009, Jing et al. synthesised one-component cobalt(l111) salen complexes 34 and 35 with
phosphonium salts on the phenyl rings (Scheme 16). The most active catalyst 34 could
convert propylene oxide (36) into propylene carbonate (4) with 45% conversion using only
0.1 mol% of catalyst over 20 h without a co-catalyst. The bromide complex 34 was more
active than its chloride analogue 35, illustrating that the more nucleophilic the
phosphonium salt anions the more active the catalyst,?® akin to results determined by Calo
and Darensbourg.” Faster conversions and higher yields have however been reported for

other catalytic systems and required a moderate pressure of 6 bar of CO,.
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(0] OAc
0 . co, 35 (0.1 mol%) o)l\o x© ph% PPNy x©
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4 35: X = Cl

30% conv., TOF =8.19 h™

Scheme 16: Cyclic carbonate synthesis using Jing’s one-component complexes 35-36.%
Aluminium(l11) Salen Complexes

In 2005, Darensbourg et al. reported the use of aluminium(l11) salen complexes (37-41) for
the conversion of cyclohexene oxide (32) into its polycarbonate derivative. Darensbourg
reported that electron deficient groups on the ligand were required to promote the
formation of polycarbonates,” whereas interestingly chromium(lll) salen complexes
required electron donating groups to promote the reaction.”® None of these complexes
however were more active than their chromium(l11) salen analogues, and cyclic carbonates

were only formed as minor products.

R
;1 <R1 37: Ry = -CyHy-, Ry, = Bu, R = NO,, X = Et
—N\ ,N— 38: R1 = -C2H4-, R2 = tBU, R3 = NOz, X=Cl
\Ar 39: R1 = -C2H4-, R2 = R3 = Cl, X =Et
Rs o’ ‘ ~o Ry 40:R;=-CoHy, Ry =H, Ry = NO,, X = Et
X 41: Ry = -C,Hy-, Ry = Ry = 'Bu, X = Cl
R R2

In 2007, North et al. reported the synthesis and catalytic ability of bimetallic
aluminium(l11) salen complexes such as complex 42 and 43. These complexes could
convert many terminal epoxides into cyclic carbonates under 24 h at ambient reaction
conditions with high yields (Scheme 17).8"'% One-component bimetallic complex 43
could be used without a co-catalyst and achieve a TOF of 9.47 h™ after just 3 h at a
catalytic loading of 2.5 mol%.%" Efficient ring-opening of epoxides without the

requirement of a co-catalyst is extremely rare for metal complexes, especially at the mild

o1



42 (2.5 mol%) O

R R BusNBr (2.5 mol%
Q. co, 2% ( 0) OJ\O
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43 (2.5 mol%)
A +co, ’ o)J\o
Ph™ 4o (1bar) 26°C,6h
R R PH
42: R = Bu o 71% conv. (3 h), TOF = 9.47 h"
43: R = CH,N(Bn)Et, Br 97% conv. (6 h), TOF = 6.47 h™!

Yield = 89% (6 h)

Scheme 17: Cyclic carbonate synthesis using North’s bimetallic complex 42 and 43,291

Conditions reported with complex 43.2* Increased reaction temperatures and pressures

(50 °C and 50 bar of COy) also enabled complex 42 to ring-open terminal epoxides without

the requirement of a co-catalyst.'® These catalysts are therefore extremely active and can

work sufficiently under ambient conditions. Bimetallic aluminium(Ill) salen complexes

however still experience difficulties in ring-opening internal epoxides, especially at near

ambient conditions.

Salophen Complexes

Salophen complexes are very similar to salen complexes, with the exception that the

diamine backbone is aromatic.’® Salophen complexes therefore create achiral catalysts,

compared to their chiral salen analogues (Figure 14).

R R
R R
R —N. _N= R
/\ M = metal centre
R O/)I( (@] R X = counterion
R R R R

Figure 14: General structure of salophen complexes.

Despite this difference, the electronic and steric properties of salophen complexes can be

adjusted in the same manner as salen complexes. Salophen ligands have a m-conjugated
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system running throughout the ligand, and therefore contain a more restricted ligand
scaffold which can change the Lewis acidity of coordinated metals with ease. Salophen
ligands are also more cost-effective than salen complexes.®® Despite these advantages,
only a few salophen complexes have been researched compared to salen complexes. Only
notable examples of chromium(lll), aluminium(lll) and zinc(l) complexes are discussed

further and again does not provide a comprehensive list.

Chromium(l11) Salophen Complexes

In 2004, Darensbourg et al. synthesised numerous chromium complexes to test their
efficiency in synthesising cyclic carbonates.” A few salophen complexes (44-49) were
synthesised, and complexes containing electron donating groups created more active
catalysts. Complexes 44-49 however favoured polycarbonate formation, and synthesised

cyclic carbonates as minor products.®

44:R1=R2=H,X=CI
45: R, =R, ="'Bu, X =ClI

=N, N= 46: Ry =Ry ='Bu, X =Nj
/Clr\ 47: Ry = 'Bu, Ry = OMe, X = Cl
R, o 40 R2 48:R;='Bu, R, = OMe, X = N3

49:R,= R,=Cl, X =Cl

In 2012, Reiger et al. synthesised bimetallic complex 50, but could only form
polycarbonates, akin to Darensbourg’s chromium(III) salophen complexes.95 Interestingly,
Reiger reported that monometallic equivalents of 50 were less active catalysts for
polycarbonate formation but synthesised traces of cyclic carbonate. Reiger hypothesised
that the smaller and simpler monometallic complexes enabled easier “back-biting” of the
epoxide to promote cyclic carbonate formation, due to less steric hindrance around the

metal centre. %

In 2016, North et al. investigated the ability of complex 51 to form cyclic carbonates, and

is one of the few metal complexes capable of achieving sufficient conversions at ambient
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‘Bu ‘Bu
—=N.  _N=
/C|r\
t t
Bu (0] Cl @] Bu
50 tBu tBu

temperatures and pressures for terminal and internal epoxides (Scheme 18). The ability for

chromium complexes to successfully promote cyclic carbonate synthesis from internal

epoxides was unprecedented prior to this research.'®

O
51 (1.5 mol%) )J\

0,
+CO, PPNBr (1.5 mol%) o o

Ph™ 4o (1bar)  25°C.24h

PN 7
_N\CrxN_ 41% conv. (3 h), TOF = 9.11 h™!
O/é|\o 100% conv. (24 h), TOF = 2.78 h™"

o)
51 51 (2.5 mol%)
Et,N NEt, 4

2 O . co, TBAB (2.5 mol%) o)J\o
Ph" 45 (1bar)  25°C,24h
Ph 7

63% conv. (3 h), TOF = 8.40 h™'
100% conv. (24 h), TOF = 1.67 h™!

Scheme 18: Cyclic carbonate synthesis using North’s complex 51.'%

Aluminium(l11) Salophen Complexes

In 2005, Darensbourg et al. not only studied aluminium(lll) salen complexes in cyclic
carbonate formation but also aluminium(lll) salophen complexes 52-56. These complexes
however favoured polycarbonate synthesis, akin to Darensbourg's work on chromium(lil)
salophen® and aluminium(l11) salen complexes,* and Reiger’s bimetallic chromium(III)

salophen complex.'%*

In 2016, North et al. investigated the ability of aluminium(lll) salophen complex 57 to

convert terminal and internal epoxides into cyclic carbonates. Complex 57 gave
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Q 52: R, ='Bu, R, = NO,, X = Et
53: R, = 'Bu, R, = NO,, X = Cl

_N\ /N_
\Al, 54: R1 = R2 = Cl, X =Et
R, o/‘\o R, 55:R;=R,=H,X=Cl
X 56: R; = Ry = Cl, X = Cl
R R

satisfactory conversions for terminal epoxides at ambient conditions (Scheme 19).
Complex 57 could also ring-open internal epoxides, but required more strenuous reaction
conditions (50 °C and 10 bar of CO,) for reasonable conversions and was less active than

North’s chromium(III) salophen complex 51,1

57 (1.5 mol%) )(J)\
o
o) +CO, Bu,sNBr (1.5 mol /ol o o =N N=
Ph (1 bar) 25°C, 24 h — Al
12 PH - O/\l/\o
0 = -1 2
50% conv. (3 h), TOF = 11.1 h | ELN o NEt,
100% conv. (24 h), TOF =2.78 h™ 57
Scheme 19: Cyclic carbonate synthesis using North’s complex 57.%

Zinc(11) Salophen Complexes

In 2014, Kleij et al. synthesised zinc(ll) salophen complexes 58-60, which were all more
active than their zinc(I1) salen analogues. The salophen complexes were hypothesised to be
more active due to the increased Lewis acidity of the zinc(Il) metal cation, as a result of the
geometry enforced by the planar ligand system.?**%3% Complex 58 was the most active
complex in ring-opening terminal epoxides (Scheme 20).1% Non-ambient temperatures and
pressures (80 °C and 10 bar of CO,) however were used, nor was the ring-opening of

internal epoxides investigated.

/R3
=N®
X@
\ 7/
=N_ N= 58: Ry = R, ='Bu, R3=Me, X =1
/Zn\ 59: R, ='Bu, R, =H, R; =Me, X =Bror |
R, O O R, 60:R;= R,='Bu,R3=Bn, X=Brorl
R, R, 0
0 co 58 (0.5 mol%) O)J\O 91% conv.
B 80 °C. 18 h TOF = 10.1 h™!
Ph™ 42 (10 bar) ; )—/

Ph 7

Scheme 20: Cyclic carbonate synthesis using Kleij’s complexes 58-60.'%
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In 2013, Kleij et al. synthesised trimetallic zinc(ll) salophen complexes 61-62, which were
capable of forming cyclic carbonates from epoxides, such as glycidyl methyl ether (63), in
high conversions and yields in just 18 h (Scheme 21). Complex 61 could also be recycled
up to four times and required no co-catalyst. The nucleophilicity of the zinc counterion was
crucial to the catalyst activity, as when the less nucleophilic acetate (OAc) counterion was
present  (complex 62) poor conversions were obtained.  Unfortunately,
non-ambient reaction conditions were required for reasonable conversions. Complexes
61-62 were reusable, unlike their monometallic analogues, but were similar in activity,
arguably making the synthesis of complex 61 not economically viable.®®

0 o N
N\ // \ N
Z n\ Zn—
/
61: X = |
62: X = OAc
0/ \* — -1
o ., co, 61 (2.5 mol%) . O)J\O 100% conv., TOF =2.22 h
MeO. A ot 85 °C. 18 h *mol% of active Zn sites
63 (10ban) ’ MeO—/ 64

Scheme 21: Cyclic carbonate synthesis using Kleij’s trimetallic complexes 61-62.%°

2.1.7 Summary of Catalytic Systems

All of the non-metal and metal based catalytic systems discussed in “Carbon dioxide
insertion into epoxides” are summarised in 4.1 Appendix 1, Section 4.1.1, Table Al and

Table A2 respectively.

2.1.8 General Summary and Project Aims

Organic carbonates are one of many compounds that can be synthesised via CDU, but
often require strenuous reaction conditions to manufacture. Developing alternative “green”

methodology to perform carbonate synthesis via epoxide conversion at ambient conditions,
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to therefore increase their production level, greenness and sustainability is intriguing.
Currently, only a handful of complexes in the literature can fulfil this task, with salophen
complexes showing great promise. A potential gap in the research was therefore identified
and we became interested in investigating alternative salophen complexes to convert

epoxides and CO; into cyclic carbonates.

As shown by North et al., chromium(I11) salophen based complexes have shown promise
in forming cyclic carbonates from epoxides and CO, at near ambient conditions, and were
more effective at ring-opening internal epoxides compared to aluminium(lll) salophen

complexes.'®

Only one chromium(l11) complex 51 however was synthesised and studied
in this work. The synthesis of more varied chromium(lll) complexes, especially
chromium(111) salophen complexes, was therefore of interest. The aim of this work was to
synthesise a range of chromium(l1l) salophen complexes, and to investigate their ability to
convert epoxides and CO, into cyclic carbonates via CDU using ambient reaction
conditions. Reaction conditions such as salophen complex and co-catalyst combinations,
and catalytic loading will be varied to find optimum reaction conditions. If the salophen
complexes show promise in cyclic carbonate formation, the effect of varying functional
groups on the salicylaldehyde, diamine backbone and the chromium metal counterion on
epoxide conversion, and thus the electronic and steric effects of chromium(lil) salophen
complexes, on cyclic carbonate synthesis will be investigated. The optimum catalyst from
a range of salophen complexes will also be determined and then screened against
numerous terminal and internal epoxides, to study its versatility in cyclic carbonate
formation at ambient conditions. Investigations into the mechanism of cyclic carbonate
formation will also be performed. Metal complexes that are capable of forming cyclic
carbonates can be used for other catalytic processes.”* The ability of some chromium(111)
salophen complexes to also synthesise oxazolidinones from isocyanates and epoxides will

also be considered, to investigate the versatility of these complexes in other catalytic

applications.
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2.2 Results and Discussion Part 1: Cyclic Carbonate Synthesis

2.2.1 Synthesis and Optimisation of Chromium(l11) salophen complexes

The steric and electronic effects of salophen complexes can be fine-tuned as desired.’®® A
synthesis plan was therefore devised, so that numerous chromium(I11) salophen complexes
were synthesised with different functional groups present on the salicylaldehyde, diamine
backbone, and as the chromium counterion. The steric and electronic effects of these

complexes on cyclic carbonate synthesis could therefore be investigated (Figure 15).

_N\ /N_
=N_ N= Cr.
of ‘Bu 0" | o Bu
/
Rs o" | Rs LC
X Bu Bu
Ry Ro
cr1-Cr14 Cr15

Catalyst synthesised prior to this study

Crl:R;=H,R,=R3=H, X=CI; Cr2: R, =H, R, ='Bu, Ry = H, X = Cl;
Cr3:R; =H, R, = H, Ry = Bu, X = Cl; Cr4: R, = H, R, = 'Bu, Ry = OMe, X = CI;
Cr5: R, = H, R, = 'Bu, R3 = NO,, X = Cl; Cr6: R, = Me, R, =Ry = H, X = Cl;
Cr7:R;=Cl,R,=R3=H, X=ClI; Cr8: R; = -(CH);~, R, =Rz = H, X = CI;
Cr9: R, = Cl, R, = 'Bu, R3 = H, X = Cl; Cr10: R, = Cl, R, = 'Bu, R; = OMe, X = CI;
Cr11: R; = H, R, = 'Bu, R; = OMe, X = Br; Cr12: R; = H, R, = 'Bu, R; = OMe, X = [;
Cr13: R, = H, R, = 'Bu, Ry = OMe, X = OAc; Cr14: R, = H, R, = 'Bu, R; = OMe, X = OTs
Figure 15: Catalysts synthesised in this study (see “2.4 Experimental” for full details).

A plan to optimise the chromium(l11) salophen catalysts for cyclic carbonate synthesis was
also devised (Steps 1-4, Figure 16, Scheme 22, Scheme 23 and Figure 17 respectively).

Step 1

Co-catalyst:
=N N= 65: BuyNF

o 66: Bu,NCI

4 | o tgy  11: BuyNBr
Cl 13: BuyNI

By By 67: PPNCI

23:
cr15 PPNBr

16: DMAP
+ Co-catalyst

(a) Test catalyst Cr15 with different co-catalysts to find the most active co-catalyst.
(b) Screen most active combination against different epoxides.

Figure 16: Co-catalyst optimisation and epoxide screening (Step 1).
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NH,

Ald1:R,=R;=H

Ald2: R, ='Bu, Rz = H
Ald3: R, = H, R; = 'Bu
Ald4: R, = 'Bu, R; = OMe
Ald5: R, = 'Bu, R3 = NO,

CrCly, THF

Rs OH HO R3 > R
(i) Argon, 24 h

(ii) Air, 24 h

Test catalysts Cr1-Cr5 with the most active co-catalyst (Step 1)
to find the optimal salicylaldehyde functional groups.

Scheme 22: Salicylaldehyde optimisation (Step 2).

Step 3 Ri Ri

Sal1: R, =Rz =H

Sal2: R, ='Bu, R3=H
Sal3: R, =H, R3 ='Bu
Sal4: R, = 'Bu, R; = OMe
Sal5: R, = 'Bu, R; = NO,

Cr1:R,=R3=H

Cr2: R, ='Bu,R3=H
Cr3:R,=H,R;="Bu
Cr4: R, = 'Bu, R; = OMe
Cr5: R, = 'Bu, R; = NO,

Ry Ry

OH H,N  NH,
2 > R3 OH HO
R3 R,

Ald6: R1 Me R2 = R3 =H
Ald7: Ry = Cl, Ry = Ry = H
Ald8: R1 = -(CH)4- R2 = R3 =H
Ry R
=N =
N CrCly, THF
Rs OH HO Rs (i) Argon, 24 h
(ii) Air, 24 h
R R

(a) Test catalysts Cr6-Cr8 with the most active co-catalyst
(Step 1), to find the optimal diamine functional groups.
(b) Combine most active salicylaldehyde (Step 2) and diamine
backbone functional groups to see if activity is increased
Cr9-Cr10

Scheme 23: Diamine backbone optimisation (Step 3).
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Sal6: R1 Me R2 = R3 =
Sal7: R, =Cl, Ry = Ry = H
Sal8: R; = -(CH),-, R, = Ry = H

Ry Ry

e

Cr6: R1 Me, R2— R3—
Cr7:R;=Cl,R;=R3=H

Cr8: Ry =-(CH)4-, R, =Rz =H
Cr9:R;=Cl,R,="Bu,R3=H
Cr10: R, = Cl, R, = 'Bu, R = OMe



Cr4: R, =H, R, ='Bu, R; = OMe, X = Cl

N N— Cr11: Ry = H, R, = 'Bu, R3 = OMe, X = Br
o Cr12: R, = H, R, = 'Bu, Ry = OMe, X = |
Rs o | Mo Rs Cr13: R, = H, R, = 'Bu, R; = OMe, X= OAc
X Cr14: R, =H, R, = 'Bu, R3 = OMe, X = OTs

Cr4, Cr11-Cr14

Test different chromium counterions on the most active catalyst from steps
2-3 with the most active co-catalyst (Step 1). Find the most active
catalyst and screen against numerous epoxides.

Figure 17: Chromium counterion optimisation (Step 4).

Catalyst Cr15 (Figure 15) was synthesised by Dr José Antonio Castro-Osma prior to
performing this study. Consequently, catalyst Crl5 was tested with different co-catalysts
to investigate whether a co-catalyst was needed, and if so determine the most active
catalyst and co-catalyst combination. This combination was then screened against different
epoxides to ensure there was potential scope for this catalyst and to decide which epoxide
to use in further optimisations (Step la and Step 1b, Figure 16). Different functional
groups on the salicylaldehyde (Step 2, Scheme 22) and the diamine backbone (Step 3a,
Scheme 23) were then screened with the most active co-catalyst (determined from Step 1)
to find the most active salophen framework. The most active groups on the salicylaldehyde
and diamine backbone were also combined to investigate if this increased epoxide
conversion (Step 3b, Scheme 23). Counterions on the chromium were varied to find the
most active functional group combination and thus the most active catalyst overall (Step 4,
Figure 17). All standard deviation values quoted with conversions where possible in this
chapter refer to standard deviation values of at least three repeat experiments. Tests were
then conducted in which the catalytic loading of the catalyst was varied to ensure that a
sufficient quantity was being used. The most active catalyst was then screened against a
variety of epoxides to explore its versatility in forming cyclic carbonates via CDU.
Investigations into ring-opening internal epoxides with the most active catalyst, along with
a kinetic and mechanistic study of this catalyst, will be performed. The efficiency of this

catalyst will also be compared to notable catalysts reported in the literature.
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Step 1a: Optimising the Co-catalyst

Catalyst Cr15 with different TBA and PPN salts as co-catalysts were all efficient systems
in the formation of styrene carbonate (7, CC1) from styrene oxide and CO; gas from dry
ice pellets (12, EP1, Table 1).

Table 1: Optimisation of co-catalysts using catalyst Cr15.

_N\ /N
cr.
'‘Bu o’ | ~o '‘Bu
Cl
‘Bu '‘Bu
Cr15
Catalyst Cr15 (2.5 mol%) j.]\
_ o,
+CO, Co-catalyst (2.5 mol%) O ©°
Ph (dry ice) Neat, 25 °C, 1 bar CO,, 24 h
EP1 Pl cc1

b Conv.3h/ TOF/ Conv.6h TOF/ Conv.24 TOF/
Entry*® Co-catalyst

% h* | % h* h/% h*

1 - 0 0.00 0 0.00 0 0.00

2 Bu,NBr° 0 0.00 0 0.00 1 0.02

3 Bu,NF 3 0.40 9 0.60 34 0.57

4 Bu,NClI 10 1.33 20 1.33 62 1.03

5 Bu,NBr 37 4.93 60 4.00 100 1.67
Bus;NBr

(5 mol%%) 41 5.46 65 433 100 1.67

7 Bu,NI 34 453 53 3.53 93 1.55

8 PPNCI 18 2.40 29 1.93 62 1.03

9 PPNBr 31 413 47 3.13 91 1.52

10 DMAP 0 0.00 0 0.00 2 0.03

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.
b) TOF = mol of product / ((mol of catalyst) x time).
¢) Catalyst Cr15 was not used in the reaction.
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Control tests using catalyst or co-catalyst only (Entries 1 and 2, Table 1) showed low
conversions as expected.*®” % Co-catalyst optimisation showed that order of reactivity for
TBA salts was TBAB > TBAI > TBAC > TBAF (Entries 3-7, Table 1). Increasing TBAB
concentration to 5 mol% only slightly increased the conversion, indicating that there was
no advantage to increasing co-catalyst loading or catalyst to co-catalyst ratios (Entry 6,
Table 1). In all cases, the reaction required 24 h using ambient conditions, as the reaction

was not complete after 3 or 6 h (Entries 1-10, Table 1).

The PPN salts were active co-catalysts, and the order of reactivity was (PPNBr) >
bis(triphenylphosphine)iminium  chloride  (PPNCIl, Entries 8-9, Table 1).
bis(triphenylphosphine)iminium chloride was more active than TBAC (Entries 8 and 4
respectively, Table 1, whereas PPNBr was slightly less active than TBAB (Entries 9 and 5
respectively, Table 1). 4-(Dimethylamino)pyridine (DMAP) was a very poor co-catalyst
for this catalytic system (Entry 10, Table 1). Charged anions provided by TBA salts, such
as Br’, are more nucleophilic than neutral species such as DMAP, which may therefore be

a poor co-catalyst due to its low nucleophilicity.

The most active co-catalyst overall was TBAB (Entries 5-6, Table 1).
Bis(triphenylphosphine)iminium bromide and PPNCI were similar in activity (Entries 7-8,
Table 1) but are more expensive than TAA halide salts, not as commercially available and
can have solubility problems.*® It was therefore more beneficial to use TBA salts as co-

catalysts.

The activity trend for TBA salt anions was Br > | > Cl > F, and for PPN salt anions was
Br > CI. In the formation of cyclic carbonates, TBA and PPN salts dissociate to form TBA"
and PPN" cations respectively and a halide anion. This anion can act as nucleophile and
ring-open the epoxide, thus driving cyclic carbonate formation.*®*®*® Thus the trend in

terms of activity can also be stated as Br' > I > CI' > F and Br" > CI" for TBA and PPN

salts respectively. The greater the nucleophilicity of the halide anion from the co-catalyst,
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the faster the anion can ring-open the epoxide and initiate the reaction,*® thus the trend
seen in Table 1 with the exception of the iodide anion.™* The iodide anion is an extremely
bulky anion, and therefore may be less active than the bromide anion due to steric
hindrance.**? Doubling the concentration of TBAB, and therefore Br’, concentration also
had no significant change on the conversion, suggesting there is an optimum salophen
catalyst and co-catalyst loading. Investigations into the reaction mechanism are discussed
further in “2.2.5 Kinetic and Mechanistic Studies”. As TBAB was the optimum co-catalyst,

this was used in further optimisation tests.

Step 1b: Screening Different Epoxides

Catalyst Cr15 was screened with different epoxides EP1-EP10 in the presence of TBAB
to investigate if this catalytic system was worthwhile optimising (Table 2). When screened
with different epoxides, catalyst Cr15 could convert a wide scope of terminal epoxides to
their corresponding cyclic carbonates under ambient conditions, giving high conversions
and reasonable yields (Entries 1-10, Table 2). This suggested that optimisation of

chromium(l111) salophen catalysts was worth pursuing.

With halogen groups on the epoxide phenyl ring, conversions and consequent yields were
lower than expected (Entries 9-10, Table 2). This may be due to the electron withdrawing
effect of the halogen groups hindering the ability of the epoxide to coordinate to the
chromium metal centre.®>**** Epoxide EP10 is also a solid at room temperature and a
liquid at 26-29 °C,**® which will directly affect its conversion. When the reaction
temperature was raised to 50 °C, faster conversions and higher yields were obtained as
expected (Entries 11-12, Table 2). After testing different epoxides, styrene oxide EP1 was
identified as an ideal substrate for further catalyst optimisation, as the highest isolated yield

was obtained for styrene carbonate CC1 (Entry 1, Table 2).
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Table 2: Screening of Cr15 against epoxides EP1-EP10.

=

=N, N=
of
'‘Bu o’ | ~o ‘Bu
Cl
Bu '‘Bu
Cr15
Catalyst Cr15 (2.5 mol%) (o)
TBAB (2.5 mol%
+ C02 ( O) O)J\O
R (dry ice) Neat, 25 °C, 1 bar CO,, 24 h >_/
EP1-EP10 R

CC1-CC10
1: R=Ph; 2: R =Me; 3: R = Et; 4: R ="Bu; 5: R ="Oct; 6: R = CH,CI;
7: R = CH,0H; 8: R = CH,OPh; 9: R = 4-CICgHy4; 10: R = 4-BrCgH,

Epoxide  Temperature Conv.24h  Yield®/

Entry’ (EP) /°C % %
1 1 25 100 93
2° 2 0 N/A° 71
3 3 25 100 84
4 4 25 100 88
5 5 25 100 79
6 6 25 100 91
7 7 25 67 64
8 8 25 77 72
9 9 25 80 73
10 10 25 60 50
11 9 50 100 85
12 10 50 100 89

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.

b) Due to the volatility of the epoxide, the reaction was performed at 0 °C.

c) Due to the volatility of the epoxide, the conversion after 24 h was not determined.

d) Yields quoted are isolated yields, obtained by purifying the reaction mixture via column chromatography.
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Steps 2-4: Synthesis and Optimisation of Chromium(l11) Salophen Catalysts

The synthesise of the new chromium(ll) salophen complexes Cr1-Cr14 (steps 2-4) were
all achieved with reasonable yields (51-94%, 2.4 Methods and Experimental). In all further
optimisation tests, 2.5 mol% of Cr1-Cr15 and TBAB were used in the synthesis of styrene

carbonate CC1, at room temperature and 1 bar of CO; pressure over 24 h (Scheme 24).

R Ry
=N_ N=
\C/
Rs o’ | o Rs
X
R2 R2
Cr1-Cr15
Catalyst Cr1-Cr15 (2.5 mol%) o)
TBAB (2.5 mol%
+CO, ( ) O)J\ .
Ph dry ice) Neat, 25 °C, 1 bar CO,, 24 h
£pq (01 ice) 2 -
Ph
CC1

Scheme 24: Reaction conditions used in catalyst optimisation steps 2-4.

Step 2: Optimising Salicylaldehyde Functional Groups

Changing functional groups on the salicylaldehyde affected reaction conversions as
expected (Table 3). Without taking into account the standard deviation of duplicate runs
(quoted as error bars in Table 3), the order of activity for salicylaldehyde functional groups
was methoxy > ortho and para tert-butyl ~ H = ortho tert-butyl > para tert-butyl > nitro

(Entries 1-6, Table 3).

Changing hydrogen groups for tert-butyl groups had no major effect on catalytic
conversions (Entries 1-4, Table 3), suggesting steric effects of the salicylaldehyde
functional groups had no significant influence on catalytic activity. In terms of electronic
effects, it was predicted that more electron donating groups would increase catalyst
reactivity, because electron donating groups, such as +M methoxy and +I tert-butyl groups,
push electron density towards the chromium metal centre; thus weakening the interaction

between the metal and chloride counterion. Consequently it becomes easier for the epoxide
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Table 3: Optimisation of salicylaldehyde functional groups.

Cr15, Cr1-Cr5
Cr15: R1 = H, R2 = R3 = tBU; Cr1: R1 = H, R2 = H, R3 = H,
Cr2:R,;=H, R, ='Bu, R3=H; Cr3: R, =H, R, = H, R; = Bu;
Cr4: R, = H, R, = 'Bu, R; = OMe; Cr5: Ry = H, R, = 'Bu, R3 = NO,

Conv.3h TOF/ Conv.6h TOF/ Conv.24h TOF/

a,b,cd

Entry Catalyst 1% i o it 1% ha
1 Cril5 29+3 3.87 48 £ 7 3.18 91+2 1.52
2 Crl 2812 3.73 48+ 2 3.18 0+4 1.49
3 Cr2 28+ 3 3.70 52+ 6 3.44 97+4 1.62
4 Cr3 20+£3 2.67 38+4 2.55 89+ 10 1.48
5 Cr4 40+ 4 5.27 64+£5 4.28 98+14 1.63
6 Cr5° 7 0.93 13 0.87 41 0.68

a) Conversions were obtained from "H NMR analysis of the unpurified reaction mixture.

b) TOF = mol of product / ((mol of catalyst) x time).

c¢) Conversions are the average result obtained from at least three duplicate runs and are quoted with standard
deviation values.

d) Performed using reaction conditions in Scheme 24.

e) Due to catalyst stability and synthesis difficulties, only one run with catalyst Cr5 was performed.

to coordinate to the chromium metal centre.®%3114 Electron withdrawing groups are
therefore expected to have the opposite effect. Tert-butyl and/or methoxy groups can also

increase the solubility of the catalyst in epoxides and thus reactivity.*>**

After 24 h, the conversions obtained using catalysts Cr1-Cr4 and Cr15 (Entries 1-5, Table
3) were within the same error margin, therefore indicating that replacing salicylaldehyde
hydrogens with +I ortho and para tert-butyl groups, or +M methoxy groups, does not lead
to any significant changes in epoxide conversion. After 3 h and 6 h, Cr4 reported higher

conversions than the other catalysts (Entry 4, Table 3), whereas Cr1-Cr3 and Crl5
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obtained similar conversions. This indicated that the combination of a para tert-butyl and
methoxy group created a more active catalyst during the early stages of the reaction, thus
following previously reported trends. Only catalyst Cr5 reported a significant difference in
conversion, with the lowest conversions at each time period (Entry 6, Table 3). This was

expected due to the presence of the electron withdrawing —M nitro group in Cr5.

Step 3a: Optimising Diamine Backbone Functional Groups

The next area of catalyst optimisation was altering the diamine backbone groups. Changing
these functional groups again affected catalyst activity (Table 4). In terms of diamine
backbone groups, the order of reactivity was chloride > naphthalene ~ dimethyl groups
(Entry 1-3, Table 4). As reported by Darensbourg, the steric effects of functional groups on
the diamine backbone can have a huge effect on catalyst activity, as sterically hindering

groups will hinder access of the epoxide to the chromium centre. In contrast, electronic

properties of these functional groups had no major effects on activity. %>

Table 4: Optimisation of diamine backbone functional groups.
Ry Ry

=N N=
Cr.

Rs 0" | o Rs

Cl
R, R,
Cr6-Cr8

Cr6: R»] = Me, R2 = H, R3 = H, Cr7: R1 = Cl, R2 = H, R3 = H,

Cr8: R1 = -(CH)4-, R2 =H, R3 =H

Conv.3h TOF Conv.6h TOF Conv.24h TOF

Entry*€ - Catalyst /% /nt /% /ht | % /nt
1 Cré 11+3 1.50 22+ 4 1.45 7310 1.21
2 Cr7 21+5 2.76 41+6 2.73 97 +3 1.62
3 Cr8 14 +£2 191 29+3 191 87+8 1.46

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.

b) TOF = mol of product / ((mol of catalyst) x time).

c) Conversions are the average result obtained from at least three duplicate runs and are quoted with standard
deviation values.

d) Performed using reaction conditions in Scheme 24.
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All of the catalysts (Entry 1-3, Table 4) were less active than catalysts with only hydrogens
present on the diamine backbone (Entries 1-6, Table 3). This may be due to the absence of
tert-butyl groups, meaning these catalysts were less soluble in styrene oxide EP1 and thus
hindering the reaction.***4*67 The overall trend in terms of sterics (and electronics)
was not clear, as the catalyst with bulky Cl atoms on the diamine backbone (Cr7) was the
most active catalyst compared to when less bulky Me groups were present. Catalyst Cr7

may have been more soluble than the other catalysts, hence its greater activity.

Step 3b: Combining Salicylaldehyde and Diamine Backbone Functional Groups
After discovering the most active salicylaldehyde and diamine backbone functional groups,
complexes were synthesised containing both optimised functional groups, to determine if

these could create more active catalysts (Table 5).

Table 5: Combining the most active salicylaldehyde and diamine backbone functional groups.

Ri Ry

=N, N=
cr
Rs o | o Rs
Cl
R, Ry
Cr9-Cr10

Cr9: R, = Cl, R, = 'Bu, R3 = H; Cr10: R, = Cl, R, = 'Bu, R3 = OMe
Conv.3h TOF Conv.6h TOF Conv.24h/ TOF

a,b,cd

Entr Catalyst
Y y /% /ht [ % /ht % /ht
1 Cr9 19+ 10 2.47 35+12 2.30 91+0 1.52
2 Crl0 27+5 3.53 47 +7 3.13 95+ 3 1.58

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.

b) TOF = mol of product / ((mol of catalyst) x time).

c¢) Conversions shown are the average result obtained from at least two duplicate runs and are quoted with
standard deviation values.

d) Performed using reaction conditions in Scheme 24.

In terms of activity, catalyst Cr10 was slightly more active than Cr9 (Entries 1 and 2
respectively, Table 5), and both were more active than the diamine functionalised catalysts,
with the exception of when chlorine groups were present on the diamine backbone (Cr6-
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Cr8, Entries 1-3, Table 4). The presence of the tert-butyl groups may have increased the
solubility, and thus activity, of these catalysts.”*%* These catalysts however were not
always more active than those with only hydrogen groups on the diamine backbone
(catalysts Cr1-Cr2, Cr4 and Crl5, Entries 1-3 and 5, Table 3). The presence of the
chloride groups may lead to an increase in catalytic activity but the combined presence of
chloride and bulky tert-butyl groups could sterically hinder epoxides interacting with the
95,114

chromium metal centre.™* This trend has been previously reported in the literature.

The combination of the most active functional groups therefore offered no overall benefit.

Step 4: Optimising Catalyst Counterion

The chromium counterions present in the (currently) most active catalyst (Cr4, when
considering conversions after 3 h and 6 h) were varied, to investigate how the
nucleophilicity of different counterions affected catalyst activity (Table 6).

Table 6: Optimisation of catalyst counterion.

_N\ /N_
Jold
MeO o’ | ~o OMe
By By

Cr4, Cr11-Cr14
Cr4d: X=CI;Cr11: X=Br; Cr12: X = |;
Cr13: X = OAc; Cr14: X = OTs

Conv.3h/ TOF Conv.6h TOF Conv.24h/ TOF

a,b,c,d

Entry Catalyst % e o e % -
1 Cr4 40+4 5.27 64 +5 4.28 98 +4 1.63
2 Cril 47+ 4 6.27 755 4.97 1000 1.67
3 Cri2 26+4 3.40 43+ 4 2.87 100+ 0 1.67
4 Crl3 4+1 4.47 56+1 3.73 1000 1.67
5 Crl4 40 0.53 71 0.43 32+14 0.53

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.

b) TOF = mol of product / ((mol of catalyst) x time).

c) Conversions are the average result obtained from at least two duplicate runs and are quoted with standard
deviation values.
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d) Performed using reaction conditions in Scheme 24.
In terms of activity, the trend for different counterions was Br > Cl > OAc > | > OTs

(Entries 1-5, Table 6). The activity of the counterions follows the general periodic trend of

nucleophilicity, '8

and the empirical scales of nucleophilicity defined by Swain and
Scott'®! and by Edwards,'?* as the more nucleophilic the counterion the faster the
conversion of epoxide into cyclic carbonate. This trend has been previously reported in the
literature when chromium counterions were varied in chromium(lll) salen complexes.®
The only exceptions were the iodide and tosylate counterion, which due to their large size
may have hindered epoxides coordinating to the chromium. The most active catalyst hence

was thus catalyst Crll, with the combination of tert-butyl and methoxy groups on the

salicylaldehyde and a bromide counterion.

2.2.2 Catalytic Loading

To ensure that a catalytic loading of 2.5 mol% of the chromium(111) salophen catalysts and
TBAB (in a 1:1 ratio) was sufficient for high epoxide conversions, catalyst Cr2 was tested
at different catalytic loadings in the conversion of styrene oxide EP1 to styrene carbonate
CC1 (Table 7). Catalyst Cr2 was used in these experiments due to its ideal solubility in

numerous epoxides and it was the largest batch of catalyst available at the time.

As expected, a decrease in conversion occurred concurrently with a reduction in catalytic
loading (Entries 1-6, Table 7). With catalytic loadings of 0.1-1.5 mol%, the conversions of
styrene oxide EP1 to cyclic carbonate were slower after 3 and 6 h (Entries 1-4, Table 7)
compared to >1.5 mol% (Entries 5-6, Table 7). Using 1.5 mol% of catalyst Cr2 obtained
adequate conversions after 24 h, but not over a shorter time frame (Entry 4, Table 7).
Using 2.0 and 2.5 mol% of catalyst Cr2 achieved the highest conversions overall (Entries
5-6, Table 7), with 2.5 mol% obtaining the fastest conversions at each time point (Entry 6,
Table 7). Using 2.5 mol% of catalyst was therefore deemed necessary for cyclic carbonate

formation and used in all further tests.
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Table 7: Optimisation of catalyst loading with catalyst Cr2.

+ C02

Cr2

Catalyst Cr2 (0.1, 0.5, 1.0,
1.5, 2.0, 2.5 mol%)

TBAB (0.1, 0.5, 1.0,
1.5, 2.0, 2.5 mol%)

N

O

O

Ph (dry ice) Neat, 25 °C, 1 bar COz, 240 )/
Ph CcC1
Entryabed Cr2/ Conv.3h TOF Conv.6h TOF Conv.24h TOF/
ntry®>*
Y mol% 1 % /ht | % /h? | % h*
1 0.1 1 3.33 3 5.00 14 5.83
2 0.5 7 4.67 14 4.67 56 4.67
3 1.0 17 5.67 30 5.00 79 3.29
4 15 18 4.00 36 4.00 90 2.50
5 2.0 25 4.17 48 4.00 97 2.03
6 2.5 28+ 3 3.70 52 +6 3.44 97 +4 1.62

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.
b) TOF = mol of product / ((mol of catalyst) x time).

¢) Conversions obtained using 2.5 mol% of catalyst Cr2 are the average results obtained from four duplicate

runs and are quoted with standard deviation values.
d) Catalyst Cr2 and TBAB were kept in a 1:1 ratio in each test.

2.2.3 Epoxide Screening

When catalyst Crl1l was screened against different epoxides, in a similar manner to the
screening of catalyst Cr15, its broad scope of activity was illustrated. Catalyst Cr11l was

capable of converting aromatic, aliphatic, halogen and hydroxyl containing epoxides into

their corresponding cyclic carbonate using CO, from dry ice (Table 8).

The conversions obtained with catalyst Cr15 and Crll were very similar (Table 2 and

Table 8 respectively), with catalyst Crll noticeably showing greater reactivity for

epoxides EP1, EP7, EP9 and EP10. Catalyst Cr11 was therefore deemed more versatile
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Table 8: Screening of Cr11 against epoxides EP1-EP10.

=N_ N=

/ r\
MeO 0 | o OMe
Br
Bu Bu
Cri1
Catalyst Cr11 (2.5 mol%) @)
[0)
+Co, TBAB (2.5 mol%) o0
R (dry ice) Neat, 25 °C, 1 bar CO,, 24 h >_/
EP1-EP10 R

cc1-CCc10
1: R=Ph;2: R=Me; 3: R=Et; 4: R ="Bu; 5: R = "Oct; 6: R = CH,CI;
7: R = CH,OH; 8: R = CH,OPh; 9: R = 4-CICgH,4; 10: R = 4-BrCgH,

Epoxide Temperature Conv. 24 h

Entry? () oo 1o Yield®/ %
1 1 25 100 92
2° 2 0 N/A® 57
3 3 25 100 86
4 4 25 95 81
5 5 25 89 82
6 6 25 100 78
7 7 25 86 72
8 8 25 71 71
9 9 25 100 78
10 10 25 71 49
11 9 50 100 91
12 10 50 100 89

a) Conversions were obtained from *H NMR analysis of the unpurified reaction mixture.

b) Due to the volatility of the epoxide, the reaction was performed at 0 °C.

c) Due to the volatility of the epoxide, the conversion after 24 h was not determined.

d) Yields quoted are isolated yields, obtained by purifying the reaction mixture via column chromatography
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overall than catalyst Cr15. Interestingly there was no clear trend in terms of epoxide
reactivity with catalyst Cr11, as yields and conversions did not correlate to epoxide size or
functionality. This may be due to the ease at which epoxides can coordinate to

mononuclear salophen catalysts, and the stability of the salophen framework.

2.2.4 Conversion of Internal Epoxides

After performing this analysis, further research was performed in collaboration with Dr
José Antonio Castro-Osma at the University of Castilla-La Mancha in Spain. Dr
Castro-Osma performed the synthesis of internal, or disubstituted, cyclic carbonates with
the most active catalyst Crll. Pleasingly, catalyst Crll with TBAB was capable of
transforming internal epoxides and CO, into cyclic carbonates at elevated temperatures and
pressures or 50 °C and 50 bar of CO, respectively.'*? Catalyst Cr1l was also able to
polymerise cyclohexene oxide, with a 76% yield, narrow polydispersity (P = 1.13), and
high selectivity towards polymer formation (>99%).'!? The conversion of internal epoxides
occurred with a retention of stereochemistry. This supports the general mechanism for
cyclic carbonate formation from ring-opening epoxides and CO; insertion, with a

nucleophile and a Lewis acidic chromium metal complex®1%812

performing two
substitution reactions at the less sterically hindered carbon of the epoxide.'**% This was

investigated further (vide infra).

2.2.5 Kinetic and Mechanistic Studies

One important consideration in cyclic carbonate synthesis from epoxides and CO; is the
nucleophilicity and leaving group ability of the nucleophile. Getting the right balance
between a strong nucleophile and a good leaving group is vital. This ensures the
nucleophile can effectively ring-open the epoxide and subsequently be displaced to form a
cyclic carbonate. If the nucleophile however exhibits excellent leaving group properties,

then the reformation of the epoxide becomes a competing reaction.®
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When using chromium(l1l) salophen catalysts with a co-catalyst, the ring-opening of
epoxides can occur via a monometallic pathway or bimetallic pathway. In the
monometallic pathway the co-catalyst, or nucleophile, will ring-open an epoxide
coordinated to a metal centre and is first-order rate dependent on catalyst concentration. In
the bimetallic pathway, a metal coordinated co-catalyst, or metal coordinated nucleophile,
will ring-open a metal coordinated epoxide interacting with a different metal centre and is

second-order rate dependent on catalyst concentration (Scheme 25).1%4

@ Metal Complex

X = Counterion
Nu = Nucleophile (co-catalyst)

0]

X /\ ,>
Nu®

Q o

Nu
)
Monometallic pathway O
JYAN

R
Bimetallic pathway

Scheme 25: Monometallic and bimetallic pathways for ring-opening epoxides.***

To investigate which pathway occurs when using catalyst Cr11 and TBAB, and to further
study the reaction mechanism, a kinetic study of the synthesis of styrene carbonate using
catalyst Cr1l and TBAB (BusNBr) was performed under solvent-free conditions, 50 °C
and 1 bar of CO,. HPLC analysis was used to determine the conversion of styrene oxide
EP1 into styrene carbonate CC1. The kinetic study was performed by Dr José Antonio
Castro-Osma, thus a summary of his findings is presented. Further information, including

the kinetic plots obtained in his study, can be found in the paper published in this work.**?

It has been shown in the literature with different catalysts that the conversion of styrene
oxide to styrene carbonate, with the reaction conditions used in Jose’s kinetic study,
follows zero-order Kkinetics in the early stages of the reaction, as the epoxide is acting as a

substrate and reaction solvent. As the reaction progresses the reaction then obeys
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first-order Kinetics, as the cyclic carbonate becomes the main species in the reaction

mixtu re.84'1°2'127

The rate equations used throughout the kinetic study are shown in Figure 18. The general
rate equation for the studied reaction is summarised by Equation 1 (Figure 18). The
concentrations of CO,, Crll, and TBAB do not change during the reaction; therefore
Equation 1 can be rewritten as Equation 2 (Figure 18). As already stated, the concentration
of styrene oxide EP1 remains constant in the early stages of the reaction. Therefore, the
kinetics can be fitted to zero-order kinetics and the rate equation can be expressed as
Equation 3 (Figure 18). As the reaction proceeds, it starts to follow first-order kinetics with
respect to styrene oxide EP1 concentration; therefore the rate equation may be expressed
as Equation 4 (Figure 18).

Rate = K[EP1]2[CO,]°[Cr11]°[Bu,NBr]? (1

Rate = kops[EP1]? where ks = K[CO,]°[Cr11]°[BusNBr]” (2)

Rate = ko ops[EP1]?  Where kg ops = ko[EP1]2[CO,P[Cr11]BuyNBrlY  (3)

Rate = kq obs[EP1]  Where ki ops = k1[CO2]P[Cr11]°[BuyNBr]? (4)

Figure 18: Rate equations proposed in the formation of styrene carbonate CC1 from styrene oxide

EP1, CO; and catalyst Cr11.

Reaction order with respect to Cr11 and TBAB concentration were studied by carrying out
two sets of reactions using four different concentrations of Crll or TBAB, keeping the
concentration of the other reagent constant. When the order with respect to TBAB
concentration was studied (by varying the concentration of TBAB and keeping Crll
concentration constant), the kinetic plot of the observed first-order rate constant vs TBAB
concentration showed that the reaction followed first-order kinetics with respect to TBAB

concentration (d in Figure 18 = 1).*?

On the other hand, when the order with respect to TBAB was studied (by varying the
concentration of Crll and keeping TBAB concentration constant), the kinetic plot of the

observed first-order rate constant vs Crll concentration showed that the reaction followed
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zero-order kinetics with respect to Crll concentration (when [BusNBr] < [Crll], c in
Figure 18 = 0). However, when the kinetic study was repeated, when [BusNBr] > [Cr11],
kinetic plots of the observed first-order rate constant vs Crll concentration showed that
the reaction followed first-order kinetics with respect to Crll concentration (c in

Figure 18 = 1).1%?

Consequently, the rate equation for the synthesis of styrene carbonate CC1 from styrene
oxide EP1 catalysed by Cr11 and TBAB, when [Bu4NBr] > [Cr11] at 25 °C and 1 bar of
CO,, may be expressed as shown in Equation 5 during the early stages of the reaction and
Equation 6 during the latter stages (Figure 19). The reaction mechanism thus follows the
monometallic pathway (Scheme 25).

Rate = Ko ops Where Ko ops = ko[EP1][CO,][Cr11][BusNBr] (5)

Rate = ky ops[EP1]  Where ky gps = k4[CO,][Cr11][BuyNBr] (6)

Figure 19: The kinetically determined rate equations for the synthesis of styrene carbonate CC1
from styrene oxide EP1, CO, and catalyst Cr11, at 25 °C, 1 bar of CO2 and when [Bu;NBr] >

[Cr11].

From the Kkinetic experiments it is apparent that the chromium salophen complex Crl11 and
TBAB interact to form a new 1:1 species, the concentration of which depends upon the
concentration of the limiting catalyst component. It was hypothesised that a six coordinate

species, with two bromide anions coordinating to the chromium could be forming (Scheme

26).
_ -0 .
O QT
=N, N= Bu,NBr =N, B N=
Cr (bromide source) Cr
/ /
Meodo BrO OMe MeO o Bro OMe
By By Bu Bu
Cri1 Cr16

Scheme 26: Proposed formation of [Cr(salophen)Br,]” Cr16.
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This is not an unusual proposal, as Darensbourg reported a similar phenomenon with CI',
NOs, CN’, and NCO" anions coordinating to chromium in chromium(lll) salen based
catalysts,*%*?® and would explain the need for an excess of TBAB to study the reaction

order with respect to Crl11 concentration in the chromium salophen/TBAB catalyst system.

The formation of complex Cr16 was further studied via UV-Vis and ATR-IR analysis, in
which TBAB was added to catalyst Cr11 in a solution of DCM in 0.5 equivalents from 0.5
to 5.0 equivalents. The catalyst solution was analysed after each 0.5 equivalent addition of
TBAB. UV-Vis analysis showed an increase in absorbance at 418 and 506 nm for catalyst
Crll upon the addition of 0.5 equivalents to 3.5 equivalents of TBAB. Shifts in these
peaks also occurred from 506 to 512 nm and 423 to 413 nm respectively, suggesting the

catalyst structure was changing (Figure 20).

3.0

g N
o o
1 1

Absorbance
—
[8)]
I

Absorbance
increases from 0.5 to
5.0 equivalents of
tetrabutylammonium

-
o
]

0.5 - Tetrabutylammonium bromide
bromide
0.0 \ AN g e B WL e I o
| | | | 1
400 500 600 700 800

Wavenumber (nm)
Figure 20: UV-Vis analysis of catalyst Crll upon the addition of TBAB in 0.5 equivalent

increments in CH,CI,. Catalyst Cr11 spectra are normalised to TBAB absorbance (+0.65).

In ATR-IR analysis, two new peak appears at 697 cm™ and 738 cm™ after adding 1.5
equivalents of TBAB, both of which were absent in the spectrum of catalyst or TBAB

alone. No major changes occurred for both peaks after 3-3.5 additions of TBAB. (Figure
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21). ATR-IR analysis therefore suggests that some perturbation to the catalyst structure

occurred upon adding TBAB (or bromide anions). No other significant changes occurred.

100
95 |
—— Cat Cr11 only
90 - - — -0.5 equiv.
~ = = = =1.0 equiv.
3 g5 .. Wt s 1 5 @QUIV.
§ s 2.0 equ?v.
< 80 S 2.5 equiv.
?E === 3.0 equiv.
G 754 ---—-3.5 equiv.
® —--=-4.0 equiv.
k. .- - . MM . . . 4.5 equiv.
—————— 5.0 equiv.
65 —— Tetrabutylammonium
bromide only
60
| | | n |
850 800 750 700 650 600

Wavenumber (cm™)

Figure 21: ATR-IR analysis of catalyst Crll upon the addition of TBAB in 0.5 equivalent

increments in CH,Cl,.

The addition of TBAB and TBAC to catalyst Cr4 was also performed and analysed via
ATR-IR analysis, to investigate whether a six coordinate [Cr(salophen)CIBr]" or
[Cr(salophen)Cl,]” species could be formed and subsequently detected
(Figure 22 and Figure 23 respectively). No distinctive changes in the IR spectra occurred,

suggesting the formation of these complexes did not occur.

Although these UV-Vis and IR studies did not unequivocally prove the formation of a
[Cr(salophen)Br,] type species, the analysis suggested it was possible. Attempts to grow a
crystal structure of the [Cr(salophen)Br;] species Crl16, similar to Darensbourg’s work, to
prove the formation of Cr16 were unsuccessful.**%!?® Wwith the kinetic, UV-Vis and ATR-
IR analysis in mind, indicating a first-order dependence on the concentration of the catalyst
and TBAB and the knowledge that internal epoxides are ring-opened with a retention in
epoxide stereochemistry, an overall reaction mechanism was proposed (Scheme 27). On
addition of 1 equiv. of TBAB to Crll, the six-coordinate dibromide complex

[Cr(salophen)Br;]” (Crl16) is formed. Upon addition of the epoxide to the catalyst system
78



100 —

—— Cal Cr4 only
-=-=-- 0.5 equiv.
---=-1.0 equiv.
—---1.5 equiv.
—---2.0 equiv.
- — - ——--25equiv.
=-=--3.0 equiv.
--------- 3.5 equiv.
--------- 4.0 equiv.
— — 4.5 equiv.
— — 5.0 equiv.
Tetrabutylammonium
bromide only

— e e ey

80 — N o -

75 —

Transmittance (%)

65 —

60

I [ I [ I
850 800 750 700 650 600

Wavenumber (cm')

Figure 22: ATR-IR analysis of catalyst Cr4 upon the addition of TBAB in 0.5 equivalent

increments in CH,Cl,.
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Figure 23: ATR-IR analysis of catalyst Cr4 upon the addition of TBAC in 0.5 equivalent

increments in CH,Cl,.

an equilibrium is established between the dibromide complex Crl6 and the epoxide
adduct. It has been reported that this equilibrium is shifted toward the neutral epoxide
adduct in pure epoxide solution.'®® The non-coordinated bromide attacks the less hindered

carbon of the epoxide, causing the first inversion in stereochemistry. Then, CO; is inserted
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into the chromium-oxygen bond to form a metal carbonate which ring closes with a second
inversion to afford the cyclic carbonate with overall retention of epoxide stereochemistry.

B 19

Br © =N, Br N—g
/| \
0] (@]
Br d Br

Cr16

y

(0]
o )]\ Br ©

D B
Br R, :Br TR Re
\
>\ R1 O@
CO,
Br R2

Scheme 27: Proposed reaction mechanism for the synthesis of cyclic carbonates from epoxides and

CO, with catalyst Cr11 (and hence Cr16) and TBAB as the catalytic system."?

In summary, the conversion of epoxides into cyclic carbonates, using catalyst Cr1l with
TBAB as the catalytic system, occurs via a monometallic pathway, obeying first-order
Kinetics, and is hypothesised to occur via the formation of the six-coordinate dibromide

complex [Cr(salophen)Br,] Cr16 (Scheme 27).*2

2.2.6 Crystallisation experiments

When attempting crystallisation of catalyst Cr4, by leaving aliquots of Cr4 in THF for at
least two months, white crystals were isolated. These crystals were not of Cr4 but
intriguingly of piperazine derivative Cryl (Figure 24 and Figure 25, see 4.1 Appendix 1,
Section 4.1.2 for crystal data). A search of the Cambridge Structural Database showed

Cryl to be a novel class of compound. The formation of Cryl from the salophen ligand
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Sal4 can be explained by the hypothesised mechanism shown in Scheme 28. Salophen
ligand Sal4 is presumably formed by slow hydrolysis of Cr4 by adventitious water on
prolonged standing in solution. Traces of Cr®* present can result in formation of the radical
anion of ligand Sal4 which can then undergo a 6-endo-trig ring closure. Protonation,

further one-electron reduction and a second protonation would then give Cry1.

HN NH

Figure 25: Thermal ellipsoid plot of Cryl. Ellipsoids are shown at 50% probability and structure

was recorded at 110 K.
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Scheme 28: Hypothesised mechanism towards the formation of Cryl.

Due to lack of time, no further studies on the formation of piperazine derivative Cryl were
performed. Product Cryl was never detected during the synthesis or analysis of complex
Cr4, or after Cr4 was used catalytically to form cyclic carbonates. The potential formation
of complexes such as Cryl should be considered for the future synthesis and long-term

storage of chromium(l11) salophen complexes.

2.2.7 Comparison of Results to Literature

The catalytic system of chromium(l11) salophen complex Cr11 and TBAB is fairly active
compared to some catalytic systems in the literature, which were discussed in 2.1
Introduction. Catalyst Cr11 was similar in activity to bimetallic(acen) complexes 17-19,

with conversions for styrene oxide EP1 to styrene carbonate CCL1 reported as 85-93% after

82



24 h using identical reaction conditions, compared to 100% conversion with catalyst Cr1l

(Entry 2, Table 6 and Entry 1, Table 8).%!

Aluminium amino-tris(phenolate) complex 20 only required 0.0005 mol% of catalyst and
0.05 mol% of PPNBr at 90 °C, to convert terminal epoxides such as 1,2-epoxyhexane 24
over a 2 h period with a TOF of 36 000 h™.%* Complex 20 is therefore more active, and

efficient in terms of catalytic loading, than the combination of catalyst Cr11 and TBAB.
hhd hhd 0 °
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17:R=H 19

18: R-R = (CHy),
The conversion of styrene oxide EP1 into styrene carbonate CC1 after 24 h using catalyst
Crll (100%, Entry 2, Table 6 and Entry 1, Table 8) was on a par with the most active
heteroscorpionate catalyst (26). Aluminium heteroscorpionate complexes usually require
higher catalytic loadings (5 mol%) to achieve similar conversions, are more efficient with
10 bar pressure of CO; and 50 °C, and are not all effective in ring-opening internal

epoxides.®®* Catalyst Cr11 is therefore more effective at ring-opening terminal epoxides

under ambient conditions and internal epoxides overall.
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26
Bimetallic aluminium(l11) salen complexes such as 43 form styrene carbonate CC1 with

62% conversion and a TOF of 8.27 h™* after just 3 h with 2.5 mol% of catalyst and TBAB
at 25 °C, whereas catalyst Crl11 achieved 47% conversion and a TOF of 6.27 h™ under
identical conditions (Entry 2, Table 6).1%° At 50 bar of CO, and 50 °C, complex 42 could

achieve 95% conversion and 78% vyield of styrene oxide EP1 after 24 h, with just
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0.5 mol% of 42 and without a co-catalyst."®> One-component bimetallic aluminium(lll)
salen complex 43 could achieve 71% conversion after just 3 h with only 2.5 mol% of
catalyst and no co-catalyst.’®* Catalysts 42 and 43 are therefore more active than Cril
with TBAB. These bimetallic catalysts however achieve lower conversions for internal

epoxides into cyclic carbonates compared to catalyst Cr11.

EtZ(Bn)N N(Bn)Et,
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B Br
| tBU tBU | tBu tBu
/

42

Catalyst Crll with TBAB was more active than some reported monometallic
chromium(lIl) salen complexes. Complex 27 only achieved 20% conversion under
identical reaction conditions.®” Paddock’s chromium(III) salen complex 30 achieved 99%
conversion of styrene oxide EP1 into styrene carbonate CC1 with only 1 mol% of catalyst
and DMAP after 12 h.** This catalytic system was faster than Crl1 with TBAB, with a
TOF of 8.25 h™* (after 12 h)* compared to 6.27 h™ (after 3 h, Entry 2, Table 6). A
temperature of 75 °C was used to obtain this TOF value, therefore it is unknown if Crll

and TBAB would be slower or quicker than 30 under identical conditions.**

Ph Ph

_N N_ N=
iC(
O @)
I
CI
Bu )

Perhaps the most similar research in the literature compared to '[hIS study was performed by

T

the North group in 2016, when the monometallic chromium(lll) (51) and bimetallic
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aluminium(I11) salophen (57) complexes were synthesised. Both of these complexes are

extremely active in synthesising cyclic carbonates from epoxides.*®

= = =N_ N=
2

NEt, Et,N O NEt,

Complex 51 with TBAB was more active than Crll with TBAB, achieving 63%
conversion after only 3 h, compared to 47% conversion under identical conditions (Entry
2, Table 6). Complex 51 could also ring-open internal epoxides, with higher conversions
and yields in comparison to catalyst Cr11 and TBAB.% Complex 57 could achieve 50%
conversion of styrene oxide EP1 to styrene carbonate CC1, after 3 h at 25 °C and 1 bar
CO; pressure with only 1.5 mol% of 57 and TBAB, and obtained 41-97% conversion for
numerous terminal epoxides using the same conditions. Complex 57 and TBAB therefore
provide a more active catalytic system than Cr11 and TBAB. Complex 57 could also ring-
open internal epoxides, under identical conditions to those used with Cr11 and TBAB, and
was more active than Crll and TBAB. Complex 57 however required higher catalytic
loadings, such as 5 mol%, to achieve sufficient conversions for some internal epoxides

compared to 51 and TBAB.

2.2.8 Conclusion and Future Work

Chromium(lll) salophen complexes are suitable catalysts for the formation of cyclic
carbonate from epoxides and CO,, via green, 100% atom economy reactions and provide
an alternative and ambient CDU methodology. Cyclic carbonate formation proceeded
sufficiently with gaseous CO, from dry ice and therefore did not require dry or extremely
pure CO,. Optimisation tests of the chromium(l1l) salophen structure revealed that the
most active catalyst was catalyst Cr1l with electron donating tert-butyl and methoxy

groups on the salicylaldehyde and a bromide counterion. A catalytic loading of 2.5 mol%
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for chromium(111) salophen catalysts and TBAB was required for sufficient conversions.
Catalyst Crl1l in conjunction with TBAB was capable of converting numerous terminal
epoxides and CO; into their cyclic carbonate products under neat and ambient conditions.
The conversion of internal epoxides was also possible at increase temperatures and
pressures. The reaction mechanism for cyclic carbonate formation was proposed to obey
first-order kinetics and occur via the formation of a six coordinate [Cr(salophen)Br,] type
species. This catalytic system of catalyst Cr1l and TBAB was not the most active system

reported in the literature but was one of the most efficient under ambient conditions.

In terms of future work, further optimisation for cyclic carbonate synthesis could be
performed. For example more reaction variables could be investigated, including catalyst
to co-catalyst ratio, to determine the optimum ratio is 1:1, and temperature and pressure, to
determine if increased temperature and pressures could reduce the required catalytic
loading. Synthesising bimetallic chromium(lll) salophen catalysts to see if these
complexes could increase catalyst activity would be intriguing. In the interest of improving
the recycling capability of the catalysts, placing catalysts onto a solid support so that the
catalyst could be used repeatedly would be a fascinating endeavour. Further studies into
the mechanism and generality of formation of Cryl and related piperazines would be

interesting.
2.3 Results and Discussion Part 2: Oxazolidinone Synthesis

The development of new chromium(lIl) salophen catalysts for cyclic carbonate synthesis
was successful. Synthesising catalysts which are efficient for many chemical reactions
increases their economical value and usefulness overall. Many catalysts that are capable of
synthesising cyclic carbonates can catalyse the formation of oxazolidinones,® %2913
which are important building blocks for pharmaceutical drugs.”*> The ability of

chromium(lIl)  salophen catalysts to synthesise oxazolidinones, specifically

diphenyloxazolidin-2-one (OX1), was therefore investigated.
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2.3.1 Screening Reaction Conditions

Solvent Use and Catalytic Loading

In the first tests conducted, catalyst Cr3 and TBAB (the most active co-catalyst in cyclic
carbonate synthesis) was chosen as the initial catalytic system to investigate, due to
previous reports suggesting TBAB was an extremely efficient co-catalyst for
oxazolidinone synthesis.’?**3**% Control tests were performed in which the catalytic
components were tested as separate entities and together, to ensure both were required for
oxazolidinone synthesis. Eliminating the requirement of solvent for reactions is one of the
main principles of green chemistry, which states “the use of auxiliary substances (e.g.,
solvents) should be made unnecessary wherever possible”.3" Therefore, tests were also
performed to determine if solvent (initially acetonitrile) was required in conjunction with

chromium(111) salophen catalysts and TBAB (Table 9).

As expected, control tests indicated that without a catalyst or co-catalyst, regardless of
solvent presence, no product formation occurred (Entries 1-2, Table 9). Using TBAB alone
was a very inactive system, giving low conversions with or without solvent (22 and 27%

respectively) and preference towards the 3,5-isomer OX1B (Entries 3-4, Table 9).

Using catalyst Cr3 alone resulted in a low conversion in the presence of solvent (10%,
Entry 5, Table 9), but was exceptionally high in the absence of solvent (>99%, Entry 6,
Table 9). The catalytic loading of Cr3 was tested at 2.5 and 1.0 mol% without solvent to
investigate whether high catalytic loadings were essential (Entries 7-8 respectively, Table
9). Conversions dropped significantly, indicating 5 mol% of catalyst was required. Catalyst
Cr3 at 5 mol% had a slight preference for the 3,5-isomer in the absence of solvent, but
favoured the 3,4-isomer when the catalytic loading was decreased to 2.5 mol% (Entries 6

and 7 respectively, Table 9).

When catalyst Cr3 and co-catalyst TBAB were used simultaneously, high conversions

were obtained with or without solvent (93 and >99% respectively, Entries 9-10, Table 9).
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Table 9: Screening catalyst Cr3, TBAB and acetonitrile in the formation of oxazolidinone OX1.

Cl
Cr3 o o
Cr3
0 TBAB )J\ _Ph O)]\N,Ph
/\ + Ph—N=C=0 O N +
Ph Acetonitrile or neat \—< )—/
EP1 80°C, 24 h Ph PH
3,4 isomer (OX1A) 3,5 isomer (OX1B)
a Catalyst TBAB/ Acetonitrile Conv.24h/ . .
ENtrY" i3 mol%e  mol% / mL %P AB Tatio
1 0 0 2 0 N/A
2 0 0 0 0 N/A
3 0 5 2 22 26:74
4 0 5 0 27 40:60
5 5 0 2 10 Could not
determine
6 5 0 0 >99 48:52
7 2.5 0 0 42 53:47
Could not
8 1 0 0 <1 determine
9 5 5 2 93 41:59
10 5 5 0 >09 64:36
11 2.5 2.5 0 64 56:44
12 1 1 0 25 49:51

a) Conversions and A:B ratios were obtained from *H NMR analysis of the unpurified reaction mixture
b) Conversions are quoted for both isomer A and B compared to the epoxide starting material.
c¢) Paramagnetic nature of catalyst Cr3 meant that the ratio could not be determined.

The regioselectivity of the combined catalytic system appeared to be solvent dependent, as

in the presence of solvent the 3,5-isomer was favoured and in the absence of solvent the
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3,4-isomer OX1A was favoured (Entries 9 and 10 respectively, Table 9). The combination
of both catalysts with a solvent may therefore be creating a steric effect which results in
ring-opening of styrene oxide EP1 at the least hindered carbon, and thus favours the
3,5-isomer. When both catalytic ratios of catalyst Cr3 and TBAB were lowered from 5 to
2.5 and 1.0 mol%, in the absence of solvent, the conversions dropped significantly and
isomer preference changed from the 3,4-isomer to the 3,5-isomer (Entries 10-12, Table 9).
When TBAB or catalyst Cr3 were used alone the 3,5-isomer was favoured, regardless of
solvent presence (Entries 3-4 and 6, Table 9). This therefore indicated that the combination
of catalyst Cr3 and TBAB at high catalytic loadings without a solvent was promoting a
slight preference towards the 3,5-isomer, and with a solvent could promote slight
favourability for the 3,4-isomer. The experiments which obtained the highest conversions
(Entry, 6, 9 and 10, Table 9) were further purified via column chromatography, to

determine the most effective reaction conditions for further optimisation tests (Table 10).

Table 10: Comparing isolated yields of oxazolidinone OX1 using different reaction conditions.

—=N_ N=
cr
ool

Cl
Cr3 o o
Cr3
@] TBAB )J\ _Ph O)]\N,Ph
/\ + Ph—N=C=0 - O N +
Ph Acetonitrile or neat \—< )—/
EP1 80 °C, 24 h Ph Ph
3,4 isomer (OX1A) 3,5 isomer (OX1B)
. Acetonitrile Conv.24h/ . . Yield A/ Yield B/  Total yield
Entry I mL %" A:B ratio % % /%
1° 0 >99 48 : 52 36 39 75
20 2 93 41 :59 47 39 87
3° 2 >99 64 : 36 47 22 69

a) Conversions and A:B ratios were obtained from *H NMR analysis of the unpurified reaction mixture
b) Conversions are quoted for both isomer A and B compared to the epoxide starting material.

¢) No TBAB was used (Entry 6 in Table 9).

d) TBAB was used at 5 mol% (Entry 9 in Table 9).

e) TBAB was used at 5 mol% (Entry 10 in Table 9).
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The isolated yields for oxazolidinone OX1 were reasonable (Entries 1-3, Table 10), with
the highest yield reported when 5 mol% of both catalyst and co-catalyst were used in the
presence of acetonitrile (Entry 2, Table 10). This matched well with previous literature
reports indicating that solvent with a catalyst and co-catalyst was required for high
conversions.*® Catalyst Cr3 and TBAB, both at 5 mol% in the presence of a solvent were

therefore used in further tests.

Solvent Screening

After deciding upon the use of a solvent, numerous solvents were trialled in the formation
of oxazolidinone OX1 (Table 11). Non-polar and alternative green solvents were examined
in the interest of achieving high conversions whilst promoting sustainability. A low
catalytic loading of 1 mol% of both catalyst Cr3 and TBAB were used in order to monitor

differences in conversion more effectively (Table 11).

The non-polar solvent toluene provided the highest conversion (Entry 3, Table 11),
compared to the standard organic solvents ethyl acetate and acetonitrile (Entries 1-2, Table
11), similar to previous findings in the literature.*?**33% Non-polar solvents are often used
instead of polar solvents, despite sometimes obtaining slower conversions, as they promote
the synthesis of oxazolidinones whilst preventing side reactions such as isocyanate

trimerisation.*® Cyclic and acyclic carbonates have been highlighted as alternative green

37,45 129

solvents, and can also be used as an alternative solvent to toluene.” When ethylene,
propylene, dimethyl and diethyl carbonate were tested (EC, PC, DMC and DEC
respectively), no increase in conversion was observed (Entries 4-7, Table 11). Using p-
cymene was disastrous (Entry 8, Table 11). As expected, isomer regioselectivity changed
for each solvent (Entries 1-8, Table 11). Toluene was therefore deemed the most suitable

solvent to use in all further tests.
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Table 11: Screening solvents in the synthesis of oxazolidinone OX1.

Cl
Cr3 o o
Cr3 (1 mol%) )J\ )]\
o) TBAB(1mol%) o “n\-Ph 4+ o “N-Ph
/\ + Ph—N=C=0 -
Ph Solvent (2 mL) ! —
EP1 80 °C, 24 h Ph Ph

3,4 isomer (OX1A) 3,5 isomer (OX1B)

Entry®® Solvent / 2 mL Conv.24h/%° A:B ratio

1 Ethyl acetate 60 52 : 48
2 Acetonitrile 63 65:35
3 Toluene 69 43 : 57
4 EC 45 54 : 46
5 PC 45 64 : 36
6 DMC 36 53 : 47
7 DEC 29 47 : 53
s pomm s e

a) Conversions and A:B ratios were obtained from *H NMR analysis of the unpurified reaction mixture
b) Both catalyst Cr3 and TBAB were used at 1 mol% to see differences in conversion more clearly.
¢) Conversions are quoted for both isomer A and B compared to the epoxide starting material.

2.3.2 Screening Catalysts

To investigate if chromium(l1l) salophen catalysts with different functional groups could
synthesise OX1, six catalysts (Cr1-Cr3, Cr6-Cr8) were trialled using the optimised
reaction conditions of 5 mol% of catalyst and TBAB in toluene at 80 °C for 24 h (Table
12). All six catalysts were able to synthesise OX1 (Entries 1-6, Table 12). Intriguingly,

only catalyst Cr8 showed a major difference in catalytic conversion, reaching 78%
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conversion after 24 h (Entry 6, Table 12), compared to >99% conversion with catalysts

Cr1-Cr3 and Cr6-Cr8 (Entries 1-5, Table 12).

Table 12: Screening different catalysts in the formation of oxazolidinone OX1.

R: Ry
Crl:R;=H,R,=H,R;=H
Cr2: R;=H,R,='Bu,R; =H
=N, N= Cr3:R;=H,R,=H,R;="Bu
Cr. Cr6:R;=Me, R, =H,R;=H
Rs o/(|;|\o Rs  crr: R1 =cl, R22= H, R33= H
R, R, Cr8:R'=-(CH)4-,R,=H,R3=H

Cr1-Cr3; Cr6-Cr8
Cr1 -Cr3, 9]

o

Cr6-Cr8 (5 mol%) )]\ )]\

o TBAB (5 mol’ _Ph _Ph
/\ + Ph—N=C=0 (G mol%) . o” N *+ QN

EP1 Toluene (2 mL) \—< )—‘/

80 °C, 24 h Ph Ph
3,4 isomer (OX1A) 3,5 isomer (OX1B)

Yield A/ Yield B/ Total

Ph

Entry* Catalyst Conv.24h/%"° A:B ratio

% % yield® / %
1 crl >99% 55 : 45 62 29 91
2 cr2 >99% 54 : 46 54 a4 98
3 cr3 >99% 53 :47 56 34 90
4 Cré >99% 53 : 47 50 31 81
5 cr7 >99% 55 : 45 59 30 89
6 Crs 78% 51 : 49 23 33 56

a) Conversions and A:B ratios were obtained from *H NMR analysis of the unpurified reaction mixture
b) Conversions are quoted for both isomer A and B compared to the epoxide starting material.
¢) Yields quoted are isolated yields, obtained by purifying the reaction mixture via column chromatography.

The electronic and steric importance of functional groups on the catalysts appeared
insignificant, as most catalysts reached >99% conversion after 24 h. All six catalysts also
showed a slight preference for the formation of the 3,4-isomer, whereas the 3,5-isomer was
favoured with 5 mol% of catalyst Cr3 and co-catalyst in the presence of acetonitrile (Entry
9, Table 9). This again indicated that regioselectivity was solvent dependent. The highest

total yield reported was 98% when catalyst Cr2 was employed (Entry 2, Table 12).
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Due to using a high loading of catalyst and co-catalyst for each run, it was difficult to
determine which catalyst provided the fastest conversions. Experiments were therefore
conducted in which only 2.5 mol% of catalyst and co-catalyst was used, in order to analyse

differences in activity between catalysts Cr1-Cr3 and Cr6-Cr8 more easily (Table 13).

Table 13: Screening different catalysts in the formation of oxazolidinone OXL1.

Ry Ry
Cr1:R;=H,R,=H,R;=H
Cr2: Ry =H,R,="Bu,R3=H
=N_ N= Cr3:R;=H,R,=H,R;='Bu
Cr Cré: R, = Me, Ry = H, Ry = H
Rs o | Mo Rs o - _ _
I Cr7: R1 = Cl, R2 = H, R3 =H
R, R, Cr8: R'=-(CH);-, R,=H,R3=H

Cr1-Cr3; Cr6-Cr8
Cr1-Cr3, o)

0
Cr6-Cr8 (2.5 mol%) )J\ )]\
TBAB(25mol%) o N-Ph &+ o On-Ph

)
/\ + Ph—N=C=0 >
Ph Toluene (2 mL) \—< )—/
EP1 80 °C, 24 h Ph PH
3,4 isomer (OX1A) 3,5 isomer (OX1B)

Conv.3h/ Conv.6h/ Conv.24h

Entry*®  Catalyst % % e A:B ratio
1 Crl 55 67 82 48 : 52
2 Cr2 67 73 86 51:49
3 Cr3 39 48 64 47 : 53
4 Cr6 47 68 84 54 : 46
5 Cr7 24 36 55 51:49
6 Cr8 10 17 27 46 : 54

a) Conversions and A:B ratios were obtained from *H NMR analysis of the unpurified reaction mixture
b) Conversions are quoted for both isomer A and B compared to the epoxide starting material.

Varying the steric and electronic effects of functional groups on chromium(l1l) salophen
complexes influences oxazolidinone synthesis (Entries 1-6, Table 13). The activity trends
reported (when considering conversions reported after 3 h) for salicylaldehyde group was

ortho tert-butyl > H > para tert-butyl (Entries 1-3, Table 13) and for diamine backbone
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groups was methyl > chloride > naphthalene (Entries 4-6, Table 13). This trend was similar
to the isolated yields reported when 5 mol% of catalysts Cr1-Cr3 and Cr6-Cr8 was used
with TBAB (Table 12). The fastest catalyst overall (during the early stages of the reaction)
was Cr2 (Entry 2, Table 13) potentially due to the tert-butyl group’s electron donating +I

inductive effect pushing electron density onto the chromium metal.

When comparing conversion reported for catalyst Cr2 compared to Crl and Cr3,
conversion dropped slightly when the tert-butyl group was in the para position (Cr3, Entry
3, Table 13) but was on a par when only hydrogens were present (Crl, Entry 1, Table 13).
The electronic properties of salicylaldehyde functional groups therefore have an effect on

oxazolidinone synthesis, whereas steric effects appeared to have less influence.

In terms of varying the diamine backbone groups, steric and electronic effects influence
reaction conversion (Entries 4-6, Table 13). When considering catalysts Cr6-Cr8, placing
methyl groups onto the catalyst created a more active catalyst (Cr6, Entry 4, Table 13).
This suggests that the +I inductive effect of the methyl groups was beneficial for the
reaction. The slowest catalyst (and overall) was Cr8 (Entry 6, Table 13). The presence of
an extra aromatic ring on the diamine backbone may hinder product formation due to steric
effects, and may also explain why there was a drop in activity with Cl groups on the
diamine backbone (Cr7, Entry 5, Table 13). Differences in solubility of the catalysts in

acetonitrile would also undoubtedly affect the conversion.

Interestingly, preferences in isomer formation changed with catalytic loading (as
previously reported) and for each catalyst, with no overall distinct trend (Entries 1-6, Table
13). Subtle differences in catalyst electronic and steric effects may therefore affect product
formation. As only a handful of catalysts were analysed, and no kinetic study into the

reaction mechanism was performed, these differences in regioselectivity were unclear.
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2.3.3 Comparison of Results to Literature

This catalytic system was not the most active system reported for oxazolidinone OX1

synthesis but nevertheless was reasonably active. The catalytic loading required was low

compared to reported catalytic systems and did not require toxic solvents. For example in

2010, Chen et al. reported that 50 mol% of Mgl, etherate was required for good
37

conversions,**’ and Baba reported using antimony catalysts such as Ph,Sbl in the

extremely toxic solvent benzene to obtain sufficient conversions.*®

In terms of conversions, more active catalysts have been reported. For example, in 2014
North reported that vanadium(V) salen complexes and TBAB were capable of synthesising
oxazolidinones. In forming diphenyloxazolidin-2-one (OX1), conversions of 90% were
reported using 68 under the same reaction conditions employed in this study after only
4 h.**® Both vanadium(V) salen catalysts 68 and 69 were more active than catalysts
Crl1-Cr3 and Cr6-Cr8, as catalyst 68 obtained higher conversions in the absence of TBAB
compared to Cr3 (26% after 4 h vs 10% after 24 h, Entry 5, Table 9). Only 1 mol% of the
more active vanadium(V) salen catalyst 69 and co-catalyst would achieve 90% conversion

after 24 h, whereas 5 mol% of Cr3 was required to reach high conversions (Table 9).**

—Ns?,N— Nf,?,EN
V.
<:§ _%:} Bu— \/;OI % )-8
EtO
Bu

Paddock’s chromium(HI) salen complex 27 is more active than the tested chromium(lll)
salophen complexes. Complex 27 only required 3 mol% of catalyst, and
triphenylphosphine oxide (PPh3O) as a co-catalyst, to achieve 85-100% isolated yield of

numerous oxazolidinones (99% of OX1) at 60 °C after 6 h.'*®

Catalysts Cr1-Cr3 and Cr6-Cr8 were more active than monometallic aluminium salen

complexes 70-72, which are all inactive in forming oxazolidinones, but were less active
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than bimetallic aluminium(I1l) salen complex 42, which could give 100% conversion for
OX1 with no co-catalyst under the same reaction conditions.’** The activity of these
catalysts were on a par with aluminium heteroscorpionate complexes such as 73, which

obtained 100% conversion for OX1 under the same conditions used in this study.'®

=N_ N= =N_ N=
Cr Al
‘Bu‘do/ | ~o '‘Bu '‘Bu o’ | ~o Bu
Cl X
‘Bu Bu ‘Bu Bu
27

70: X = Et
71: X = OEt

72: X =ClI
| tBU tBU |

Ph
N\ /o o\ N, l
/AI\ ) /AI\ Et. N._ S .Et

Me Me

‘Bu 42 ‘Bu 73
The catalytic system of chromium(lll) salophen complexes and TBAB varied in

regioselectivity, with no clear trend or overall preference for the 3,4-isomer or 3,5-isomer
of diphenyloxazolidin-2-one (OX1) reported (Table 13). This was different to systems

138,139

developed by Chen*®’ or Baba, who reported selective formation of the 3,4-isomer.

North also reported a preference for the 3,4-isomer when ring-opening styrene oxide EP1
with vanadium(V) salen complexes and TBAB. In the case of styrene oxide EP1, the
3,4-isomer is usually favoured, despite the steric hindrance of the phenyl group, as ring-
opening is electronically preferred at the secondary carbon atom, or benzylic
Cq-O bond.**1%%14 vsariations in isomer preference is however not uncommon, and was
reported by Paddock and North for chromium(lll) salen complexes™®® and certain
mononuclear aluminium heteroscorpionate complexes respectively.*?® It was predicted that

sterically hindered aluminium centres in certain aluminium heteroscorpionate complexes
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favoured ring-opening at the least sterically hindered carbon and hence the 3,5-isomer of
diphenyloxazolidin-2-one, despite the electronic favourability of forming the 3,4-isomer.*?°
Subtle steric effects in chromium(lll) salophen complexes, may therefore sometimes
favour the 3,5-isomer and subtle differences in electronic effects, and therefore Lewis
acidity of the chromium metal, may sometimes be sufficient to drive regioselectivity
towards the 3,4-isomer. The slight differences in isomer preference, and in repeated
experiments (Table 12 and Table 13), may also be due to the solvent and reagents not
being vigorously dried before use. Adventitious water may therefore be acting as a

nucleophile and also ring-open the epoxide at the 3,5-isomer position.'**

2.3.4 Conclusion and Future Work

Chromium(lll) salophen complexes are suitable catalysts for the formation of
diphenyloxazolidin-2-one (OX1), from styrene oxide and phenyl isocyanate, and therefore
show promise in forming other oxazolidinones. Optimum reaction conditions were 5 mol%
of catalyst and TBAB in the presence of toluene. Catalysts Cr1-Cr3 and Cr6-Cr8 could
form oxazolidinone OX1 with satisfactory yields, and conversions were influenced by the
steric and electronic properties of the catalysts. The preferential formation of the 3,4- or
3,5-isomer of OX1 varied with catalysts and reaction conditions. Due to time restrictions,
the research into oxazolidinone synthesis using chromium(l11) salophen catalysts was only

an initial study, therefore a lot of questions remain unanswered.

In future work, all chromium(ll1) salophen complexes Cr1-Crl15 should be tested in the
synthesis of oxazolidinones, as only some of the catalysts tested in the synthesis of cyclic
carbonates were trialled in oxazolidinone synthesis. It is therefore unknown if the most
active catalyst for cyclic carbonate formation is the same for oxazolidinone synthesis.
Co-catalyst screening experiments should be performed, to investigate if other co-catalysts
provide a more active catalytic system, as TBAB may not the most active co-catalyst in

combination with chromium(l11) salophen complexes. The catalytic system of complexes
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Crl1-Cr3 and Cr6-Cr8 combined with TBAB was only investigated in the formation of
diphenyloxazolidin-2-one (OX1). Screening numerous ranges of epoxides and isocyanate
combinations in order to form different oxazolidinones should therefore be pursued, to
determine the versatility of these complexes in oxazolidinone synthesis. Performing a
kinetic and mechanistic study into the formation of oxazolidinones would also be

intriguing, in order to gain a deeper understanding of the catalytic process.

2.4 Methods and Experimental

2.4.1 General

All chemicals, including Salicylaldehyde Aldl, were provided by Alfa Aesar, Acros
Organics, Sigma-Aldrich or Fischer Scientific and were used without further purification.
Carbon dioxide was used in the form of Cardice® pellets (BOC). All reaction solvents were
HPLC grade from Fischer Scientific. Solvents were dried using a Pure Solv MD-7 solvent
purification system. For anhydrous conditions, all glassware was pre-dried in an oven
(110-120 °C), placed in vacuo and then kept under an argon atmosphere. For column
purification, 40-60 nm silica gel was used (Fluorochem) and monitored using aluminium
backed TLC silica gel Fas4 plates (Fisher Scientific). Ultrapure water was obtained from a
Milli-Q® water purification system (Purite, ONDEO, average resistivity of 18 MQ cm™ at

25 °C). In all other cases, de-ionised water was used.

2.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

All *H, 3C and *P NMR spectra were obtained from a Jeol ECS-400 or Jeol ECX-400
NMR spectrometer (400 MHz) at room temperature and analysed using MestReNova
software (Mestrelab). *H NMR spectra were referenced using the CHCI; peak of CDCl; at
7.26 ppm or TMS at 0.00 ppm, and **C NMR spectra were referenced using the middle

peak of the CDClj triplet at 77 ppm.**2
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2.4.3 Mass Spectrometry (MS)

MS analysis was run using a Bruker microTOF MS, twinned with an Agilent series 1200
LC for Electrospray lonisation (ESI) analysis, or a Water GCT Premier MS, twinned with
an Agilent (HP) 7890A GC for Electron lonisation (EI) and Liquid Injection Field
Desorption ionization (LIFDI) analysis. Samples were run and analysed by Karl Heaton

from the Chemistry Department at the University of York.

2.4.4 Attenuated Total Reflectance-Infrared Spectroscopy (ATR-IR)

ART-IR spectroscopy was performed using a PerkinElmer UATR Two ATR-IR
spectrometer and analysed with Spectrum software (PerkinElmer). Samples were analysed
neat. In the case of the mechanistic studies (Section 2.2.5), aliquots of the samples in DCM

were placed onto the spectrometer and analysed.

2.4.5 Melting Points

Melting points were measured with a Stuart SMP3 (25-350 °C) or SMP20 (25-300 °C)

melting point apparatus.

2.4.6 Inductively Coupled-Plasma Mass Spectrometry (ICP-MS)

Samples were digested in 5 mL of nitric acid (HNO3, TraceSELECT® solvent grade,
Sigma-Aldrich) and heated at 110 °C for 3 h. After cooling, the sample was dissolved in
100 mL of ultrapure water and diluted further if required. Samples were analysed with an
Agilent 7700x ICP-MS spectrometer, using nickel sample and skimmer cones whilst under
helium. Each sample was taken up for 60 s, stabilised for 40 s, and washed for 60 s (with
5% HCI for 30 s, and 2% HNOj3 for 30 s). Samples were run three times and the mean
chromium ppm or ppb value was used to determine Cr% of samples. Samples were run and
analysed by Dr Helen Parker, Andrea Mufioz Garcia or Dr Maria Garcia Gallarreta from
the Green Chemistry Centre of Excellence at the University of York, at the Biorenewables

Development Centre (BDC) in the York Science Park.
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2.4.7 X-Ray Fluorescence (XRF) Analysis

XRF analysis was performed using a Horiba XGT-7000 XRF spectrometer with an Rh
X-Ray generator. Analysis was performed with no X-Ray filter, a pre-set time of 60 s, and
an X-Ray voltage of 30 keV with a beam size of 1.2 mm. The spectrometer was calibrated
to quantify chromium and halide concentrations, using standards with known chromium
and/or halide concentrations, which were mixed together with a pestle and mortar and then
pelletised. Intensity (cps/mA) of the desired element was plotted vs known element

concentrations to produce calibration curves (Figure 26).
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Figure 26: XRF calibration curve for (a) Cl (10-33%), (b) Cr (5-25%), (c) Br (10-50%), and (d) |

(10-50%).

Samples and standards were analysed eight times, and the average intensity value was used

in subsequent calculations.

2.4.8 HPLC (High Performance Liquid Chromatography) Spectroscopy

All HPLC analysis was performed by Dr José Antonio Castro-Osma to determine reaction

kinetics. Analysis was performed using an Agilent 1220 instrument fitted with a diode-

100



array detector using a Chiralcel OD column (25 cm by 4.6 mm), using hexane/isopropyl

alcohol (80:20 v/v) as eluent and a flow rate of 1 mL min™.**2

2.4.9 Reaction Kinetics

Styrene oxide EP1 (0.2 g, 1.66 mmol), catalyst Cr1l (1, 2, 3, 4 or 5 mol%) and TBAB (1,
2, 3, 4 or 5 mol%) were placed in a sample vial fitted with a magnetic stirrer bar and
placed in a large conical flask. Cardice® pellets were added to the conical flask which was
then fitted with a rubber stopper, with a needle inserted through the rubber seal and a
deflated balloon attached to the needle (see Section 2.4.13 for further information). The
reaction mixture was stirred at 50 °C. Samples were taken at convenient intervals

(approximately every 30 min) and analysed by HPLC.'*?

2.4.10 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy was performed using a Shimadzu UV-1800 spectrometer. Analysis

was performed in solution using Quartz UV-Vis cells (Starna Scientific, 1 cm).
2.4.11 Synthesis towards Chromium(l11) Salophen Catalysts

Synthesis of Aldehydes: General Procedure

OH MgCl,, NEt;, Paraformaldehyde C|) oH R
1 > 1
Reflux, THF
R R2
74-76 Ald2 - Ald4

Ald2: R, = 'Bu, R, = H; Ald3: Ry = H, R, = Bu;
Ald4: R, = 'Bu, R, = OMe
Salicylaldehydes were synthesised by a magnesium chloride-triethylamine
ortho-formylation reaction.*** The phenol 74-76 dissolved in THF was added to a stirring
solution of MgCl, (2 equiv.) and paraformaldehyde (2 or 6 equiv.) in THF. Triethylamine
(2 equiv.) was added dropwise then the reaction mixture was refluxed (16 h). Water was
then added before extracting with CH,Cl,, with the addition of sat. ag. NH4ClI or brine if

required to aid layer separation. The CH,Cl, layer was dried (MgSQO4) and then
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concentrated in vacuo to afford an impure product, which was purified by column

chromatography.

3-(Tert-butyl)-2-hydroxybenzaldehyde (Ald2)**

Synthesised by the general procedure, using MgCl, (19.02 g, 0.20 mol) and
paraformaldehyde (19.01 g, 0.63 mol) both dissolved in THF (150 mL), 2-tert-butyl phenol
74 (15.00 g, 0.10 mol) dissolved THF (50 mL) and triethylamine (27.85 mL,
20.12 g, 0.20 mol). An aliquot (3.71 g) of the isolated impure product (a dark orange oil,
20.35 g) was purified via column chromatography with hexane:CH,Cl, (1:1) to afford the

product.

Yield: 1.25 g (light orange oil, 34%, calculated on the basis that the aliquot purified was

representative of purifying the whole sample).
R (hexane:CH,Cl,, 3:1): 0.37.

'H NMR (400 MHz): 84(CDCl3) 11.71 (1H, s, OH), 9.71 (1H, s, CHO), 7.39 (1H, dd,
J=77,16 Hz, ArH), 7.24 (1H, dd, J = 7.7, 1.6 Hz, ArH), 6.80 (1H, t, J = 7.7 Hz, ArH),

1.30 (9H, s, C(CHs)3) ppm.

3C NMR (100 MHz): 8c(CDCls) 196.99 (CHO), 161.07 (C-OH), 138.04 (ArC), 133.96

(ArC), 131.86 (ArC), 120.54 (ArC), 119.11 (ArC), 34.71 (CMej3), 29.09 (C(CHs)3) ppm.
Mass Spec El: Calc: [C11H140,]": 178.0994 (M™), found: 178.0993.

IR (selected absorbances): 2958, 2912, 2871 (C-H alkyl), 1649 (C=0), 1431

(C=C aromatic), 1195 (C-O), 854 (C-H) cm™.

5-(Tert-butyl)-2-hydroxybenzaldehyde (Ald3)**
Synthesised by the general procedure, using MgCl, (3.80 g, 0.04 mol) and
paraformaldehyde (1.32 g, 0.04 mol) both dissolved in THF (60 mL), 4-tert-butyl phenol

75 (3.00 g, 0.02 mol) dissolved in THF (50 mL) and triethylamine (5.57 mL, 4.04 g, 0.04
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mol). The isolated impure product (a dark brown oil, 3.82 g) was purified via column

chromatography with hexane:CH,CI, (1:1) to afford the product.
Yield: 1.82 g (light yellow oil, 51%).
R¢ (hexane:CH,Cly, 3:1): 0.24.

'H NMR (400 MHz): 34(CDCls) 10.78 (1H, s, OH), 9.76 (1H, s, CHO), 7.46 (1H, dd,
J =87, 25 Hz, ArH), 7.40 (1H, d, J = 2.5 Hz, ArH), 6.80 (1H, d, J = 8.7 Hz, ArH), 1.21

(9H, s, C(CH3)3) ppm.

13C NMR (100 MHz): 5¢(CDCl3) 196.99 (CHO), 159.32 (C-OH), 142.55 (ArC), 134.52

(ArC), 129.61 (ArC), 119.87 (ArC), 117.05 (ArC), 33.92 (CMes), 31.08 (C(CHa)s) ppm.
Mass Spec El: Calc: [C11H140,]"™: 178.0994 (M™), found: 178.0993.

IR (selected absorbances): 2962, 2868 (C-H alkyl), 1652 (C=0), 1483 (C=C aromatic),

1263 (C-0), 832 (C-H) cm™.

3-(Tert-butyl)-2-hydroxy-5-methoxybenzaldehyde (Ald4)'*

Synthesised by the general procedure, using MgCl, (12.02 g, 0.13 mol) and
paraformaldehyde (16.92 g, 0.56 mol) both dissolved in THF (140 mL),
2-tert-butyl-3-methoxyphenol 76 (15.01 g, 0.08 mol) dissolved in THF (50 mL) and
triethylamine (44 mL, 31.94 g, 0.31 mol). An aliquot (5.01 g) of the isolated impure
product (a dark brown oil, 18.16 g) was purified via column chromatography using

hexane:ethyl acetate (6:1) to afford the product.

Yield: 4.21 g (light orange oil, 84%, calculated on the basis that the aliquot purified was

representative of purifying the whole sample).

R (hexane:CH,Cl,, 6:1): 0.42.
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'H NMR (400 MHz): 54(CDCls) 11.51 (1H, s, OH), 9.84 (1H, s, CHO), 7.18 (1H, d,
J = 3.1 Hz, ArH), 6.82 (1H, d, J = 3.1 Hz, ArH), 3.81 (3H, s, O-Me), 1.41 (9H, s,

C(CHs)s) ppm.

3C NMR (100 MHz): 8c(CDCls) 196.62 (CHO), 156.16 (COH), 151.98 (ArC), 140.11
(ArC), 123.84 (ArC), 119.76 (ArC), 111.64 (ArC), 55.72 (OCHs), 34.59 (CMej3), 29.06

(C(CHa)s) ppm.
Mass Spec El: Calc: [C12H1605]": 208.1099 (M™), found: 208.1109.

IR (selected absorbances): 2999, 2953, 2836 (C-H alkyl), 1651 (C=0), 1428

(C=C aromatic), 1228 (C-0), 1056 (C-O-CH3) cm™.

3-(Tert-butyl)-2-hydroxy-5-nitrobenzaldehyde (Ald5)"**®**’

O OH
O OH Nitric Acid, Acetic Acid || ¢
l Bu > Bu
0 °C, ice/water mixture
NO,
Ald2 Ald5

Unpurified 3-(tert-butyl)-2-hydroxybenzaldehyde Ald2 (6.26 g, 0.04 mol) was added to a
stirring solution of glacial acetic acid (99.8%, 50 mL, 52.45 g, 0.87 mol) at 0 °C to form a
light orange solution. Nitric acid (30 mL, 42.39 g, 0.68 mol) was added to the reaction
mixture dropwise over 30 min to form a dark brown/orange solution. The solution was
then left to reach room temperature over 2 h. The reaction mixture was added to an
ice/water mixture (200 mL) to form a light orange precipitate. This precipitate was
collected and washed with water (200 mL). The isolated product was dissolved in acetone
and concentrated in vacuo to afford a dark coloured foam (5.16 g). The product was

purified via column chromatography with hexane:ethyl acetate (6:1).

Yield: 2.12 g (yellow solid, 24%).

R¢ (hexane:CH,Cl,, 6:1): 0.23.
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'H NMR (400 MHz): 8,4(CDCl3) 12.44 (1H, s, OH), 9.97 (1H, s, CHO), 8.41-8.42 (2H, m,

ArH), 1.46 (9H, s, C(CHs)3) ppm.

3C NMR (100 MHz): 8c(CDCls) 196.22 (CHO), 165.82 (C-OH), 140.66 (ArC), 131.47

(ArC), 128.68 (ArC), 127.88 (ArC), 119.32 (ArC), 35.37 (CMej3), 28.83 (C(CHz3)3) ppm.
Mass Spec El: Calc: [C11H13NO4]™: 223.0845 (M™), found: 223.0852.

IR (selected absorbances): 2955, 2857 (C-H alkyl), 1660 (C=0), 1560 (NO,), 1428

(C=C aromatic), 1320 (NO,), 1282 (C-0), 723 (C-H) cm™.
Melting point: 88.9-89.9 °C, literature: 90.4-91.0 °C.*®

Synthesis of Salophen Ligands: General Procedure

R1 R»] R1 R1
_0 >>:<< :
, oH HoN  NH, _ =N N=
Ethanol or methanol, reflux R OH HO Rs
R3 R,
Ald1-Ald10 R2Sal1-SaI10R2

1:Ry=H,R; =H,R3=H; 22 Ry =H, R, ='Bu, R3 = H; 3: R; = H, R, = H, R; = 'By;

4: R, =H, R, ='Bu, R; = OMe; 5: Ry = H, R, = 'Bu, R3 = NO,; 6: R; = Me, R, = H, R = H;

7: R1 =Cl, R2 =H, R3 =H; 8: R1 = -(CH)4-, R2 =H, R3 =H;9: R1 =Cl, R2 = tBU, R3 =H;

10: R, = Cl, R, = 'Bu, R; = OMe

The synthesis of salophen ligands was performed via condensation of a salicylaldehyde
(2 equiv.) with a diamine (1 equiv.) in the minimum volume of methanol or ethanol
required. The amine solution was added slowly to the salicylaldehyde solution, followed
by addition of a catalytic amount of glacial acetic acid (99.8%). The solution was refluxed
overnight (16 h) forming a precipitate in the reaction mixture. If required, the solid was
dissolved in CH,Cl,, washed with water, dried (MgSO,), filtered and concentrated in

vacuo to afford the final product. Alternatively, the solid precipitate was purified via

ethanol washes.
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N,N'-Bis(salicylidene)-1,2-phenylenediamine (Sal1)**

Prepared by the general procedure, using salicylaldehyde Ald1 (5.04 g, 4.40 mL, 0.04 mol)
dissolved in ethanol (50 mL) and 1,2-diaminobenzene (2.22 g, 0.02 mol) dissolved in
ethanol (30 mL). After refluxing, a precipitate was isolated from the reaction solution and

purified by washing with ethanol (5 x 10 mL).
Yield: 3.56 g (orange solid, 56%).

'H NMR (400 MHz): 84(CDCl3) 12.95 (2H, br s, OH), 8.52 (2H, s, HC=N), 7.29-7.20
(4H, m, ArH), 7.16-7.09 (4H, m, ArH), 6.94 (2H, d, J = 8.0 Hz, ArH), 6.81 (2H, td,

J=17.5,1.1Hz, ArH) ppm.

3C NMR (100 MHz): 8c(CDCls) 163.67 (C-OH), 161.31 (C=N), 142.52 (ArC), 133.34
(ArC), 132.30 (ArC), 127.67 (ArC), 119.68 (ArC), 119.18 (ArC), 118.94 (ArC), 117.52

(ArC) ppm.
Mass Spec ESI: Calc: [CooH17N20,] " 317.1285 (M+H™), found: 317.1289.
Mass Spec ESI: Calc: [CooH1sN202Na]™: 339.1104 (M+Na™), found: 339.1102.

IR (selected absorbances): 3054 (O-H), 1609 (C=0), 1479 (C=C aromatic), 1275 (C-0),

1190 (C-N), 745 (C-H) cm™.
Melting point: 164.0-164.3 °C, literature: 163.7-164.5 °C.**°

N,N'-Bis(3-tert-butylsalicylidene)-1,2-phenylenediamine (Sal2)**

Prepared by the general procedure, using 3-tert-butyl-2-hydroxybenzaldehyde Ald2
(0.42 g, 2.37 mmol) dissolved in ethanol (15 mL) and 1,2-diaminobenzene (0.12 g,
1.14 mmol) dissolved in methanol (5 mL). After refluxing, a precipitate was isolated from
the reaction solution, dissolved in 20 mL of CH,CI, and then washed with water (2 x 30
mL). The organic layer was dried (MgSO,), filtered and concentrated in vacuo to afford the

product.
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Yield: 0.32 g (orange solid, 66%).

'H NMR (400 MHz): 4(CDCl3) 13.73 (2H, s, OH), 8.66 (2H, s, HC=N), 7.38 (2H, dd,
J =77, 16 Hz, ArH) 7.35-7.32 (2H, m, ArH), 7.26-7.24 (4H, m, ArH), 6.86 (2H, t,

J=7.7Hz, ArH), 1.44 (18H, s, 2 x C(CHgs)3) ppm.

3C NMR (100 MHz): 8,(CDCls) 164.30 (C-OH), 160.78 (C=N), 142.54 (ArC), 137.85
(ArC), 130.70 (ArC), 130.48 (ArC), 127.50 (ArC), 119.70 (ArC), 119.12 (ArC), 118.13

(ArC), 34.91 (CMej3), 29.31 (C(CHs)3) ppm.
Mass Spec ESI: Calc: [CogH33N20,] " 429.2537 (M+H™), found: 429.2539.
Mass Spec ESI: Calc: [CogH3N,O,Na]*: 451.2356 (M+Na*) found: 451.2349.

IR (selected absorbances): 2944 (C-H alkyl), 1609 (C=N), 1427 (C=C aromatic), 1195

(C-0), 1106 (C-N), 741 (C-H) cm™.
Melting point: 163.3-164.0 °C.

N,N'-Bis(5-tert-butylsalicylidene)-1,2-phenylenediamine (Sal3)**

Prepared by the general procedure, using 5-(tert-butyl)-2-hydroxybenzaldehyde Ald3
(0.51 g, 2.85 mmol) dissolved in ethanol (60 mL) and 1,2-diaminobenzene (0.14 g,
1.30 mmol) dissolved in ethanol (5 mL). After refluxing, a precipitate was isolated from
the reaction solution, dissolved in 20 mL of CH,Cl, and washed with water (2 x 30 mL).
The organic layer was dried (MgSQ,), filtered and concentrated in vacuo to afford the

product.
Yield: 0.27 g (orange solid, 48%).

'H NMR (400 MHz): 54(CDCl3) 12.85 (2H, s, OH), 8.64 (2H, s, HC=N), 7.41 (2H, dd,
J =87, 2.5 Hz, ArH) 7.36-7.31 (4H, m, ArH), 7.23 (2H, dd, J = 5.9, 3.4 Hz, ArH), 6.99

(2H, d, J=8.7 Hz, ArH), 1.31 (18H, s, 2 x C(CH3)3) ppm.
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3C NMR (100 MHz): 8,(CDCls) 163.98 (C-OH), 159.09 (C=N), 142.81 (ArC), 141.56
(ArC), 130.85 (ArC), 128.59 (ArC), 127.49 (ArC), 119.57 (ArC), 118.46 (ArC), 117.09

(ArC), 33.98 (CMej3), 31.38 (C(CHs3)3) ppm.
Mass Spec ESI: Calc: [CogH33N20,] " 429.2537 (M+H™), found: 429.2534.
Mass Spec ESI: Calc: [CogH3,N2,0,Na]™: 451.2356 (M+Na™), found: 451.2345.

IR (selected absorbances): 2949 (C-H alkyl), 1619 (C=N), 1486 (C=C aromatic), 1352

(C-0), 1176 (C-N), 756 (C-H) cm™.

Melting point: 171.5-172.3 °C.

N,N*-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine (Sal4)***

Prepared by the general procedure, using 3-(tert-butyl)-2-hydroxy-5-methoxybenzaldehyde
Ald4 (5.00 g, 0.024 mol) dissolved in methanol (15 mL) and 1,2-diaminobenzene (1.18 g,
0.011 mol) dissolved in methanol (15 mL). After refluxing, a precipitate was isolated from

the reaction solution and purified by washing with ethanol (5 x 10 mL).
Yield: 3.39 g (red solid, 63%).

'H NMR (400 MHz): 84(CDCls) 13.37 (2H, s, OH), 8.63 (2H, s, HC=N), 7.34-7.31 (2H,
m, ArH) 7.27-7.24 (2H, m, ArH), 7.04 (2H, d, J = 3.1 Hz, ArH), 6.72 (2H, d, J = 3.1 Hz,

ArH), 3.79 (6H, s, OMe), 1.42 (18H, s, 2 x C(CH3)3) ppm.

3C NMR (100 MHz): 8,(CDCl3) 164.05 (C-OH), 155.55 (C=N), 151.36 (ArC), 142.46
(ArC), 139.58 (ArC), 127.47 (ArC), 119.80 (ArC), 119.70 (ArC), 118.53 (ArC), 111.82

(ArC), 55.81 (O-CHs), 35.07 (CMes), 29.23 (C(CH3)s) ppm.
Mass Spec ESI: Calc: [CoH37N20,]": 489.2748 (M+H™), found: 489.2760.

Mass Spec ESI: Calc: [CsoH3sN20sNa]*: 511.2567 (M+Na"), found: 511.2581.
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IR (selected absorbances): 2943, 2907 (C-H alkyl), 1617 (C=N), 1569 (C=C aromatic),

1265 (C-0), 1058 (C-N), 747 (C-H) cm™.

Melting point: 184.7-185.8 °C.

N,N'-Bis(3-tert-butyl-5-nitrosalicylidene)-1,2-phenylenediamine (Sal5)**

Prepared by the general procedure, using 3-(tert-butyl)-2-hydroxy-5-nitrobenzaldehyde
Ald5 (0.60 g, 2.68 mmol) dissolved in ethanol (25 mL) and 1,2-diaminobenzene (0.13 g,
1.22 mmol) dissolved in ethanol (25 mL). After refluxing, a precipitate was isolated from

the reaction solution and purified by washing with ethanol (3 x 10 mL).
Yield: 0.50 g (red solid, 79%).

'H NMR (400 MHz): 54(CDCl3) 14.81 (2H, s, OH), 8.76 (2H, s, HC=N), 8.30 (2H, d,
J=2.4Hz, ArH), 8.29 (2H, d, J = 2.4 Hz, ArH) 7.47 (2H, dd, J = 5.9, 3.4 Hz, ArH), 7.35

(2H, dd, J = 5.9, 3.4 Hz, ArH), 1.45 (18H, s, 2 X C(CHs)s) ppm.

3C NMR (100 MHz): 8,(CDCls) 166.28 (C-OH), 162.96 (C=N), 141.19 (ArC), 139.89
(ArC), 139.40 (ArC), 128.91 (ArC), 125.81 (ArC), 119.68 (ArC), 117.96 (ArC), 117.09

(ArC), 35.37 (CMej3), 28.98 (C(CHs3)3) ppm.
Mass Spec ESI: Calc: [CogH3oN4OgNa]*: 541.2058 (M+Na*), found: 541.2047.

IR (selected absorbances): 2957, 2909, 2870 (C-H alkyl), 1607 (C=N), 1587 (NO,), 1467

(C=C aromatic), 1324 (NO, stretch), 1229(C-0), 1112 (C-N), 756 (C-H) cm™.
Melting point: 268.1-268.5 °C.

N,N'-Bis(salicylaldehyde)-4,5-dimethyl-1,2-phenylenediamine (Sal6)**

Prepared by the general procedure, using salicylaldehyde Aldl (1.72 mL, 1.97 g,
16.1 mmol) dissolved in methanol (10 mL) and 4,5-dimethyl-1,2-phenylenediamine
(0.99 g, 7.27 mmol) dissolved in ethanol (30 mL). After refluxing, a precipitate was

isolated from the reaction solution, dissolved in 40 mL of CH,Cl, and washed with water
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(2 x 40 mL). The organic layer was dried (MgSQ,), filtered and concentrated in vacuo to

afford the product.
Yield: 1.77 g (light brown solid, 71%).

'H NMR (400 MHz): 84(CDCl3) 13.21 (2H, s, OH), 8.62 (2H, s, HC=N), 7.40-7.32 (4H,
m, ArH) 7.05 (2H, d, J = 8 Hz, ArH) 7.04 (2H, br s, ArH), 6.91 (2H, t, J = 7.5, 1.1 Hz,

ArH), 2.33 (6H, s, 2 x CH3) ppm.

3C NMR (100 MHz): 8,(CDCl3) 162.74 (C-OH), 161.27 (C=N), 140.01 (ArC), 136.34
(ArC), 133.02 (ArC), 132.12 (ArC), 120.62 (ArC), 119.31 (ArC), 118.83 (ArC), 117.46

(ArC), 19.53 (CH3) ppm.
Mass Spec ESI: Calc. for [C»H21N,0,]": 345.1598 (M+H"), found: 345.1604.

IR (selected absorbances): 2916 (C-H alkyl), 1613 (C=N), 1487 (C=C aromatic), 1276

(C-0), 1182 (C-N), 763 (C-H) cm™.
Melting point: Decomposes <250 °C.

N,N'-Bis(salicylaldehyde)-4,5-dichloro-1,2-phenylenediamine (Sal7)**

Prepared by the general procedure, using salicylaldehyde Ald1 (1.33 mL, 1.52 g, 12.4 mol)
dissolved in ethanol (30 mL) and 4,5-dichloro-1,2-benzenediamine (1.01 g, 5.71 mmol)
dissolved in ethanol (30 mL). After refluxing, a precipitate was isolated from the reaction

solution and purified by washing with ethanol (3 x 10 mL).
Yield: 1.77 g (yellow solid, 80%).

'H NMR (400 MHz): 84(CDCls) 12.62 (2H, s, OH), 8.61 (2H, s, HC=N), 7.44-7.37 (4H,
m, ArH) 7.34 (2H, s, ArH), 7.05 (2H, m, ArH), 6.96 (1H, dd, J = 7.6, 1.2 Hz, ArH), 6.94

(1H, dd, J=7.6, 1.2 Hz, ArH) ppm.
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3C NMR (100 MHz): 8,(CDCls) 164.66 (C-OH), 161.37 (C=N), 142.01 (ArC), 134.08
(ArC), 132.67 (ArC), 130.96 (ArC), 121.19 (ArC), 119.27 (ArC), 118.86 (ArC), 117.68

(ArC) ppm.
Mass Spec ESI: Calc. for [CooH15>°CloN,0,]": 385.0505 (M+H"), found: 385.0501.
Mass Spec ESI: Calc. for [CooH14>°CI,N,0;Na]*: 407.0325 (M+Na®), found: 407.0324.

IR (selected absorbances): 3329 (O-H), 1610 (C=N), 1468 (C=C aromatic), 1278 (C-O),

1151 (C-N), 756 (C-CI) cm™.
Melting point: 194.9-195.5 °C.

N,N'-Bis(salicylaldehyde)-2,3-diaminonaphthalene (Sal8)**°

Prepared using the general procedure, using salicylaldehyde Aldl (1.49 mL, 1.71 g,
14.0 mmol) dissolved in methanol (20 mL) and 2,3-diaminonaphthalene (1.01 g,
6.38 mmol) dissolved in ethanol (20 mL) and methanol (30 mL). After refluxing, a
precipitate was isolated from the reaction solution and purified by washing with ethanol

(4 x 10 mL).
Yield: 1.39 g (dark orange solid, 59%).

'H NMR (400 MHz): 4(CDCl3) 13.02 (2H, s, OH), 8.75 (2H, s, HC=N), 7.87 (2H, dd,
J=6.1, 3.3 Hz, ArH), 7.60, (2H, s, ArH), 7.53-7.47 (2H, m, ArH) 7.47-7.34 (4H, m, ArH),

7.07 (2H, d, J = 7.9 Hz, ArH), 6.95 (2H, td, J = 7.5, 1.0 Hz, ArH) ppm.

3C NMR (100 MHz): 8,(CDCls) 163.88 (C-OH), 161.45 (C=N), 142.27 (ArC), 133.64
(ArC), 133.48 (ArC), 132.72 (ArC), 132.28 (ArC), 127.69 (ArC), 126.36 (ArC), 119.01

(ArC), 117.59 (ArC), 116.73 (ArC) ppm.
Mass Spec ESI: Calc. for [CosH19N>0,]": 367.1441 (M+H"), found: 367.1435.

Mass Spec ESI: Calc. for [C2H1sN,O,Na]": 389.1260 (M™), found: 389.1249.
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IR (selected absorbances): 1604 (C=N), 1491 (C=C aromatic), 1272 (C-O), 1147 (C-N),

746 (C-H) cm™.
Melting point: 188.6-189.2 °C.

N,N'-Bis(3-tert-butylsalicylidene)-4,5-dichloro-1,2-phenylenediamine (Sal9)

Prepared by the general procedure, using 3-(tert-butyl)-2-hydroxybenzaldehyde Ald2
(0.28 g, 1.57 mmol) dissolved in methanol (5 mL) and dichloro-1,2-benzenediamine
(0.14 g, 0.78 mmol) dissolved in methanol (2 mL). After refluxing, a precipitate was

isolated from the reaction solution and purified by washing with ethanol (2 x 10 mL).
Yield: 0.22 g (light orange/dark yellow solid, 59%).

'H NMR (400 MHz): 8(CDCls) 13.34 (2H, s, OH), 8.63 (2H, s, HC=N), 7.41 (2H, dd,
J =78, 15 Hz, ArH), 7.35 (2H, d, J = 1.6 Hz, ArH), 7.26 (1H, d, J = 1.6 Hz, ArH), 7.25

(1H, d, J = 7.8 Hz, ArH), 6.88 (2H, t, J = 7.7 Hz, ArH), 1.42 (18H, s, 2 X C(CH3)s) ppm.

13C NMR (100 MHz): 8,(CDCls) 165.18 (C-OH), 160.38 (C=N), 141.97 (ArC), 138.01
(ArC), 131.22 (ArC), 131.04 (ArC), 130.74 (ArC), 121.13 (ArC), 118.80 (ArC), 118.48

(ArC), 34.92 (CMej3), 29.28 (C(CHs3)3) ppm.
Mass Spec ESI: Calc: [CosH31*°CloN,0,] = 497.1757 (M+H™), found: 497.1753.
Mass Spec LIFDI: Calc: [CagH31*°CloN,0,]" = 497.17 (M+H"), found: 497.17.

IR (selected absorbances): 2962, 2869 (C-H alkyl), 1607 (C=N), 1460 (C=C aromatic),

1193 (C-0), 1146 (C-N), 874.54 (C-Cl), 741 (C-H) cm™.
Melting point: 168.0-168.9 °C.

N,N'-Bis(3-tert-butyl-5-methoxysalicylidene)-4,5-dichloro-1,2-phenylenediamine (Sal10)
Prepared by the general procedure, using 3-(tert-butyl)-2-hydroxy-5-methoxybenzaldehyde
Aldd (032 g, 152 mmol) dissolved in methanol (10 mL) and

4,5-dichloro-1,2-benzenediamine (0.056 g, 0.32 mmol) dissolved in methanol (5 mL). A
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precipitate was isolated from the reaction solution and purified by washing with ethanol

(2x 10 mL).
Yield: 0.16 g (red solid, 90%).

'H NMR (400 MHz): 54(CDCls) 12.95 (2H, s, OH), 8.54 (2H, s, HC=N), 7.29 (2H, s,
ArH), 6.99 (2H, d, J = 3.1 Hz, ArH), 6.65 (2H, d, J = 3.1 Hz, ArH), 3.72 (6H, s, O-Me),

1.34 (18H, s, 2 x C(CH3)3) ppm.

3C NMR (100 MHz): 8(CDCl5) 164.90 (C-OH), 155.70 (C=N), 151.53 (ArC), 141.90
(ArC), 139.78 (ArC), 130.70 (ArC), 121.19 (ArC), 120.61 (ArC), 118.02 (ArC), 111.76

(ArC), 55.77 (O-Me), 35.08 (CMej3), 29.19 (C(CHs)s) ppm.
Mass Spec ESI: Calc: [CaoHzs>"CloN,04] " 557.1968 (M+H*), found: 557.1972.
Mass Spec LIFDI: Calc: [CsoHss>"Cl,N,04]*: 557.19 (M+H"), found: 556.20.

IR (selected absorbances): 2945, 2908 (C-H alkyl), 1612 (C=N), 1446 (C=C aromatic),
1332 (C-O from COCHgj), 1115 (C-O), 1054 (C-N), 846 (C-CI), 793

(C-H) cm™.
Melting point: 188.9-189.3 °C.

Synthesis of Chromium(l11) Salophen Chloride Complexes: General Procedure

Q CrCl,, THF Q

=N N= (i) Argon, 24 h _N\CI;'N_
Y )
Rs OH HO R, (NAIn24h p 0 ‘\o Rs
Cl
R2 R2 R2 R2
Sal1-Sal10 Cr1-Cr10, Cr15

Cr1:R;=H,R,=H,R3=H; Cr2: R; = H, R, = 'Bu, R3 = H; Cr3: R; = H, R, = H, R3 = 'Bu;
Cr4: R, = H, R, = 'Bu, R = OMe; Cr5: Ry = H, R, = 'Bu, R3 = NO,; Cr6: R; = Me, R, = H, R3 = H;
Cr7: R, = Cl, Ry, =H, R3 = H; Cr8: R = -(CH)4-, R, =H, R3 = H; Cr9: R; = Cl, R, = 'Bu, R3 = H;
Cr10: R, = Cl, R, = 'Bu, R; = OMe; Cr15: R, = H, R, = 'Bu, R = 'Bu;
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Chromium(lll) salophen chloride complexes were synthesised following the standard
method as reported by Darensbourg.”® The salophen ligand (1 equiv.) and anhydrous CrCl,
(1.0-1.7 equiv., unless otherwise stated) were both placed in a pre-dried round-bottom flask
and then purged with argon. Once purged, dry THF was added and the reaction mixture
was stirred under argon (24 h). Air was then bubbled through the mixture (24 h). Diethyl
ether was added and the organic layer was washed with sat. ag. NH4Cl and sat. brine. The
organic layer was dried (Na,SO4 or MgSQ,) and the solvent was removed under reduced
pressure to give the chromium(lll) salophen complex. All complexes were purified by
washes or soxhlet washes with hexane. N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-
phenylenediamine chromium(lll) chloride catalyst Cr15 had been previously synthesised
by Dr José Antonio Castro-Osma, at the Green Chemistry Centre of Excellence at the
University of York. Due to the paramagnetic nature of these catalysts, NMR spectra could

not be obtained.

N,N'-Bis(salicylidene)-1,2-phenylenediamine chromium(I11) chloride (Cr1)®

Prepared by the general procedure, using dry THF (50 mL),
N,N'-bis(salicylidene)-1,2-phenylenediamine Sall (0.80 g, 2.54 mmol) and CrCl; (0.32 g,
2.56 mmol). After stirring under argon then air, a solid precipitate formed in the reaction
mixture and was isolated to afford the product (0.68 g). To ensure the entire product was
collected, diethyl ether (50 mL) was added to the filtrate and then washed with sat. aq.
NH4Cl (4 x 40 mL) and sat. brine (4 x 40 mL). The organic layer was dried (MgSQ,),

filtered and concentrated in vacuo to afford more product (0.25 g).
Yield: 0.93 g (dark brown solid, 91%).
Mass Spec ESI: Calc: [CoH14CrN,O,]": 336.0455 (M*-CI), found: 336.0463.

Mass Spec LIFDI: Calc: [CxH14CrN,0,]": 336.05 (M*-Cl), found: 336.05.
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IR (selected absorbances): 1606 (C=N), 1537 (C=C aromatic), 1189 (C-O), 1150 (C-N),

749 (C-H) cm™.

Melting point: >350 °C.

XRF: Expected ratio Cr/Cl: 1/1, experimental ratio: 1/1.29 + 0.10.
ICP-MS: Expected Cr%: 12.9%, experimental Cr%: 12.6% = 0.80.

N,N'-Bis(3-tert-butylsalicylidene)-1,2-phenylenediamine chromium(l11) chloride (Cr2)%
Prepared by the general procedure, using dry THF (35 mL),
N,N'-bis(3-tert-butylsalicylidene)-1,2-phenylenediamine Sal2 (0.20 g, 0.46 mmol) and
CrCl, (0.080 g, 0.65 mmol). After stirring under argon then air, diethyl ether (35 mL) was
added and washed with sat. ag. NH4ClI (3 x 50 mL) and sat. brine (3 x 50 mL). The organic

layer was dried (MgSQ,), filtered and concentrated in vacuo to afford the product.
Yield: 0.18 g (dark brown/red solid, 76%).

Mass Spec ESI: Calc: [CogH30CrN,0,]": 478.1707 (M*-CI), found: 478.1715.
Mass Spec LIFDI: Calc: [CasH3oCr*°CIN,O,]": 513.14 (M*), found: 513.15.

IR (selected absorbances): 2953 (C-H alkyl), 1601 (C=N), 1385 (C=C aromatic), 1185

(C-0), 1026 (C-N), 748 (C-H) cm™.

Melting point: >350 °C.

XRF: Expected ratio Cr/Cl: 1/1, experimental ratio: 1/0.73 = 0.05.
ICP-MS: Expected Cr%: 10.12%, experimental Cr%: 9.84% =+ 3.20.

N,N'-Bis(5-tert-butylsalicylidene)-1,2-phenylenediamine chromium(111) chloride (Cr3)*
Prepared by the general procedure, using dry THF (50 mL),
N,N'-bis(5-tert-butylsalicylidene)-1,2-phenylenediamine Sal3 (0.51 g, 1.18 mmol) and

CrCl; (0.15 g, 1.19 mmol). After stirring under argon then air, a solid precipitate formed in
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the reaction mixture and was isolated to afford the product (0.21 g). To ensure the entire
product was collected, diethyl ether (50 mL) was added to the filtrate and then washed with
sat. ag. NH4Cl (3 x 50 mL) and sat. brine (2 x 50 mL). The organic layer was dried

(MgSO,), filtered and concentrated in vacuo to afford more product (0.36 g).
Yield: 0.57 g (dark brown solid, 94%).

Mass Spec ESI: Calc: [CogH30CrN,0,]": 478.1707 (M*-CI), found: 478.1698.
Mass Spec LIFDI: Calc: [CasH3oCr*°CIN,O,]": 513.17 (M*), found: 513.18.

IR (selected absorbances): 2956, 2918, 2649 (C-H alkyl), 1614 (C=N), 1579

(C=C aromatic), 1260 (C-O), 1180 (C-N), 746 (C-H) cm™.
Melting point: >350 °C.

XRF: Expected ratio Cr/Cl: 1/1, experimental ratio: 1/0.97 + 0.06.
ICP-MS: Expected Cr%: 10.1%, experimental Cr%: 10.2% % 0.90.

N,N"-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(l11)
chloride (Cr4)*®

Prepared by the general procedure, using dry THF (10 mL),
N,N'-bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine ~ Sal4  (0.047 g,
0.096 mmol) and CrCl;, (0.017 g, 0.14 mmol). After stirring under argon then air, diethyl
ether (20 mL) was added, and washed with sat. aq. NH4Cl (2 x 20 mL) and sat. brine
(2 x 50 mL). The organic layer was dried (MgSQ,), filtered and concentrated in vacuo to

afford the product.
Yield: 0.050 g (dark red solid, 91%).
Mass Spec ESI: Calc: [C3oH34CrN,0,]": 538.1918 (M*-CI), found: 538.1918.

Mass Spec LIFDI: Calc: [C3oH34Cr*°CIN,O4]": 573.16 (M*), found: 573.18.
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IR (selected absorbances): 2917 (C-H alkyl), 1601 (C=N), 1532 (C=C aromatic), 1361

(C-O from COCHjs), 1211 (C-0), 1050 (C-N), 744 (C-H) cm™.
Melting point: >350 °C.

XRF: Expected ratio Cr/Cl = 1/1, experimental ratio = 1/0.96 + 0.07.
ICP-MS: Expected Cr%: 9.1%, experimental Cr%: 8.3% = 0.06.

N,N'-Bis(3-tert-butyl-5-nitrosalicylidene)-1,2-phenylenediamine chromium(l11) chloride
(Cr5)®

Prepared by the general procedure, using dry THF (50 mL),
N,N'-bis(3-tert-butyl-5-nitrosalicylidene)-1,2-phenylenediamine Sal5 (0.10 g, 0.19 mmol)
and CrCl; (0.032 g, 0.26 mmol). After stirring under argon then air, diethyl ether (50 mL)
was added, and washed with sat. ag. NH4Cl (2 x 50 mL) and sat. brine (2 x 50 mL). The

organic layer was dried (MgSQ,), filtered and concentrated in vacuo to afford the product.
Yield: 0.106 g (dark brown solid, 92%).
Mass Spec ESI: Calc: [CsH2sCr®CIN,Og]": 603.1098 (M™), found: 603.1205.

IR (selected absorbances): 2958, 2921, 2854 (C-H alkyl), 1607 (C=N), 1587 (N-O) 1523

(C=C aromatic), 1323 (C-0), 1285 (N-0) 1199 (C-N), 744 (C-H) cm™.
Melting point: >350 °C.

N,N’'-Bis(salicylaldehyde)-4,5-dimethyl-1,2-phenylenediamine chromium(l11) chloride
(Cre)*®

Prepared by the general procedure, using dry THF (45 mL),
N,N'-bis(salicylaldehyde)-4,5-dimethyl-1,2-phenylenediamine Sal6 (0.19 g, 0.55 mmol)
and CrCl;, (0.085 g, 0.63 mmol). After stirring under argon then air, a solid precipitate
formed in the reaction mixture and was isolated to afford the product (0.086 g). To ensure

the entire product was collected, diethyl ether (40 mL) was added to the filtrate and then
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washed with sat. ag. NH4Cl (2 x 40 mL) and sat. brine (2 x 40 mL). The organic layer was

dried (MgSO0,), filtered and concentrated in vacuo to afford more product (0.078 g).
Yield: 0.16 g (dark brown solid, 68%).

Mass Spec ESI: Calc: [Co;H18CrN,0,]": 394.0768 (M*-ClI), found: 394.0756.
Mass Spec LIFDI: Calc: [Cx2H1sCr*°CIN,O,]": 429.05 (M*), found: 429.08.

IR (selected absorbances): 2917, 2846 (C-H alkyl), 1592 (C=N), 1461 (C=C aromatic),

1259 (C-0), 1027 (C-N), 751 (C-H) cm™.

Melting point: >350 °C.

XRF: expected ratio Cr/Cl = 1/1, experimental ratio = 1/0.70 + 0.11.
ICP-MS: Expected Cr%: 12.1%, experimental Cr%: 10.4% % 0.90.

N,N'-Bis(salicylaldehyde)-4,5-dichloro-1,2-phenylenediamine chromium(I11) chloride
(cr7)®

Prepared by the general procedure, using dry THF (25 mL),
N,N'-bis(salicylaldehyde)-4,5-dichloro-1,2-phenylenediamine Sal7 (0.29 g, 0.76 mmol)
and CrCl, (0.15 g, 1.22 mmol). After stirring under argon then air, a solid precipitate
formed in the reaction mixture and was isolated to afford the product (0.20 g). To ensure
the entire product was collected, diethyl ether (30 mL) was added to the filtrate and then
washed with sat. aq. NH4CI (3 x 30 mL) and sat. brine (3 x 30 mL). The organic layer was

dried (MgSO0,), filtered and concentrated in vacuo to afford more product (0.070 g).
Yield: 0.27 g (dark brown/red solid, 75%).
Mass Spec ESI: Calc: [CaoH1,>°Cl,CrN,0,]*: 433.9676 (M*-Cl), found: 433.9653.

Mass Spec LIFDI: Calc: [CaoH1,>Cl,CrN,0,]": 433.97 (M*-Cl), found: 433.98.
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IR (selected absorbances): 2918, 2849 (C-H alkyl), 1607 (C=N), 1530 (C=C aromatic),

1148 (C-0), 1029 (C-N), 752 (C-Cl) cm™.

Melting point: >350 °C.

XRF: Expected ratio Cr/Cl = 1/3, experimental ratio = 1/3.37 + 0.08.
ICP-MS: Expected Cr%: 11.1%, experimental Cr%: 8.3 + 0.80.

N,N'-Bis(salicylaldehyde)-2,3-diaminonaphthalene chromium(l11) chloride (Cr8)®

Prepared by the general procedure, using dry THF (15 mL),
N,N'-bis(salicylaldehyde)-2,3-diaminonaphthalene Sal8 (0.30 g, 0.82 mmol) and CrCl,
(0.15 g, 1.23 mmol). After stirring under argon then air, a solid precipitate formed in the
reaction mixture and was isolated to afford the product (0.21 g). To ensure the entire
product was collected, diethyl ether (30 mL) was added to the filtrate and then washed with
sat. ag. NH4Cl (3 x 30 mL) and sat. brine (3 x 30 mL). The organic layer was dried

(MgSO,), filtered and concentrated in vacuo to afford more product (0.10 g).
Yield: 0.31 g (dark brown/red solid, 84%).

Mass Spec ESI: Calc: [Co4H16CrN,0,]": 416.0622 (M*-CI), found: 416.0634.
Mass Spec LIFDI: Calc: [C24H16Cr*°CIN,O,]": 451.03 (M*), found: 451.04.

IR (selected absorbances): 2917, 2849 (C-H alkyl), 1604 (C=N), 1530 (C=C aromatic),

1197 (C-0), 1150 (C-N), 747 (C-H) cm™.
Melting point: >350 °C.
XRF: Expected ratio Cr/Cl = 1/1, experimental ratio = 1/0.79 £ 0.10.

ICP-MS: Expected Cr%: 11.5%, experimental Cr%: 8.8% + 3.10.
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N,N’-Bis(3-tert-butylsalicylidene)-4,5-dichloro-1,2-phenylenediamine chromium(l1l)
chloride (Cr9)

Prepared by the general procedure, using dry THF (20 mL),
N,N'-bis(3-tert-butylsalicylidene)-4,5-dichloro-1,2-phenylenediamine  Sal9 (0.035 g,
0.069 mmol) and CrCl;, (0.015 g, 0.12 mmol). After stirring under argon then air, diethyl
ether (15 mL) was added, and washed with sat. aq. NH4Cl (2 x 15 mL) and sat. brine
(2 x 15 mL). The organic layer was dried (MgSQ,), filtered and concentrated in vacuo to

afford the product.

Yield: 0.033 g (dark brown solid, 82%).

Mass Spec ESI: Calc: [CogH2sCI2,CrN,0,]": 546.0928 (M*-Cl), found: 546.0913.
Mass Spec LIFDI: Calc: [CagH2sClsCrN,O,]": 581.06 (M™), found: 581.08.

IR (selected absorbances): 2917 (C-H alkyl), 1596 (C=N), 1530 (C=C aromatic), 1187

(C-0), 1147 (C-N), 870 (C-Cl), 749 (C-H) cm™,

Melting point: >350 °C.

XRF: Expected ratio Cr/Cl = 1/3, experimental ratio = 1/2.85 + 0.17.
ICP-MS: Expected Cr%: 8.9%, experimental Cr%: 8.3% =+ 2.30.

N,N'-Bis(3-tert-butyl-5-methoxysalicylidene)-4,5-dichloro-1,2-phenylenediamine
chromium(l11) chloride (Cr10)

Prepared by the general  procedure, using dry THF (20 mL),
N,N'-bis(3-tert-butyl-5-methoxysalicylidene)-4,5-dichloro-1,2-phenylenediamine ~ Sal10
(0.016 g, 0.029 mmol) and CrCl, (0.015 g, 0.12 mmol, 4.1 equiv.). After stirring under
argon then air, diethyl ether (20 mL) was added, and washed with sat. ag. NH4Cl (2 x 20
mL) and sat. brine (2 x 20 mL). The organic layer was dried (MgSQ,), filtered and

concentrated in vacuo to afford the product.
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Yield: 0.016 (dark brown solid, 86%).
Mass Spec ESI: Calc: [CoH3>°Cl,CrN,0,4]": 606.1140 (M*-ClI), found: 606.1134.
Mass Spec LIFDI: Calc: [C3oH3,>°CI5CrN,04]": 643.11 (M*), found: 643.08.

IR (selected absorbances): 2919, 2850 (C-H alkyl), 1597 (C=N), 1530 (C=C aromatic),

1357 (C-O from COCHs), 1159 (C-0), 1057 (C-N), 822 (C-Cl), 778 (C-H) cm™.
Melting point: >350 °C.

XRF: Expected ratio Cr/Cl = 1/3, experimental ratio = 1/2.83 £ 0.18.

ICP-MS: Expected Cr%: 8.1%, experimental Cr%: 8.2% * 2.20.

Synthesis of Chromium(l11) Salophen Complexes with Different Counterions

N,N'-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(111)

bromide (Crll)

_N N_ Stir with =N, N=
sat. agq. NaBr /Cr\
OMe —— > MeO @) 0] OMe
CH,Cl,
Bu Br gy

N,N'-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(l1l)
chloride Cr4 (0.50 g, 0.86 mmol) was dissolved in CH,Cl, (45 mL), to form a dark red
solution which was stirred with sat. ag. NaBr solution (65 mL). The reaction mixture was
left stirring vigorously for 5 days. The red organic layer was then extracted from the clear
aqueous layer, dried (MgSO0,), filtered and concentrated in vacuo to afford a dark red solid.

The solid was then washed with hexane (4 x 10 mL) and dried to give the final product.
Yield: 0.27 g (dark red solid, 51%).

Mass Spec LIFDI: Calc: [C3oH34CrN»O4]" = 538.19 (M™*-Br), found: 538.21.
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Mass Spec LIFDI: Calc: [C3oHzs *BrCrN,04]" = 617.11 (M™), found: 617.09.

IR (selected absorbances): 2953 (C-H alkyl), 1601 (C=N), 1533 (C=C aromatic), 1359

(C-O from COCHjg), 1208 (C-0), 1055 (C-N), 751 (C-H) cm™.

Melting point: >350 °C.

XRF: Expected Ratio Cr/Br = 1/1, experimental ratio = 1/0.75 + 0.06. No Cl was detected.
ICP-MS: Expected Cr%: 8.41%, experimental Cr%: 7.00% + 5.4.

N,N*-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(l1I)

iodide (Cr12)**?

—N N— Stir with —N N=
sat. aq Nal Cr
OMe
C H,Cl,
Bu

Cr12
N,N’ -B|s(3-tert-butyl-5-methoxysa||cyI|dene)-1,2-phenylenediamine chromium(l11)

chloride Cr4 (0.082 g, 0.14 mmol) was dissolved in CH,Cl, (20 mL), to form a dark red
solution which was stirred with sat. ag. Nal solution (55 mL). The reaction mixture was
left stirring vigorously for 7 h. The red organic layer was then extracted from the clear
aqueous layer, washed with water (50 mL), dried (Na,SO,), filtered and concentrated in
vacuo to afford the product as a dark red, sticky solid
(0.071 g). The product was washed with hexane (2 x 5 mL) and dried to give the final

product.
Yield: 0.049 g (dark red solid, 53%).
Mass Spec LIFDI: Calc: [C3H34CrN,0,4]" = 538.19 (M*-I), found: 538.19.

Mass Spec LIFDI: Calc: [C3oH34CrIN,0,4]" = 665.10 (M"), found: 665.09.
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IR (selected absorbances): 2923 (C-H alkyl), 1602 (C=N), 1533 (C=C aromatic), 1359

(C-O from COCHjs), 1207 (C-0), 1057 (C-N), 751 (C-H) cm™.
Melting point: >350 °C.

XRF: No Cl was detected.

ICP-MS: Expected Cr%: 7.81%, experimental Cr%: 9.65% + 1.60.

N,N'-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(l11)

—N N— Stir with =N. .N=
sat. ag. NaOAc P
OMe —— > MeO 0] (@] OMe
CH,Cl,
Bu OACtBu

Bu

Cr13
N,N’ -B|s(3-tert-butyl-5-methoxysa|icylidene)-1,2-phenylenediamine chromium(l111)

acetate (Cr13)'*3%>*

chloride Cr4 (0.10 g, 0.18 mmol) was dissolved in CH,Cl, (20 mL), to form a dark red
solution which was stirred with sat. ag. NaOAc solution (55 mL). The reaction mixture
was left stirring vigorously for three days. The red organic layer was then extracted from
the clear aqueous layer, washed with water (50 mL), dried (Na,SO,), filtered and
concentrated in vacuo to afford the product. The dark red solid was then washed with

hexane (2 x 5 mL) and dried to afford the final product.

Yield: 0.087 g (dark red solid, 81%).

Mass Spec LIFDI: Calc: [C3oH34CrN,O4]" = 538.19 (M*-OAc), found: 538.19.
Mass Spec LIFDI: Calc: [C3,H37CrN,Og]" = 597.21 (M), found: 597.20.

IR (selected absorbances: 2930 (C-H alkyl), 1602 (C=N), 1531 (C=C aromatic), 1360

(C-O from COCHj), 1207 (C-0), 1058 (C-N), 748 (C-H) cm™.

Melting point: >350 °C.
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XRF: No Cl was detected.
ICP-MS: Expected Cr%: 8.49%, experimental Cr%: 6.83% =+ 0.20.

N,N*-Bis(3-tert-butyl-5-methoxysalicylidene)-1,2-phenylenediamine chromium(l11)

_N N_ p-Toluenesulfonic _N\Cr/N_
acid %
OMe ———— > MeO o .\o OMe
Dry acetonitrile
Bu OTStBu

Argon ‘Bu

Cr14
N,N’ -B|s(3-tert-butyl-5-methoxysa||cyI|dene)-1,2-phenylenediamine chromium(l111)

tosylate (Cr14)**

chloride Cr4 (0.079 g, 0.14 mmol) was dissolved in dry acetonitrile (2 mL) to form a dark
red solution. p-Toluenesulfonic acid (0.052 g, 0.18 mmol) was dissolved in acetonitrile
(4 mL) to form a clear solution. The p-toluenesulfonic acid solution was added slowly to
the catalyst solution, and was left stirring under argon with the round-bottom flask covered
with foil. The reaction was left stirring overnight (18 h), filtered through Celite® and
washed through with acetonitrile (15 mL). The eluent was concentrated in vacuo to afford
a dark red solid. The solid was then washed with hexane (2 x 5 mL) and dried to give the

final product.

Yield: 0.075 g (dark red solid, 75%).

Mass Spec LIFDI: Calc:[C3oH34CrN,04]" = 538.19 (M*-OTs), found: 538.24.
Mass Spec LIFDI: Calc:[Ca7H41CrN,07S]" = 709.20 (M™), found: 709.17.

IR (selected absorbances): 2951 (C-H alkyl), 1601 (C=N), 1534 (C=C aromatic), 1358

(C-O from COCHj3), 1150 (C-0), 1057 (C-N), 794 (C-H) cm™.
Melting point: >350 °C.
XRF: No CI was detected.
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2.4.12 Synthesis of Bis(triphenylphosphine)iminium Bromide (23)

e By

OO e . OO
sje sje

© ©
Cl Br
23
Bis(triphenylphosphine)iminium chloride (1.02 g, 1.77 mmol) was dissolved in warm

water (10 mL), and heated to 70 °C whilst stirring. Sodium bromide (7.08 g, 68.80 mmol)
was dissolved in a separate aliquot of warm water (25 mL), and heated to 70 °C whilst
stirring. With the temperature maintained at 70 °C, the bis(triphenylphosphine)iminium
chloride solution was added dropwise to the sodium bromide solution. This led to the
immediate  formation of a  white  precipitate. ~ After all of the
bis(triphenylphosphine)iminium chloride was added, the mixture was left stirring for 4 h.
The white precipitate was filtered from the solution and washed with water
(10 mL). The isolated precipitate was then left in an oven (110-120 °C) for three days to

the afford the final product.
Yield: 0.92 g (crystalline white solid, 84%).
'H NMR (400 MHz): 4(CDCls) 7.68-7.60 (6H, m, ArH), 7.50-7.35 (24 H, m, ArH) ppm.

3C NMR (100 MHz): 8c(CDCl3) 133.83 (s, 6C, para ArC), 131.99-129.41 (m, 12C, ArC),

129.60-129.41 (m, 12C, ArC), 126.77 (dd, ®Jpc = 1.8 Hz, *Jpc = 103.8 Hz, 6C, ortho ArC).
3P NMR (162 MHz): 85(CDCl3) 21.68 (s, 2P) ppm.
Mass Spec ESI: Calc: [CasH3oNP,]" 538.1848 (M™), found: 538.1871.

IR (selected absorbances): 1586 (C=C aromatic), 1481 (C=C aromatic), 1435

(C=C aromatic) cm™.

Melting point: 251.0-251.6 °C, literature: 255-256 °C.**®
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2.4.13 General Procedure for Synthesis of Cyclic Carbonates

o)
Catalyst Cr1-Cr15 (0-2.5 mol%) L
Q BuyNBr (0-2.5 mol%) o 0
A+ o, -
R 25°C, 1 bar, 24 h R
EP1-EP10 EP1-EP10

1, R=Ph;2,R=Me; 3, R=Et; 4, R="Bu; 5, R ="0ct; 6, R = CH,Cl;
7, R = CH,OH; 8, R = CH,OPh; 9, R = 4-CICgH,; 10, R = 4-BrCgH,

An epoxide (1.66 mmol), chromium(lll) salophen complex Crl1-Crl15 (0.025 mmol),
TBAB (BusNBr, 0.025 mmol) and a magnetic stirrer bar were placed in a sample vial,
which was placed inside a large conical flask. Cardice® pellets were added to the conical
flask which was then fitted with a rubber stopper, with a needle inserted through the rubber
seal and a deflated balloon attached to the needle. This was to ensure the flask was under 1
bar pressure of CO,. The reaction mixture was stirred at 25 °C for 24 h. The temperature
was controlled by placing the conical flask into an oil bath heated with a stirrer hotplate

(Figure 27).

Figure 27: Experimental setup for testing chromium(I11) salophen catalysts in converting epoxides

to cyclic carbonates.
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The conversion of epoxide to cyclic carbonates was determined via *H NMR spectroscopy
by comparing the integral values of the unreacted epoxide peak to its corresponding
carbonate peak. The reaction mixture was purified by flash chromatography using a
gradient elution solvent system of hexane, hexane:ethyl acetate (9:1), hexane:ethyl acetate
(3:1), and then ethyl acetate to isolate the cyclic carbonate. Cyclic carbonates CC1-CC10
are all known compounds and the spectroscopic data of samples prepared using the
chromium(111) salophen catalysts Cr1-Crl5 were consistent with those reported in the

literature.8"102157

Styrene carbonate (CC1)

Yield: 0.251 g (white solid, 92%).

'H NMR (400 MHz): 84(CDCls) 7.30-7.19 (5H, m, ArH), 5.52 (1H, t, J = 8.0 Hz, OCH),

4.64 (1H, t, J = 8.0 Hz, CH,), 4.16 (1H, t, J = 8.0 Hz, CH,) ppm.

3C NMR (100 MHz): 8,(CDCls) 154.7 (C=0), 135.6 (ArC), 129.4 (ArC), 128.9 (ArC),

125.7 (ArC), 77.8 (OCH), 70.9 (OCH) ppm.
Mass Spec ESI: Calc: [CoHgOsNa]* 187.0366 (M+Na"), found 187.0363.

IR (selected absorbances): 3068, 3039, 2981, 2925 (C-H alkyl), 1773 (C=0), 1553 (C-0)

cm™,

Melting point: 53-55 °C, literature: 51-53 °C.*®

Propylene carbonate (CC2)

Yield: 0.097 g (colourless liquid, 57%).

'H NMR (400 MHz): 84(CDCls) 4.87-4.79 (1H, m, OCH), 4.52 (1H, t, J = 8.0 Hz, CH),

3.99 (1H, t, J = 8.0 Hz, CH,), 1.46 (3H, d, J = 6.4 Hz, CHs) ppm.

¥C NMR (100 MHz): §,(CDCls) 155.0 (C=0), 73.5 (OCH), 70.6 (OCH,), 19.2 (CHs)

ppm.
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Mass Spec ESI: Calc: [C4HsO3sNa]™ 125.0209 (M+Na™), found: 125.0213.
IR (selected absorbances): 2987, 2924 (C-H alkyl), 1782 (C=0) cm™.

1,2-Butylene carbonate (CC3)

Yield: 0.166 g (colourless liquid, 86%).

'H NMR (400 MHz): 54(CDCls) 4.69-4.62 (1H, m, OCH), 4.52 (1H, t, J = 8.0 Hz, CHj),

4.08 (1H, t, J = 8.0 Hz, CH,), 1.86-1.71 (2H, m, CH,), 1.02 (3H, t, J = 8.0 Hz, CH3) ppm.

BC NMR (100 MHz): §,(CDCls) (100 MHz, CDCl3) 155.1 (C=0), 78.0 (OCH), 69.0

(OCHy), 26.9 (CH,), 8.5 (CH3) ppm.
Mass Spec ESI: Calc: [CsHgOsNa]* 139.0366 (M+Na"), found: 139.0363.
IR (selected absorbances): 2938, 2942, 2885 (C-H alkyl), 1781 (C=0) cm™.

1,2-Hexylene carbonate (CC4)

Yield: 0.194 g (colourless liguid, 81%).

'H NMR (400 MHz): 54(CDCls) 4.71-4.65 (1H, m, OCH), 4.51 (1H, t, J = 8.0 Hz, CHj),
4.06 (1H, t, J = 8.0 Hz, CH,), 1.83-1.63 (2H, m, CHy), 1.47-1.29 (4H, m, 2xCH,), 0.91

(3H,t,J=8.0 Hz, CH3) ppm.

3C NMR (100 MHz): 8,(CDCls) 155.1 (C=0), 77.0 (OCH), 69.3 (OCH,), 33.5 (CHy),

26.3 (CHy), 22.2 (CH,), 13.7 (CH3) ppm.
Mass Spec ESI: Calc: [C;H1,03Na]* 167.0679 (M+Na"), found: 167.0678.
IR (selected absorbances): 2959, 2933, 2873 (C-H alkyl), 1786 (C=0) cm™

1,2-Decylene carbonate (CC5)

Yield: 0.272 g (colourless liquid, 82%).
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'H NMR (400 MHz): 83(CDCls) 4.72-4.65 (1H, m, OCH), 4.51 (1H, t, J = 8.0 Hz, OCHy),
4.06 (1H, t, J = 8.0 Hz, OCH,), 1.84-1.62 (2H, m, CHy), 1.48-1.26 (12H, m, 6xCH,), 0.87

(3H,t,J=8.0 Hz, CH3) ppm.

3C NMR (100 MHz): 8,(CDCls) 155.0 (C=0), 77.0 (OCH), 69.4 (OCH,), 33.8 (CHy),

31.7 (CH,), 29.2 (CH,), 29.1 (CH,), 29.0 (CHy), 24.3 (CH,), 22.6 (CH,), 14.0 (CH5) ppm.
Mass Spec ESI: Calc: [C11H2103]" 201.1485 (M+H™), found: 201.1487.

Mass Spec ESI: Calc: [C11H2003Na]* 223.1305 (M+Na*), found: 223.1308.

IR (selected absorbances): 2924, 2855 (C-H alkyl), 1794 (C=0), 1551 (C-O) cm™,

3-Chloropropylene carbonate (CC6)

Yield: 0.176 g (white solid, 78%).

'H NMR (400 MHz): 83(CDCl3) 4.98-4.92 (1H, m, OCH), 4.59 (1H, t, J = 8.0 Hz, OCHy),

4.41 (1H, t, J = 8.0 Hz, OCH,), 3.79-3.71 (2H, m, CH,CI) ppm.

3C NMR (100 MHz): 8.(CDCls) 154.0 (C=0), 74.2 (OCH), 67.0 (OCH,), 43.7 (CH,CI)

ppm.

Mass Spec ESI: Calc: [C4Hs>°ClO;Na]* 158.9819 (M+Na*), found: 158.9815.
IR (selected absorbances): 2966, 2925 (C-H alkyl), 1780 (C=0), 663 (C-CI) cm™.
Melting point: 67-69 °C, literature: 68-69 °C.*%

Glycerol carbonate (CC7)

Yield: 0.141 g (colourless liquid, 72%).

'H NMR (400 MHz): 84(CDCls) 4.85-4.77 (1H, m, CH), 4.53 (1H, t, J = 8.3 Hz, OCH}),
4.45 (1H, dd, J = 9.3, 5.8 Hz, OCHy), 4.00 (1H, ddd, J = 12.7, 5.7, 3.1 Hz, CHOH), 3.68

(1H, ddd, J = 9.3, 7.6, 4.1 Hz, CHOH); 2.01 (1H, dd, J = 7.0, 5.7 Hz, CHOH) ppm.
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13C NMR (100 MHz): 5,(CDCl3) 155.1 (C=0), 76.4 (OCH), 65.7 (OCH,), 61.7 (CH,OH)

ppm.

Mass Spec ESI: Calc: [CgH1506]" 207.0863 (M+EtOACc"), found: 207.0865.
IR (selected absorbances): 3385 (O-H), 2899 (C-H alkyl), 1795 (C=0) cm™.

3-Phenoxypropylene carbonate (CC8):

Yield: 0.229 g (white solid, 71%).

'H NMR (400 MHz): 54(CDCl3) 7.31 (2H, t, J = 8.0 Hz, ArH), 7.02 (1H, t, J = 8.0 Hz,
ArH), 6.91 (2H, d, J = 8.0 Hz, ArH), 5.06-5.00 (1H, m, OCH), 4.64-4.52 (2H, m, OCHy),

4.24 (1H, dd, J = 11.0, 4.0 Hz, CH,), 4.15 (1H, dd, J = 11.0, 4.0 Hz, CH,) ppm.

B3C NMR (100 MHz): 8,(CDCl3) 157.7 (C=0), 154.6 (ArC), 129.7 (ArC), 122.0 (ArC),

114.6 (ArC), 74.1 (OCH), 66.8 (OCH.), 66.2 (CH,) ppm.

Mass Spec ESI: Calc: [C1oH1004Na]" 217.0471 (M+Na"), found: 217.0474.

IR (selected absorbances): 2924 (C-H alkyl), 1788 (C=0), 1598 (C-O carbonyl) cm™.
Melting point: 97-98 °C, literature: 100-102 °C.%’

4-Chlorostyrene carbonate (CC9):

Yield: 0.299 g (white solid, 91%).

'H NMR (400 MHz): 8((CDCls) 7.35 (2H, d, J = 8.0 Hz, ArH), 7.24 (2H, d, J = 8.0 Hz,
ArH), 5.59 (1H, t, J = 8.0 Hz, CH), 4.73 (1H, t, J = 8.0 Hz, CH,), 4.23 (1H, t, J = 8.0 Hz,

CH.) ppm.

3C NMR (100 MHz): 8,(CDCls) 154.5 (C=0), 135.8 (ArC), 134.2 (ArC), 129.5 (ArC),

127.2 (ArC), 77.2 (OCH), 71.0 (OCHy) ppm.

Mass Spec ESI: Calc: [CoH;*CIOsNa]™ 220.9976 (M+Na"), found: 220.9975.
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IR (selected absorbances): 2964, 2912, 2342 (C-H alkyl), 1789 (C=0) cm™.
Melting point: 66-68 °C, literature: 67-69 °C.'%

4-Bromostyrene carbonate (CC10):

Yield: 0.357 g (white solid, 89%).

'H NMR (400 MHz): 84(CDCl3) 7.59 (2H, d, J = 8.0 Hz, ArH), 7.24 (2H, d, J = 8.0 Hz,
ArH), 5.64 (1H, t, J = 8.0 Hz, CH), 4.80 (1H, t, J = 8.0 Hz, CH,), 4.30 (1H, t, J = 8.0 Hz,

CH,) ppm.

3C NMR (100 MHz): 8,(CDCls) 154.5 (C=0), 134.8 (ArC), 132.5 (ArC), 127.4 (ArC),

123.9 (ArC), 77.2 (CH), 70.9 (CH,) ppm.

Mass Spec ESI: Calc: [CoH;°BrOsNa]* 264.9471 (M+Na®). Found: 264.9470.
IR (selected absorbances): 2963, 2910 (C-H alkyl), 1786 (C=0) cm™.

Melting point: 72-73 °C, literature: 72-75°C.%

2.4.14 Synthesis of 3,4-diphenyloxazolidin-2-one  (OX1A) and

3,5-diphenyloxazolidin-2-one (OX1B)***

Cr1-3, Cré-8 (0, 1, 2.5 or 5 mol%) & j\
o) BuyNBr (0, 1, 2.5 or 5 mol%) O)]\N’Ph . 0 N/Ph
/N + Ph=N=C=0
Ph Neat or with solvent 2 mL)
EP1 80°C, 24 h Ph PH

3,4 isomer (OX1A) 3,5 isomer (OX1B)
Styrene oxide EP1 (0.1050 g, 0.87 mmol) and phenyl isocyanate (0.1041 g, 0.87 mmol)

and were added to a mixture of catalyst Cr1-3, Cr6-8 (0.0, 1.0, 2.5 or 5.0 mol%; 0.0,
0.0087, 0.022 or 0.044 mmol) and co-catalyst (0.0, 1.0, 2.5 or 5.0 mol%; 0.0, 0.0087, 0.022
or 0.044 mmol) in solvent (2 mL) or neat conditions. The reaction mixture was then heated
to 80 °C for 24 h under reflux. Conversions were measured by *H NMR, by comparing the
integral values of the unreacted epoxide, 3,4 isomer OX1A and 3,5 isomer OX1B peak of
the reaction mixture when summed up to 100%. Isomer ratios were measured by *H NMR
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after 24 h by comparing the ratio integrals of a 3,4 isomer OX1A and 3,5 isomer OX1B
peak in the reaction mixture. After cooling to room temperature, the reaction mixture was
concentrated in vacuo and then purified by column chromatography using a gradient
elution of petroleum ether:ethyl acetate (5:1) then petroleum ether:ethyl acetate (3:1). The
spectroscopic data for both isomers OX1A and OX1B prepared by using catalysts

Cr1-Cr3, Cr6-8 were consistent with those reported in the literature.*?*!%

Yield: 3,4-Diphenyloxazolidin-2-one  OX1A, 0.1136 g (white solid, 54%);
3,5-diphenyloxazolidin-2-one OX1B, 0.0918 g (white solid, 44%); total yield 0.2054 g

(98%). The highest total yield obtained is reported.

3,4-Diphenyloxazolidin-2-one (OX1A)
'H NMR (400 MHz): 814(CDCl3) 7.36-7.19 (9H, m, ArH), 7.02 (1H, t, J = 7.4 Hz, ArH),
5.34, (1H, dd, J = 8.7 Hz, 6.0 Hz, CHN), 4.71, (1H, t, J = 8.7 Hz, CH,0), 4.14 (1H, dd,

J =8.6 Hz, 6.0 Hz, CH,0) ppm.

3C NMR (100 MHz): 8((CDCls) 156.0 (C=0), 138.1 (ArC), 136.9 (ArC), 129.3 (ArC),
128.9 (ArC), 128.8 (ArC), 126.2 (ArC), 124.6 (ArC), 120.8 (ArC), 69.8 (C-0), 60.6 (C-N)

ppm.

Mass Spec ESI: Calc: [C15H1sNO,]" 240.1019 (M+H™), found: 240.1008.
Mass Spec ESI: Calc: [C15H13NO;Na]* 262.0838 (M+Na"), found: 262.0847.

IR (selected absorbances): 2911 (C-H alkyl), 1745 (C=0), 1500 (C=C aromatic), 1209

(C-0), 1124 (C-N) cm™.

Melting point: 75.7-76.4 °C, literature: 76-78 °C.***
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3,5-Diphenyloxazolidin-2-one (OX1B)
'H NMR (400 MHz): 4(CDCls) 7.56 (2H, d, J = 7.8 Hz, ArH), 7-46-7.35 (7H, m, ArH),
7.15 (1H, t, J = 7.4 Hz, ArH), 5.64, (1H, dd, J = 8.6 Hz, 7.6 Hz, CHO), 4.38, (1H, t,

J=8.8 Hz, CH,N), 3.96 (1H, dd, J = 8.9 Hz, 7.6 Hz, CHO) ppm.

3C NMR (100 MHz): 8,(CDCls) 154.6 (C=0), 138.0 (ArC), 138.0 (ArC), 129.0 (ArC),

128.9 (ArC), 125.6 (ArC), 124.1 (ArC), 118.2 (ArC), 73.9 (C-0), 52.5 (C-N) ppm.
Mass Spec ESI: Calc: [C15H14NO>]" 240.1019 (M+H™), found: 240.1024.
Mass Spec ESI: Calc: [C15H13NO,Na]* 262.0838 (M+Na*), found: 262.0840.

IR (selected absorbances): 2924 (C-H alkyl), 1745 (C=0), 1501 (C=C aromatic), 1210

(C-0), 1137 (C-N) cm™,

Melting point: 78.5-79.4 °C, literature: 79-82 °C.***
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Chapter 3: A Novel Mixed Anode Approach for
Electrochemical CO, Sequestration and Mineralisation

Under Near Ambient Conditions

3.1 Introduction

3.1.1 Carbon (Dioxide) Capture and Storage (CCS)

Carbon Dioxide Utilisation is not the only methodology with the potential to decrease
global CO; emissions. Carbon (dioxide) Capture and Storage (CCS) is another technique
that can be used to diminish CO, levels. Carbon capture and storage is “a process
consisting of the separation of CO, from industrial and energy-related sources, transport
to a storage location and long-term isolation from the atmosphere”.2® Carbon capture and

storage is a multiple step process which proceeds via three main stages (Scheme 29):’

1) Capture: CO, is captured, and thus separated, from waste gases or other CO, gas
sources,

2) Transport: The captured CO, is compressed and then transported (if required) to a
suitable storage site, and

3) Storage: Carbon dioxide is permanently trapped, or sequestrated, via numerous

methods, including transporting to deep underground rock formations. ™

The first industrialised CCS project was started in 1972 at a natural gas processing plant in
Texas, USA. Since then CCS has been implemented across the globe. As a result, more
than 100 million tonnes of CO, has been trapped permanently since 1972."° Although
CCS can be utilised on a global scale and make a significant impact in reducing CO,
emissions it has only been partially implemented across the globe due to some drawbacks

(vide infra).
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Fossil Fuels, Air or
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CO,
Power Plant | emissions CO, Storage
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Pre-Combustion Pipeline Re-use via CDU
Post-Combustion Tanker Depleted oil/gas fields
Deep saline formations
Electricity, fuels, Unmineable coal seams
hydrogen, chemicals etc. Deep Ocean Mineralisation

161,162

Scheme 29: The process of CCS methodology.

3.1.2 The Disadvantages of CCS

The expensive and unfavourable economics of adding CCS, to current industrial processes,
has hindered worldwide implementation. In a review by Rubin in 2015, it was highlighted
that CCS can add an extra cost of approx. £50-£120 ($63-$150) per megawatt-hour (MWh)
of energy used.®*'** For example, implementing CCS in cement manufacturing would

increase production costs by 68-105%.'%*

Funding towards future implementation and creation of CCS methodology is also limited,
due to poor public perception of CCS.*® In 2009, plans to implement a “German carbon
capture plan” in Germany were halted due to public outcry, and in November 2015, the
UK government withdrew £1 billion of funding to develop CCS further in the UK '®0-162164
From 2007-2010, $30 billion (approx. £17 billion) was pledged to fund 35 large-scale
global CCS projects. By early 2017, less than $3 billion (10%) of this globally pledged

funding has been invested and only 7 of the planned CCS projects have reached the

operation or construction stage.*®*

CCS is still an “infancy” technology compared to the well-established field of CDU, hence
its small-scale global implementation and poor favourability. There are currently 15
large-scale global projects devoted to CCS, which in 2014 captured approx. 4-5 million
tonnes of CO,.**%*1% |n comparison, CDU utilised 200 million tonnes of CO,. When

compared to the total CO, emissions in 2014 (32,000 million tonnes), CDU utilised 0.63%
135



of potential CO, emissions whereas CCS only captured 0.016%.%* Carbon capture and
storage is therefore not perceived by all as a long-term solution for reducing CO,
emissions, perceived by some to be “wasteful” compared to CDU and is often given the

analogy of “sweeping dirt under the rug”.>>"**

3.1.3 The Benefits of CCS and its Importance in Diminishing CO,

Emissions

Despite the drawbacks associated with implementing CCS technology on an industrial
scale, it is vital for reducing global CO, emissions. For example, CCS can decrease CO,
emissions from a coal-fired power plant from 800 g of CO, per kwWh to 100 g of CO, per
kWh, if 90% of CO, emissions are captured and stored.® In 2015, the International
Energy Agency (IEA) predicted that global CO, storage sites could store approx. 1680
gigatonnes of CO,, with 94 gigatonnes of storage capacity in Europe alone, and only
approx. 7% of these sites must be used by 2050 to significantly contribute to CO, reduction
targets (Figure 28).2% No other methodology offers the same scale or capacity for reducing
CO, emissions, yet the majority of these sites are yet to be used. The Intergovernmental
Panel on Climate Change (IPCC) declared in 2014 that the costs of decreasing CO,
emissions, to stop a 2 °C increase in global temperature, would also increase by 138%

without CCS.* Global use of CCS must therefore increase dramatically in the future.

Although CDU is often seen as the more favourable method to diminish CO, emissions
compared to CCS, CDU alone is not enough to hinder the growth in global CO, emissions.
In 2011, global CO, emissions reached 100 gigatonnes per year, but the maximum
consumption possible for CDU via chemical and industrial processes was only 1 gigatonne
per year.'®® There is therefore an ever-growing paradigm shift towards investigating not
only CDU processes but also CCS, to try and bridge the ever expanding gap between

increasing CO, emissions and captured (or utilised) CO, levels.
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Figure 28: Predicted global storage capacity of CO, at CCS storage sites around the world in

2015.'% Image was produced by Alisa Doroshenko.

It has been stated that “CCS is the only technology that can achieve deep reductions in CO,
emissions from high-emitting industries”.’®® This is because some industrial methods
cannot be entirely decarbonised. For example, in 2012 cement production accounted for
5% of global CO, emissions. Half of this CO, was generated from the calcination of
limestone, an inherent and unavoidable chemical process.*®’ Bio-ethanol production and
natural gas processing also inherently produce CO,.1%*** The implementation of CCS will

therefore be required in the future.

Total decarbonisation of electricity generation and hence energy supplies, by eliminating
the necessity for fossil fuels, such as coal, oil and natural gas, is also not an achievable,
immediate solution to reducing CO, emissions. For example, approx. 2,400 new coal
power stations are planned worldwide by 2030.*° Full scale implementation of alternative
and renewable energy resources, such as solar, wind and tidal, is also not a short-term
solution.’®® Carbon capture and storage “remains the only technology solution capable of
delivering significant emissions reductions from the use of fossil fuels in power generation
and industrial processes”.*®* In order to decrease CO, emissions sufficiently in the short

term, the adaption of CCS to current industrial methods such as coal-fired power
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generation must occur. However, current CCS methodology is lacking in worldwide

implementation and requires further development to achieve current CO, reduction targets.

3.1.4 Current CCS Methodology

Carbon (Dioxide) Capture

The current state-of-the-art CO, capture method employed industrially is absorption via

amine scrubbing, using the amine monoethanolamine (MEA, Figure 29).1%®

MEA = Monoethanolamine Captured or

Outlet port released CO,
T Recycled T
amines
- —>
H,0 T T
> Absorber Desorber
(scrubber) (stripper)
40 - 50 °C J 100 - 120 °C
— ]
MEA [ MEA
Flue gas| HoN.__~ H,oN
e OH Heat ~""oH
co, T exchanger
— S —
Amines and Amines and
CO,, rich solvent lean CO, solvent

Figure 29: Simplified diagram of industrial CO, capture via amine scrubbing.'***"

Bottoms invented this technique in 1930 and it is capable of separating dilute levels of CO,
from flue gas (gases emitted from an industrial burner or combustion chamber containing
7-14% CO,).?"'%® The CO, mixture is bubbled into an aqueous amine solution, which traps
CO; in solution as carbamate. The carbamate solution is then heated at 100-120 °C in the
presence of water vapour followed by condensation. This strips the carbamate solution,
releasing the captured and purified CO,, and regenerating the amine. The CO, can then be
stored or used as desired (Scheme 30).281%8"1 Amine scrubbing captures up to 75-90% of

CO, from flue gas, and can supply 99% pure CO, gas.*’? On an industrial scale the energy
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requirements of using amine scrubbing (with 30% w/w MEA) is 4215 kJ per kg of CO; or

186 kJ mol™ (CO,).*"

HO CO,, capture HO ® o H CO, release  HO
COygp+ 2 Y— S N~ E——— —\  *+ COyy)
(9) NH2 NH3 02C OH 100-120 °C NH2
Amine is in an CO, is trapped as a carbamate

aqueous solution in
a packed absorber

Scheme 30: Chemical process of CO, capture via amine scrubbing.'**'%

Problems however exist with this technique. Amine scrubbing is ineffective at removing
extremely dilute levels of gaseous CO; (<7% CO,). The most favourable amine to use is
monoethanolamine (MEA), which is an extremely toxic and unsustainable reagent. Over
repeated use MEA degrades, due to the high temperature regeneration step and amine
oxidation over time. The capital and operating costs entailed with CCS via amine
scrubbing are therefore high, partly due to the energy requirements of the regeneration step
and the need to refresh the amine over time. Flue gas must also be purified prior to CO,
capture, because SOx and NOy gases in flue gas can destroy the amine, which further

increases the costs of this process.'®®*"

Alternative Techniques

Numerous CO, capture technigues have been developed besides amine scrubbing, to try to
overcome issues such as high operating costs and poor sustainability. The number of
alternative CCS techniques in the literature is vast, and can be split into five techniques;
CO, absorption (capture via a liquid sorbent), CO, adsorption (capture via a solid sorbent),
cryogenics (freezing CO;), membrane separation and using microbial or algal systems
(Figure 30).**' Many of these alternative methods however are less effective than amine
scrubbing, in terms of CO, capture efficiency, and are not currently economically viable.
Creating a cheaper and alternative CO, capture methodology is therefore still a major

problem and hindrance to global implementation.
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Figure 30: Different CO, capture methodologies reported in the literature.****"

Carbon (Dioxide) Storage

Not only is CO, capture important, but its long-term storage post-CO, capture. The main
storage or sequestration methods currently employed include geologic and ocean (or
seabed) storage, Enhanced Oil Recovery (EOR) and mineralisation (aka mineral

carbonation or CO, mineral sequestration).”*"

Geologic sites provide large-scale CO, storage, but have the potential risk of CO, leakage
from fractures caused via geomechanical deformation, and therefore need constant
monitoring.?**®? In 2013, only three geologic storage sites were operating worldwide,
Sleipner in Norway, Weyburn in Canada and Salah in Algeria, each capable of trapping
>1 megatonne of CO, per year. The number of other suitable sites worldwide is however

limited, therefore geologic storage is restricted in future global implementation.?*’

Ocean and seabed carbon sequestration offers extensive storage capacity for CO,, with
predictions that it could sequester approx. 90% of anthropogenic CO, emissions in the

future. This process however will take thousands of years due to slow reaction kinetics and
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mixing time of gases into the ocean, therefore it is not a short-term solution.'’”® Ocean
sequestration of CO, will also affect the ocean ecosystem, due to increasing the acidity of
seawater.'”"1"® The transportation of CO, via pipelines or tankers into the ocean, or seabed,

is also problematic.*”

Enhanced oil recovery is when CO, is pumped underground directly into oil reserves,
thereby pumping oil from deep underground towards the Earth’s surface whilst
simultaneously storing CO, underground. The energy requirements for EOR however are
extremely high, and it is not the most economically viable method of obtaining oil. The
capability of performing EOR is also only viable in certain countries, such as the USA and

China, and is therefore restricted in global implementation.*¥°

One method growing in popularity worldwide is the mineralisation of CO,. Carbon dioxide
mineralisation is a natural process, when the weathering of silicate rocks, such as
serpentine, olivine and wollastonite, leads to the formation of alkaline carbonates (Scheme
31). Chemical or industrial mineralisation is when CO, is reacted with alkaline-earth

oxides, usually calcium oxide or magnesium oxides, to form alkaline carbonates.*®

Mg3Si,O5(OH)4(s) + 3CO4(9)

3MgCOs(s) + 2SiOx(s) + 2H,0(l)

Serpentine

MgSiOgz(s) + COx(9) MgCOj4(s) + SiOy(s)
Olivine

CaSiOg3(s) + CO2(9) CaCOj(s) + SiO,(s)

Wollastonite

Scheme 31: Natural mineralisation of CO, with earth minerals to form stable alkaline

carbonates. ™

Mineralisation is often perceived as the most feasible global CO, storage method, as
mineral carbonates provide the longest possible storage time, and highest carbon storage
capacity, for CO, compared to any other methods (Figure 31).'®2 In 2013, atmospheric

levels of CO, were equivalent to 800 gigatonnes of carbon, whereas 39,000,000 gigatonnes
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methods in 2006.%?

of carbon were trapped in the Earth's crust in carbonate rocks, such as marble, limestone
and chalk. The total carbon in the Earth’s atmosphere was therefore <1% of the total

carbon in the Earth’s crust, further illustrating its extensive capacity to store CO,. o188

Mineralisation can be employed worldwide, due to the high availability and abundance of
minerals such as serpentine, olivine and wollastonite.'”>*®"*¥% |ndustrial alkaline waste,
such as steelmaking slag, cement waste and industrial brines, can also be recycled and used
for mineralisation due to their high concentration of calcium and magnesium
cations.*8118318 ©fineralisation can also convert “waste” CO, into high value products,
such as precipitated calcium carbonate (CaCO3, PCC), thus demonstrating that CCS does
181

not necessarily have to dump CO, as waste.
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Carbon dioxide mineralisation however has some limitations. Mineralisation is an
exothermic process, for example the formation of olivine, serpentine and wollastonite
releases 89, 64 and 90 kJ of heat per mol of CO; respectively (Scheme 31). This suggests
that no overall energy input is required for mineralisation to occur.’® However, the
kinetics of natural CO, sequestration or dissolution dictate that this process occurs
naturally over a long time scale (years).®®*®” Carbon dioxide mineralisation therefore
requires harsh conditions, such as high temperatures and pressures, to occur over a realistic
timescale when employed industrially.’® Current industrial mineralisation methods
therefore have undesirable extensive energy requirements, expensive costs and often

require complex Setup8.18l,182,188

3.1.5 The Requirement for Cost-effective and Sustainable CCS

In order for CCS to contribute successfully towards reaching global CO, reduction targets,
it is predicted that CCS must capture 17% of CO; current emission levels and 7 gigatonnes
of CO, must be captured every year by 2050.* This is an ambitious task, one that cannot

be fulfilled with currently employed CCS methodology.

As highlighted in “3.1.4 Current CCS Methodology”, the major issues preventing global
CCS implementation, and growth of alternative technologies, are high energy penalties and

thus expensive costs. %812

This was emphasised by Rubin in 2012, who stated that “major
drawbacks of current capture processes are their high cost per unit of power produced”.***
In 2017, Verhelst et al. also emphasised using renewable and sustainable energy to

perform CCS or CDU will be vital in the future.™® The development of cheaper CCS

methodology, driven by sustainable and renewable energy, is therefore essential.

After considering the current situation of CCS methodology, we became interested in this
field and wanted to investigate alternative and novel methodology, that could capture CO,
with a low energy penalty, and therefore low cost, and use renewable energy. In Verhelst’s

review, it was suggested that renewable energy sources, such as higher temperatures,
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chemical compounds or “electrons from electricity”, should be used to perform CCS.**®
We therefore decided to investigate using electricity to perform CCS, the energy source

intrinsic to the field of electrochemistry.

3.1.6 Electrochemistry and CCS

Electrochemistry is “the branch of chemistry concerned with the interrelation of electrical
and chemical effects”.!® Electrochemistry therefore uses electricity, which can be
generated from renewable energy, such as solar, geothermal, wind and tidal energy,™ all
of which provide low-carbon electricity. In the UK in 2011, electricity derived from solar
energy emitted 88 g of CO, per kWh, whereas electricity from the combustion of coal
energy emitted 786 g of CO, per kWh.'** We therefore envisioned that developing an
electrochemical method which could provide an economically viable and green alternative

CCS method was a possibility.

The use of electrochemistry to decrease CO, emissions is not a novel concept, as
electrochemistry has been researched in CDU, via CO; reduction, and CCS, via CO,
capture or mineralisation.*® Electrochemical CO, reduction is when CO, gains electrons (is
reduced) and the carbon is consequently transformed into lower oxidation state
hydrocarbons such as formaldehyde, methanol and methane.®® The field of CO, reduction
research is vast and this process has not only been achieved via electrochemistry, but also
using chemical, photochemical and enzymatic methods.?®% The reduction of CO; is not
simple, and the intrinsic thermodynamic stability of the carbon-oxygen bonds in CO,
dictates that homogenous or heterogeneous catalysts are required to achieve low energy
CO; reduction. A multitude of different reduction products are often formed, hence product
selectivity is also problematic with CO, reduction.’***** As electrochemical CO, reduction
is a CDU based technology, this methodology will not be discussed further. The two areas
of CCS based electrochemistry research that were of interest were electrochemically driven

CO, capture and electrochemically driven CO, mineralisation.
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3.1.7 Electrochemically Driven CO, Capture

The concept of electrochemically driven CO, capture has been known since the 1980s,
when Winnick et al. developed a high temperature molten carbonate fuel cell (MCFC) for

manned spacecraft, which could capture dilute levels of CO, (Figure 32).2"%
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Figure 32: One of Winnick’s MCFC used for CO, capture in (a) H, mode and (b) N, mode.'*

Carbon dioxide capture efficiencies of up to 60% were reported with Winnick’s method
but required high temperatures of 650-700 °C to operate sufficiently. The energy and cost
penalty of using this cell to promote CCS on a large, industrial scale would therefore be
too extensive.'®*% This technique also does not permanently trap CO, or create a pure
CO; gas stream. Nevertheless, Winnick’s research sparked interest in developing
electrochemically driven CCS methodology. Some of the most notable examples in the

literature are discussed further in this introduction.

Since Winnick’s original MCFC design, more MCFCs have been developed for CO;
capture. The majority of MCFCs reported in the literature have poorer CO, capture
efficiencies compared to amine scrubbing (40-60% compared to 75-90%).2"%*1% MCFCs

also contain toxic and corrosive molten carbonates, which are extremely difficult to handle,
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require high operating temperatures and cause electrolyte degradation over time. Solid
phase membrane based fuel cells have been researched as an alternative to MCFCs, but are
currently too expensive to employ industrially, also due to high temperature requirements

and expensive operating costs.?’ /419197

Another electrochemical method that has been researched for CO, capture is
electrodialysis, which is the separation of ions in a liquid, aided by the application of an
electric field to ion selective membranes. By using ion selective membranes, different
compartments of an electrochemical cell can be pH controlled, and thus the capture of CO,

can be achieved using a “pH swing” based system (Figure 33),161.190-198199

N2 (flue gas) Recovered Solvent AEM = Anion Exchange Membrane
CEM = Cathode Exchange Membrane
BPM = Bipolar Exchange Membrane

CO, (for storage)

0.50, + 2H" + 2¢° T H, + 20H"
|
H,0 —1 H* . -OH [~ 2H,0
CO, scrubber . K> K> +
H -OH 2e-
- —
H* "OH H* < HCO; "OH
H* "OH

Anode CEM  AEM AEM T CEM Cathode

L | L
\ BPM BPM
|
CO, (flue gas) CO, rich solvent

Figure 33: General schematic of CCS via electrodialysis.'®!

An interesting example of using electrodialysis for CO, capture was reported by Eisaman
et al. in 2011. Eisaman investigated using BiPolar Membrane ElectroDialysis (BPMED) to
promote CO, capture by electrochemically forming sodium and potassium hydroxide
solutions. These caustic solutions would form bicarbonate or carbonate anions when
gaseous CO, was bubbled through, which are then transported through bipolar membranes
(BPMs, ion exchange membranes (IEMs) with a cathode exchange membrane (CEM) and

anion exchange membrane (AEM) placed together).’®® The bicarbonate or carbonate
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anions are then transferred into an acidic solution of phosphoric acid (H3PO,4) and
potassium dihydrogen phosphate (KH,PQO,), as the increase in acidity releases CO, gas.
This flow based method was capable of capturing CO, from concentrated CO, gas,**191%
and required 100 kJ per mol™® of CO, under optimum conditions,**® This method is
extremely effective but requires a complex setup, which ultimately hinders
industrialisation of this process,*®*® does not permanently store CO, and is not
economically viable compared to amine scrubbing.*?®%9%*2%2 |n general, electrodialysis
and BPMED based methods often require pure CO, and therefore a CO, gas scrubber in

the experimental setup (Figure 33). Therefore, unless this methodology can be improved to

capture dilute levels of CO, future industrial implementation is unlikely.

Electrolysis, which is chemical decomposition achieved by passing an electric current
through a liquid or electrolyte, can also perform CO, capture and is also based on the “pH
swing” concept. Electrolysis, unlike electrodialysis, can produce valuable gases such as Hj
and O, therefore providing extra economic value to the capture process. However, the
energy costs of utilising electrolysis for CO, capture are expensive due to the substantial

energy requirements for water electrolysis,*®*#

In 2010, Pennline et al. illustrated a novel electrochemical cell that could capture and
separate CO, gas at lower temperatures compared to other electrochemical methods.™ The
cell contained polymer based nickel and platinum electrodes, supported on carbon paper,
with an AEM between the electrodes. It was hypothesised that oxygen reduction at the
cathode occurred upon application of a current to the cell, thus forming hydroxide anions
which react with CO, gas to form bicarbonate anions. These anions then transport through
the AEM towards the anode to become oxidised and thus release CO; gas. This specifically
designed cell could capture CO, at temperatures lower than 400 °C, whereas similar
electrochemical methods, such as MCFCs, require higher temperatures. As a consequence,

the energy requirement for CO, capture was only 77 kJ mol™ CO, under optimum
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conditions. This cell however is incapable of permanently trapping CO, and was only
tested with a 1:1 mixture of CO,:0,. This technique therefore cannot currently replace

amine scrubbing, despite its energy efficiency.

In 2014, Stern et al. developed a combined electrochemical and amine based method for
CO, capture called Electrochemically-Mediated Amine Regeneration (EMAR), which
combines the CO, adsorption capability of the amine ethylene diamine (EDA) and copper
204,205

oxidation to perform CO; capture (Scheme 32).

O
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2CO, H
COs-loaded amines
(carbamates) 2C0O, + 2e”
cu?*
Fresh amines 2 HoN
I NH, . 20
HZN\C _NH,
HoN U\NH2 Complexed amines
-/

Cathode

Cu 2e”
Scheme 32: The EMAR process.?**?%®

In EMAR, CO; is absorbed by EDA, and then desorbed from the amine by cupric ion
displacement, facilitated by the oxidation of a copper anode, i.e. Cu — Cu?* + 2e’, thus
releasing pure CO,. The copper amine complex is then electrochemically regenerated by
electroplating the cupric ions onto a copper cathode, i.e. Cu** + 2e” — Cu, thus creating
fresh amines to repeat the cycle (Scheme 32). This methodology can effectively trap CO,
at ambient temperature with a low energy requirement of 100 kJ mol™ (CO,).%%*?%®
Electrochemically-mediated amine regeneration is an innovative and efficient technique
but intrinsically requires toxic amines, only operates effectively with purified CO, gas and
is ineffective for dilute levels of CO,. Therefore this method is not currently as effective as

amine scrubbing.
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Capacitive deionisation is a well-known phenomenon that is utilised in industrial water and

seawater purification technology. By applying a voltage across two electrodes, the ions of

opposite charge to that on the surface are attracted to each electrode (Figure 34).2°62%
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| |
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Figure 34: Schematic representation of capacitive deionisation.?%®?"

The ability of an electrode surface to store an electrical charge is expressed mathematically
as AQ = C x AV, where C is capacitance (in Farad or F), Q is charge stored (in coulombs
or C), and V is voltage.?®® As well as water purification applications, capacitors are used as
electronic components, because they are capable of storing an electric charge and then
delivering the stored charge on demand as an electric current. A supercapacitor (Figure 35)
is defined as a capacitor that possesses higher energy densities, and therefore specific
energies (5-10 Wh kg™ or 18-36 kJ kg™), than conventional capacitors (<0.1 Wh kg™ or
0.36 kJ kg),2%%% where energy density and specific density are the amount of energy

stored in a given system per unit volume and per unit mass, respectively.
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Figure 35: Schematic representation of a supercapacitor.?*
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Current collectors

A report by Landskron et al. in 2014 illustrated how capacitive technology could be
extended to carbon capture applications. By using porous carbon based electrodes as both
the anode and cathode, they promoted the sequestration of dilute levels of CO, into an
aqueous solution of 1 M NaCl in a sealed electrode cell (Figure 36).2** This method is
coined “supercapacitive swing absorption” (SSA), as charging the electrodes creates the
formation of an Electrical Double Layer (EDL, Figure 36), which subsequently causes a
gas pressure drop in the headspace of the cell. Switching off the voltage induces a gas
pressure rise, indicating reversible CO, adsorption, and thus CO, capture, is achieved at the

electrodes.

Not only did this method illustrate how simple methodology could be adapted to
electrochemically sequester CO,, it also showed the potential to use simple
non-metal based electrodes for CO, capture. Carbon based electrodes have favourable
electrode characteristics, due to their chemical and physical properties of high
conductivity, surface-area range, temperature stability, low costs and ability to be

processed and compacted as desired.?*® Using carbon based electrodes for CO, capture, as
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Figure 36: The experimental setup reported in the supercapacitive swing adsorption of CO, by
Landskron with a representative structure of the electrical double layer (EDL) forming on the

carbon electrodes.?"? Image was produced by Alisa Doroshenko.

illustrated by Landskron, twinned with the non-toxic NaCl electrolyte, could therefore
provide a simple and sustainable alternative CO, capture technique, without the need for
expensive membranes such as 1EMs.?**%® This system however was only studied to a
basic level, as pH levels were not monitored. Carbon dioxide capture via this
supercapacitive swing adsorption method is also not permanent, as once the current flow
was stopped the captured CO, was released. This was also a sealed system, and therefore

unsuitable for downstream application for a constant CO, producing industrial plant.

Landskron et al. therefore further developed their method in 2017 with the development of
a gas-flow SSA module.”” This module contained a similar setup to coin type

supercapacitors*®

(Figure 35), with the implementation of gas-flow channels and a gas
diffusion layer, similar to those used in fuel cells (Figure 37). These components were used
together to ensure gases (such as CO;) could be separated from a permanent gas-flow and
diffuse between the electrodes and graphite plates, whilst a constant electrical contact

between the electrodes and current collectors was maintained.?*® In principle, this would

improve the charge-discharge kinetics of the cell, and thus adsorption-desorption capability
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Figure 37: Design process of the supercapacitive swing adsorption (SSA) module, with schematic

(not-to-scale) representations of a coin type supercapacitor, fuel cell and SSA module.?"*

for CO, capture, due to a large contact area between the gas and electrodes. The
development of the SSA module was successful, as the charge-discharge Kkinetics
improved, taking only 30 mins to reach full sorption compared to 8 h in the original
module (Figure 36). This cell could also perform low energy CO, capture in a flow-based
system with an energy consumption of only 57 kJ mol™ CO,. This module nonetheless is

still at the prototype stage.?’

3.1.8 Electrochemically Driven CO, Mineralisation

The sequestration of CO; into aqueous solutions to perform CO, mineralisation is not a
novel concept.’’"??%%22 For example, in 2005 Druckenmiller et al. illustrated that aqueous
NaCl could be used to sequester CO, and consequently form carbonate salts. High
temperatures and pressures of 75-150 °C and 40-100 bar of CO, were required for effective
CO, capture and storage over a realistic timescale.’® Some research has therefore been
devoted towards investigating electrochemically driven CO, mineralisation, to investigate

if CO, sequestration and mineralisation can be performed using less strenuous, or even
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near ambient, conditions.*”” As of early 2017, this field of science has not been thoroughly
researched. For example, a search for “electrochemical carbon dioxide mineralisation” on
Web of Science™ in January 2017, without fine-tuning the search, produced approx. 80
results, whereas a similar search for “electrochemical carbon dioxide reduction” obtained

approx. 2,800 results. From these 80 results, there are a few notable examples.

In 2012, Gilliam et al. and Calera Corporation developed an electrochemical method that
performed CO, mineralisation using aqueous NaCl by electrochemically converting CO,
into carbonates.??*?* The electrochemical cell uses IEMs to perform hydrogen oxidation at
the anode and water reduction at the cathode. Protons then react with chloride ions to
produce HCI at the anode, and hydroxide ions react with sodium ions to form NaOH at the

cathode (Step 1, Figure 38).
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Figure 38: Electrochemical method designed by Gilliam and Calera Corporation for CO, capture

and mineralisation via NaOH production.?®
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Electrochemically formed NaOH then reacts with gaseous CO, to produce sodium
bicarbonate or carbonate, depending on solution pH (Step 2, Figure 38).2%° Gilliam and
Calera Corporation’s continuous-flow setup has been further developed into a more
compact design by Mehmood et al., with an optimised energy requirement of 676 kJ mol™

(NaOH) for carbon capture.??®%?

This methodology provides a simplistic approach to CO, mineralisation but has some
drawbacks. This technique requires pure H, gas to operate, which is an extremely
flammable gas, has only been tested with pure CO,, and also uses expensive membranes.
This, twinned with the energy penalty associated with forming aqueous NaOH,*® increases
the cost of this method dramatically and hinders any future industrialisation. Nevertheless,
this process illustrated how simple and non-toxic electrolytes can be used to

electrochemically mineralise CO, under near ambient conditions.

In 2010 a similar but simpler technology was patented by Skyonic Corporation. In this
method, the electrolysis of aqueous NaCl was utilised to form aqueous NaOH. Flue gas
levels (10-16%) of CO, were then flowed through the caustic solution to promote the
formation of sodium carbonate.?®® This further illustrated the capability to perform
electrochemically driven CO, sequestration and mineralisation, using the simple and
non-toxic electrolyte NaCl. No further studies into this technique however have been
performed, and the technology has not been industrialised, suggesting scale-up and

implementation of this technique is not straightforward.

In 2015, He et al. illustrated the potential to perform electrochemical CO, capture and
mineralisation simultaneously using sustainable materials. He demonstrated that membrane
electrolysis combined with simulated hard water (water with concentrated levels of
calcium and magnesium cations) could electrochemically form carbonates, by bubbling
229

pure CO, through the cell whilst applying a current flow between the anode and cathode.

The anode region used HCI (or NaCl) as the anolyte and a Pt/C covered hydrogen gas
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diffusion anode. The cathode region used hard seawater as the catholyte and nickel foam as
the cathode. By using the anode region to selectively remove chloride anions from the hard
water, and the cathode region to form hydroxide anions, CO, is sequestered whilst
Mg(OH); is formed simultaneously. Magnesium hydroxide would then react with CO; to
form magnesium bicarbonate. The hard water is then recycled so that the remaining

calcium cations react with CO; to form calcium carbonate (Figure 39).
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Figure 39: He’s electrochemical cell used to capture and store CO, in the form of magnesium

bicarbonate and calcium carbonate in simulated hard seawater.??®

This process however is far from ideal. The methodology requires a pure stream of CO,
and has not yet been tested with dilute levels of CO,.”*° The energy required to perform
this process on a large scale (using 1000 m* of simulate hard seawater) was predicted to be
5676 kWh, which is equivalent to 20.43 x 10° J and therefore 193 kJ mol™ of CO, (due to
capturing 4.66 tonnes of CO, via mineralisation). This cost to capture CO, is therefore not
extensive, but is nonetheless a hypothesised cost. The use of an AEM would increase the
operational costs dramatically, therefore it is likely that this process is currently too
expensive to implement on an industrial scale, despite the predicted cheap cost.

Nevertheless this method illustrated that a simple electrochemical setup can perform CO,
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capture and mineralisation simultaneously at near ambient conditions and use seawater as

the electrolyte.

3.1.9 Summary and Project Aims

Carbon capture and storage is capable of capturing substantial levels of gaseous CO; on a
global scale, but is often hindered by poor public perception, substantial energy
requirements, which create expensive operating and capital costs, and poor sustainability.
A realistic scenario for a global reduction in CO, emissions however dictates that CCS
must be implemented worldwide. The development of economically viable and sustainable
CCS methodology is therefore extremely important. Creating innovative methodology
which could not only remove dilute levels of CO, but also permanently trap it in a secure

manner is highly desired.

Electrochemistry can be used as a sustainable and environmentally friendly alternative for
CO, capture as well as CO, mineralisation. Electrochemically driven CO, capture however
often requires complicated setups, expensive equipment (such as membranes), harsh
conditions and is not currently economically viable. Many of these methods are therefore
too expensive to implement industrially and are still no match to the state-of-the-art
methodology; amine scrubbing. Electrochemically driven CO, mineralisation offers an
intriguing prospect for promoting permanent CO, storage using sustainable energy, but is
still in the early stages of research. Current methods also have issues such as substantial
energy requirements, expensive equipment and often require pure CO,. Nonetheless,
Gilliam and Landskron et al. have illustrated that CO, capture is possible with simple
electrochemical designs and that electrochemistry can promote CO, mineralisation
respectively.?#?** The creation of an electrochemically driven CCS technique which is
simple, sustainable and economically viable, with the capability of long-term CO, storage,
is yet to be achieved. We became interested with this challenge, and therefore decided to

investigate this area of research further. Could a more sustainable and cheaper alternative
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electrochemical method for capturing dilute levels of CO, be developed, with the potential

to also permanently trap CO,?

The aims of this project were therefore to investigate and develop a novel and simplistic
electrochemical method capable of CO, capture without the use of expensive membranes,
using aqueous NaCl as the electrolyte, and a similar concept of supercapacitive charging of
carbon based electrodes as presented by Landskron. If the capture of CO, is successful, a
study into the electrochemical process required for CO, capture will be performed, to
develop a detailed understanding of the process. Further developing this methodology to
permanently trap or store CO, was also of interest. The energy requirements and thus costs
associated with this carbon capture will be evaluated, to determine if this methodology
could provide a cheaper alternative for CCS compared to current state-of-the-art methods
(Section 3.2, Part 1: Performing Electrochemical CO, Sequestration and Mineralisation).
In the interest of sustainability, the ability to use renewable energy sources and resources,
such as solar power and seawater, to perform sustainable and economic CO, capture will
also be investigated (Section 3.4, Part 2: Promoting Cost-effective and Sustainable

Electrochemical CO, Capture and Mineralisation).

3.2 Results and Discussion Part 1. Performing Electrochemical

CO, Sequestration and Mineralisation

3.2.1 Preliminary Results Obtained Prior to this Project

Prior to the start of this project, initial studies had been performed by an undergraduate
summer project student, Abigail Burstein, to investigate the ability of a newly constructed
graphite-aluminium mixed anode, and platinum cathode electrochemical cell containing
1 M aqueous NaCl electrolyte (Figure 40-Figure 42, described further in experimental) to
perform CO, capture upon application of an electrical current (Figure 43). Unless

otherwise stated, all experiments shown in this chapter were conducted with solution
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Figure 42: Schematic of the graphite-aluminium anode cell and cell components used in a standard

experiment, with a cross-section view of the inside of the cell.

agitation from a magnetic stirrer bar (10 x 4 mm) at an average temperature of 34 °C (see
experimental for further details). The main findings from this work were that CO, levels
decreased with the application of a current, but only exit gas CO; levels and the anode
electrode potentials were measured. No investigations into the levels of carbon (or CO,)
captured, or the intrinsic electrochemical mechanisms were undertaken. One intriguing
observation was that the potential of the graphite-aluminium anode (the working electrode)
during positive current steps dropped dramatically, observed due to the development of
cracks inside the graphite “liner” portion of the electrochemical cell (compare Figure 43c

and Figure 43f). Solid precipitation also occurred.

My work on this project therefore commenced with the hypothesis that the cracks enabled
the electrolyte to interact with the aluminium casing, which then potentially acted as a
sacrificial anode.?®® This thereby changed the anodic process, creating a lower potential
and could account for solid precipitation. The use of a sacrificial aluminium anode for

carbon capture was reported in 2016 by Al Sadat et al.,** but to the best of our knowledge
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Figure 43: Preliminary experiments performed in the graphite-aluminium anode cell as the
graphite liner went from “uncracked” (a-c) to “cracked” (d-f). (a) and (d) Programmed current-time
steps; (b) and (e) Carbon dioxide content in the exit gas stream; (c) and (f) Resultant changes to the
electrochemical potential of the graphite-aluminium mixed anode. Other reaction conditions: a

continuous gas flow of 2.0 mL min™ CO, (14.3%) and 12.0 mL min™ air, and 60 mL of 1 M NaCl.

a dual graphite-aluminium anode has never been tested in CO, capture. The first aim of
this project was to further explore this hypothesis, by investigating the ability of a graphite-

only anode cell and aluminium-only anode cell to perform CO, capture (see experimental
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for full details on electrochemical cell designs). It was anticipated that the separate studies
for individual anode cells would enable a deeper understanding of the overall

electrochemical process occurring in the graphite-aluminium mixed anode cell.

3.2.2 Probing the Electrochemical Process: Changing Components of the

Mixed Anode Cell

Standard Reaction Conditions

In a typical experiment, a gas of 5% CO, in a COy/N, gas mixture, was flowed
continuously through the cell containing a constantly stirred 1 M NaCl electrolyte. The
first 7 h were an “equilibration period” to purge the cell with the CO,/N, gas mixture,
ensure gaseous CO; levels stabilised at 5% and saturate the electrolyte with CO,. No
electrochemical current was applied during this time. The voltages reported during this
period therefore reflect “open circuit” values. All electrode voltages were measured as
V vs Ag/AgCl and then converted to, and reported as, V vs SHE (see experimental).?*?
Calculated electrode voltages are reported as V _vs SHE. After 7 h, a 10 mA current was
applied. In order to sustain this current, the anode potential increased and the cathode
potential decreased. The current was applied for 24 h, and then turned off (31 h into the
experiment), followed by another 7 h “equilibration period”. These programmed current
steps were used in order to compare the ability of each cell to capture CO, over 24 h.
Carbon dioxide levels in the exit gas stream were monitored throughout to investigate
whether CO, capture was electrochemically driven. The potential of the anode (graphite,
aluminium or graphite-aluminium) and platinum cathode were monitored relative to a
reference electrode, to give the cell potential, Ecey. The pH of the solution was measured to

aid mechanistic interpretations. The quantification of millimolar levels of carbon

(equivalent to molar levels of CO,) captured in the electrolyte and solid are discussed later.
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Carbon Dioxide Capture with a Graphite-only Anode Cell
Carbon dioxide sequestration was possible with a graphite-only anode cell but CO,
absorption is low, with the amount of CO, in the exit gas stream returning to input levels

approx. 5 h into the 24 h 10 mA current-time step (Figure 44).
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Figure 44: Carbon dioxide capture with 1 M NaCl in the graphite-only anode cell.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (¢) Resultant
changes to the electrochemical potential of the anode (grey line) and cathode (black line); (d)
Corresponding changes in solution pH. Other reaction conditions: a continuous gas flow of

0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, and 60 mL of 1 M NaCl.

Compared to the “cracked” graphite-aluminium anode cell, the graphite-only cell reached a
notably higher potential (+1.34 V, Figure 44c, compared to +0.05 V, Figure 43f).?*® This
supports the hypothesis that the drop in anodic potential reported in the “cracked” graphite-
aluminium anode cell was indeed a consequence of the electrolyte interacting with the

aluminium casing.

162



Upon application of the 10 mA current, for the first hour the pH level of the electrolyte
rises from approx. pH 5 to pH 8 (Figure 44d). In order to explain this steep increase in pH,
it is deduced that the cathode reaction is consuming protons (2H" + 2" — Hyg)) while the
much slower, proton-neutral process of Electrical Double Layer (EDL) formation occurs at
the large surface area graphite anode. This hypothesis is supported by the potential of the
platinum cathode, which is approx. -1.1 V during the 10 mA current step (Figure 44c).
Hydrogen formation would therefore be thermodynamically favourable since the redox
potential for the 2H*/H;, couple is approx. -0.49 V under the experimental conditions
(calculated using the Nernst Equation, pH 8, and assuming a H, partial pressure of

1 bar at the cathode). 8923423

Following the rise in solution pH, the pH decreases to approx. 7.4 in the following 4 h.
This pH drop is attributed to the absorption of gaseous CO, into the alkaline solution, with
the formation of bicarbonate acting to lower the pH via the well-known process
COyg + OH (ag) = HCO3 5. Carbon dioxide absorption levels off simultaneously as the
pH also reaches a steady value. The eventual equilibration in solution pH during the 10 mA
step indicates that eventually both electrode processes involve the same proton to electron
ratios. This supports the notion that following electrocapacitive charging (EDL formation)
at the anode, the electrode starts to catalyse water oxidation, with an expected high
overpotential of 0.59 V (anode potential equilibrates to +1.35 V while E(O,/H,0) is
estimated as +0.76 V under experimental conditions using the Nernst equation and

assuming a O, partial pressure of 1 bar at the anode).'%%?3+%%

Carbon Quantification in the Electrolyte

Post-CO, capture, bulk analysis of the electrolyte was performed to identify and quantify
the amount of carbon (and therefore CO;) captured. By employing Vogel’s titration
method,”*" bicarbonate was identified as the solvated carbon species (at 1.4 mmol) and

carbonate levels were negligible (see experimental for more details). All molar values
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reported for carbon detected in solution post-CO; capture correspond to the total amount of

carbon captured in the total volume of electrolyte. This was to be expected, considering the

186,238,239

final solution pH was approx. 7 (Figure 44d, Scheme 33) and the phase diagram

240,241

for carbonate speciation (Figure 45), as carbonate species are only expected to be

formed at extremely alkaline pH levels (>10). No solid was formed in this cell during this

experiment.
CO,; + HHO === H,CO3 (carbonic acid) pH<6.5
H,CO45 === HCOj3 + H" (bicarbonate anions) 6.5<pH<10.5
HCO; ~=————= (CO03> +H" (carbonate anions) pH > 10.5

Scheme 33: Carbon dioxide speciation in aqueous solution at different pH levels, 2232
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Figure 45: Phase diagram depicting carbonate speciation as a function of pH for an aqueous

solution in equilibrium with an atmosphere of 5% CO,.**

Carbon Dioxide Capture with an Aluminium-only Anode Cell

When an aluminium only was used as the anode, CO, capture was effectively non-existent
(Figure 46). As in the graphite-only anode cell, the platinum cathode potential in the
aluminium-only anode experiment was again approx. -1.1 V, indicating the cathodic
process was the same in both cells. In contrast, the anode potential (-0.54 V) was much
lower (Figure 46¢) and correspondingly the pH profile of the experiment was also
different, since during the 10 mA current step the pH gradually increased from 5.5 to 7.3

(Figure 46d). The electrode potentials were similar in the absence and presence of CO,,

164



(a) 15+++++++t+t+t+t+t+t++t++tt (b) L B e e e B e B
61+ 1
—~ 10+ T 1 1
<
E
E O7 i
o
3 o !
-5 3
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)
c S S | d I e e S
() 1.5 (A -+ 4
o 1.0 - 11+ 2 +
5 05 N 10" I
g .1---| N2 B 9** N
] ! 4 -
?,OO\___l E. ?_ 1
o -0.51 | et T
8‘) 1 g 6L/kg
S -1.0- e ——— - 5+ +
> € 1
-1.5 4+t 4:1.11]]. ——
10 20 30 40 0 10 20 30 40
Time (h) Time (h)

Figure 46: Carbon dioxide capture with 1 M NaCl in the aluminium-only anode cell.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant
changes to the electrochemical potential of the anode (black line, CO; light blue, N,) and cathode
(black line, CO,; dark blue, N,); (d) Corresponding changes in solution pH (black line, CO,; light
blue, N,). Other reaction conditions: a continuous gas flow of 0.7 mL min® CO, (5%) and

13.3 mL min™® N,, or 14.0 mL min™* N, and 180 mL of 1 M NaCl.

indicating that the same anodic and cathodic processes were occurring. The solution pH
was higher in the presence of N, only and in the absence of CO; (approx. pH 9-10 vs pH 6-

7 respectively, Figure 46d), which illustrated that the CO,/N, mixture acts as a pH buffer.

Precipitation of a white solid occurred during this experiment (0.54 g). Consideration of
the Pourbaix diagram of aluminium (Figure 47), the anode voltage and solution pH suggest
that Al(H20)3(OH)s) or Al(OH)3.3H,0), (simplified to AI(OH)s), is being formed.*%24
The proposed anode process is therefore aluminium oxidation, Alg + 6H,Oq —
Al(H,0)3(0H)3¢) + 3e” + 3H", which can also be expressed as Al + 3H,0() — Al(OH)s)

+ 3¢ + 3H".2%?* The potential for the AI/AI(OH); couple is approx. -2.02 V under the
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experimental conditions (at pH 8). The hypothesis that AI(OH)s(s) is formed in the
aluminium-only anode cell is further supported by the fact that in a control experiment, in
which a 10 mA current was applied for 24 h across the aluminium-only anode cell under an
N2 only atmosphere, rather than a CO,/N, mixture, a solid still formed (0.27 g), with solid
analysis suggesting the formation of Al(OH)3¢) only (see 4.2 Appendix 2, Section 4.2.1,

Figure Al-Figure A4, for electrochemical data for this run only and solid analysis).
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Figure 47: Pourbaix plot for aluminium at different voltages and pH levels. The small regions of

Al(H20)5(OH)** 2y and Al(H,0)4(OH)," ) have been omitted for simplicity.?**?*22%

Carbon Quantification in the Electrolyte and Solid

As expected from the high CO; content of the exit gas from the aluminium-only anode
electrochemical cell, analysis of the electrolyte isolated post-CO, capture detected
negligible levels of bicarbonate, indicating that no CO, was sequestered in
solution. #2240 By employing a TGA-IR quantification method, the amount of carbon
(and therefore CO,) trapped in the solid could be quantified (see experimental for details).
The level of carbon trapped in the solid is also extremely low (0.3 mmol) as could be
expected. All molar values reported for carbon detected in the solid isolated post-CO;

capture correspond to the total amount of carbon captured in the total mass of solid
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collected. In the case of when N, only was flowed through the cell, carbon levels were
even lower (0.018 mmol). This further supported the hypothesis that Al(OH)ss was
formed in the aluminium-only anode cell as a result of current application, which would

consequently absorb CO; if it was present.

3.2.3 Carbon Dioxide Capture with a Graphite-Aluminium Mixed Anode

Cell

Having proven that the graphite- and aluminium-only anode cells do not permit low power
CO, sequestration and mineralisation, the next aim of the project was to study a

purposefully designed graphite-aluminium mixed-material anode for CO, capture.

Optimising Anode Construction

The effect on CO; capture and anodic potentials of drilling different sized holes into the
graphite liner was investigated (Figure 48). These experiments were conducted by applying
a 10 mA current for “on” period of 3 h and then turning “off” for a period of 3 h, over the
course of 18 h (Figure 48a). Initially, eight holes with a width of 1 mm, depth of 13.18 mm
and total surface area of 6.3 mm? were drilled into the graphite liner (Figure 48a-d).
Carbon dioxide sequestration occurred during the programmed current-time steps (Figure
48b) with a simultaneous rise in pH levels (Figure 48c) but no solid formation occurred.
High average anode voltages (1.04 V) were also reached during the CO, capture step
(Figure 48a-e), which with an average cathode voltage at -1.17 V leads to an Ecey value of
2.21 V, equivalent to a high energy input (716 J) over the total 9 h “on” period of the

10 mA current.

To increase the contact between the electrolyte and aluminium, the same eight holes were
extended to a width of 3.2 mm, with the same depth, yielding a total surface area of
64 mm?. This new electrochemical cell was then subjected to the same reaction conditions

(Figure 48e-h). The pH level again became basic, with simultaneous CO, sequestration,
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Figure 48: Comparing electrode potentials vs hole size in the graphite-aluminium anode cell. (a-d)

Data collected with 8 x 1 mm holes in the graphite; (e-h) Data collected with 8 x 3.2 mm holes in

the graphite. (a) and (e) Programmed current-time steps; (b) and (f) Carbon dioxide content in the

exit gas stream; (c) and (g) Resultant changes to the electrochemical potential of the anode (grey

line) and cathode (black line); (d) and (h) Corresponding changes in solution pH. Other reaction

conditions: a continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N, and 60 mL of

1 M NaCl.



and a similar average cathodic voltage (-1.16 V), but a much lower anodic voltage
(-0.53 V) was observed (Figure 48g). This corresponds to a decreased Ecey value of
0.63 V, during the 9 h “on” period of the 10 mA current, meaning that relative to the cell
with the smaller holes; only 28% of the energy (204 J) was required. A solid precipitate
only formed in the cell with the larger holes. These tests proved that a mixed anode
component could be used to promote CO, sequestration with simultaneous solid
precipitation and low energy requirements, when the interaction between the electrolyte
and aluminium was controlled. The graphite-aluminium anode cell with the 3.2 mm holes
was therefore used in all further studies, and this setup is henceforth described as the

“graphite-aluminium anode cell”.

Carbon Dioxide Levels, Anode and Cathode Voltages and pH Levels
After constructing the graphite-aluminium anode cell with the desired sized holes in the
graphite liner, its ability to capture CO, was further investigated using the same 24 h style

experiments performed with the graphite- and aluminium-only anode cells (Figure 49).

Throughout the 10 mA current application time, the percentage of CO; in the exit gas
stream was on average 0.34% lower than the level of CO; in the inlet gas (5%), indicating
constant CO, uptake (Figure 49b). The anode and cathode reach potentials of -0.32 V and
-1.13 V respectively, during the current application and CO, sequestration period (Figure
49c). The electrode potentials were similar in the presence of N, only and 5% CO,,
indicating the same anodic and cathodic processes were occurring and suggested that CO,
was not taking part in any redox reactions. The gas outlet of the cell however was not
analysed for products such as CO or formaldehyde, therefore this hypothesis is
unconfirmed. The processes occurring at the electrodes are discussed further in “The

Cathodic and Anodic Process™.
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Figure 49: Overlay of repeat CO, capture experiments with 1 M NaCl in the graphite-aluminium
anode cell. (a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream;
(c) Resultant changes to the electrochemical potential of the anode (solid line) and cathode (dashed
line); (d) Corresponding changes in solution pH. Other reaction conditions: a continuous gas flow

of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, or 14.0 mL min™ N,, and 60 mL of 1 M NaCl.

The pH of the 1 M NaCl electrolyte was approx. 6-7 before the CO, gas mixture was
flowed through the cell. At the start of the experiment, during the 7 h gas equilibration
step, the electrolyte becomes acidic with a pH of approx. 4.5-5.5 (Figure 49d) indicating
carbonic acid formation (Scheme 33 and Figure 45).282%240 ypon application of the 10
mA current, the pH level of the electrolyte rises to 8-9 in less than 3 h, and remains at this
level during the remaining time at 10 mA. At this pH, CO, will dissolve as bicarbonate
(Scheme 33 and Figure 45).1%¢2382%0 |n the absence of CO, and presence of N only (see
4.2 Appendix 2, Section 4.2.2, Figure A5 for electrochemical data), the solution pH was
higher (approx. pH 11-12 vs pH 8-9 respectively), again illustrating that the CO2/N,

mixture acts as a pH buffer. Only a 0.14% change in CO; levels were detected in control
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experiments where 5% CO, was flowed through the graphite-aluminium anode cell for
over 40 h in the absence of current (Figure 50), confirming that all reported drops in CO,

levels in the mixed anode cell are electrochemically driven.

0 10 20 30 40
Time (h)

Figure 50: Monitoring CO, levels flowing through the graphite-aluminium anode cell in the
absence of a 10 mA current flow from the anode to the cathode. Other reaction conditions: a

continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N, and 60 mL of 1 M NaCl.

When the current flow was stopped after 24 h, the CO, level rose and stabilised at 5%,
again demonstrating CO, fixation is electrochemically driven (Figure 49b).
Simultaneously, the anode and cathode voltages return to “open circuit” values which are
different to those at the start of the experiment, indicating changes to solution composition
or the electrode surfaces. Concurrently, pH levels decreased from approx. 8-9 to 7.5. The
analysis and quantification of the carbonate phase trapped in the electrolyte with this cell is
discussed further in “3.2.10 Carbon Quantification and Analysis of Electrolyte”. A solid
was formed at the end of the reaction, and its analysis is discussed further in “3.2.4 Carbon

Dioxide Mineralisation”.

171



The Cathodic and Anodic Process

The Cathodic Process

During the 10 mA step, the potential of the platinum cathode (-1.13 V) would be sufficient
to drive platinum-catalysed H, (2H" + 2&" — Hj) production at a pH of 8 (-0.49 V as
determined earlier).'**#**2% |n order to prove that this occurs, replicate experiments in the
graphite-aluminium anode cell were performed with an in-line H,-GC monitoring the gas
outlet, and on average 0.142% H, was detected in the outlet gas (Figure 51). In order to
calculate the faradaic efficiency for H, production, the moles of H, produced must be
compared to the total numbers of electrons available during the electrochemical
experiment. Using Faraday’s constant (96485 C mol™), a current flow at 10 mA (0.01 A or
0.01 C s™) over 24 hours is equivalent to 8.95 mmol of electrons. Therefore the maximum
amount of H, would be 4.48 mmol. By using the ideal gas law, pV = nRT, the average
percentage of H, reported from the outlet cell (0.142%) in a gas flow of 14 mL min™ over
24 h, can be converted into a molar value (1.14 mmol), assuming a pressure of 1 atm at
34 C (307 K) and using a gas constant value of 0.082 Latm K™ mol™. The moles of H,
detected compared to the total moles which could be produced electrochemically is
therefore equivalent to a Faradaic efficiency of 25%.'% This Faradaic efficiency was lower
than that reported for cobalt-, tungsten-, platinum- or microbe-catalysed H,
formation.?**?** As the cell is not optimised for H, formation, for example no gas
membranes were placed around the platinum cathode, these low efficiencies are

unsurprising.

When aluminium metal is exposed to an alkaline solution, hydroxide anions can remove
the stable aluminium oxide (Al,O3) layer from the aluminium surface, thus exposing
aluminium to water and enabling spontaneous hydrogen formation to occur: 2Aly) +

6H20(|) — 2A1(OH)3(5) + 3H2(g), or 2A|(5) + 3H20(|) — AlgOg(s) + 3H2(g).247’248 To ensure the
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Figure 51: Overlay of repeat experiments with hydrogen detection. (a) Programmed current-time

steps; (b) Carbon dioxide content in the exit gas stream; (c¢) Resultant changes to the
electrochemical potential of the anode (solid line) and cathode (dashed line); (d) Corresponding
changes in solution pH; (e) Hydrogen levels. Other reaction conditions: a continuous gas flow of

0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, and 60 mL of 1 M NaCl.

reported H, levels in the graphite-aluminium cell were due to the platinum cathodic
process only, identical experiments were performed in a graphite-only anode cell.
Hydrogen levels were similar in both cells, with 0.12% of H, reported in the graphite-only
anode cell (Figure 52), confirming that H, formation is primarily due to the platinum

cathodic process.
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Figure 52: Hydrogen levels reported using (a) the graphite-aluminium anode cell and (b)

graphite-only anode cell.

The Anodic Process

Experiments were conducted in which the anodic (and cathodic) potentials were monitored
on a second timescale instead of every minute, in order to analyse the charging capabilities
of different anodes (Figure 53). The equilibrium voltage for the aluminium-only anode was
achieved in a couple of seconds, as expected for an electrode with a low charging capacity.
In contrast, the graphite-only anode required approx. 200 s to reach a constant potential,
illustrating its potential capacitive charging properties. The mixed anode showed a carbon
charging process, which occurred over approx. 5 s. This suggests that combining the
graphite and aluminium anode enables low power CO, capture because a mixture of EDL
formation and aluminium oxidation (Al + 3H,0g — AI(OH)se) + 3™ + 3H™) occurs at

the mixed-material anode, offset by H, formation at the cathode.”***

During the 10 mA step, the potential of the anode (-0.32 V) in the graphite-aluminium cell
would be sufficient to drive aluminium oxidation (Al + 3H>Oq) — AI(OH)3i) + 3 +
3H") at a pH of 8 (-2.02 V as determined earlier). Aluminium oxidation is further
supported by analysis of the precipitate formed in the electrochemical CO,-capture

experiments (as discussed further in “3.2.5 Analysis of Electrochemical Formed Solids”).

In terms of the faradaic efficiency for aluminium oxidation, the maximum amount of
aluminium that the solid contain would be 2.98 mmol of Al (during the 24 h experiments

in the graphite-aluminium anode cell). Considering the solid formed in the cell contains on
174



Graphite-aluminium anode Aluminium-only anode Graphite-only anode
— 2+ —

01 et ,
S i R R
7 i e -1

oo, or )
T 2 ' T 27 e T 2T i -
a 1@ 505101 2 @ 5051015 & -100 0 100200
> t-t.(s) > -t () > 1=t (s)
< o4 O S 0+ 2 o -
S g, i %
g -1+ g -1 - g -1t
5 — 5 : B . : |
> 7 8 9 10 > 7 8 9 10 > 7 8 9 10
= R 55+ ' 5.5
S 50 - g s0(® S 50") -
o 451 - 45T 451 N,
O 40+ © 40+ O 40+ -
3.5 —t—t— 3.5 : 3.5 . .
7 8 9 10 7 8 9 10 7 8 9 10
12 +—4——+—+— 124+——+—+—+— 12 P
10 e) L 10 1(e) I 10 1(e) L
T 87 - & 87 T & 87 i
6- 6+ 6 ﬁ
4 —F 4ttt 4+ttt
7 8 9 10 7 8 9 10 7 8 9 10
Time (h) Time (h) Time (h)

Figure 53: Comparing changes in reaction variables with different anodes in the electrochemical
cell following current application. (a) Anode (grey line) and cathode (black line) voltages before
and after a 10 mA current was applied. Inset shows zoomed in region around the time (t) when the
current is applied (the exact time the current is applied is to, set as zero); (b) Carbon dioxide
content in the exit gas stream; (c) Changes in solution pH. Other reaction conditions: a continuous

gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, and 1 M NaCl.

average 3.9 £ 0.4 mmol of aluminium, the Faradaic efficiency of aluminium oxidation is
over 100% (approx. 131%). This high percentage may be due to corrosion of the
aluminium oxide layer, facilitated by pitting attack from chloride anions in the 1 M NaCl

249250 thys creating a greater concentration of AI** cations available for

aqueous solution,
the electrochemical process. The faradaic efficiencies for H, (25%) and aluminium
oxidation (>100%) do not match. This may be due to potentially some of the H, forming in
the cell not reaching the outlet port of the cell (the detection of other gas based products

being released from the cell was not performed), and the corrosion of the aluminium oxide

layer as discussed previously.
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Temperature Monitoring
To ensure changes in CO, levels were only electrochemically driven, temperature

monitoring of the same four experiments in Figure 49 was performed (Figure 54).
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Figure 54: Monitoring temperature effects on CO, capture in the graphite-aluminium anode cell.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant
changes to the electrochemical potential of the anode (solid line) and cathode (dashed line); (d)
Corresponding changes in solution pH; (e) Temperature of the magnetic stirrer hotplate and
graphite-aluminium anode cell. Other reaction conditions: a continuous gas flow of 0.7 mL min™

CO, (5%) and 13.3 mL min™ N,, and 60 mL of 1 M NaCl.
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During standard experiments, the temperature of the magnetic stirrer hotplate, and
consequently the cell, measured between 32-35 °C with an average temperature of 34 °C
(Figure 54e). Changes in temperature and CO, levels over the 40 h experiment were
unrelated, therefore slight temperature fluctuations (within 4 °C) do not cause or influence
CO, capture. The effect of increasing temperature is explored more significantly in “3.4
Part 2: Promoting Cost-effective and Sustainable Electrochemical CO, Capture and

Mineralisation, Changing Temperature”.

3.2.4 Carbon Dioxide Mineralisation

The nature of the insoluble precipitate, or electrochemically formed solid, obtained
post-CO, capture using the graphite-aluminium anode cell was initially unknown. This
solid arose from electrochemically driven CO; sequestration since it was not generated in
control experiments when 1) no current was applied, and 5% CO, was flowed through the
cell for 38 h, or 2) when a CO,-free (100% N) gas feed was used and a 10 mA current was
applied to the cell for 24 h. Four new and separate experiments were therefore performed
with the intention of isolating the solid formed post-CO, capture in the graphite-aluminium
anode cell (Figure 55). The four solids formed from each test were then collected and
analysed to determine their composition, and whether captured CO, was intrinsic to the
structure  (“3.2.5 Analysis of Electrochemically Formed Solids”). On average.
0.58 £+ 0.08 g of solid were collected after the experiment for these four experiments.

Quantification of elements in the solid is discussed in Section 3.2.5.
3.2.5 Analysis of Electrochemically Formed Solids

Analysis of Carbonate and Aluminium Environment(s)

FT-IR (DRIFT) spectroscopy indicated that a carbonate environment is present in the
precipitate isolated post-CO, capture in the graphite-aluminium anode cell, but not as
sodium bicarbonate or sodium carbonate (Figure 56). Interestingly, two peaks are present

in the carbonyl stretch region at 1513 and 1407 cm™ (Figure 56b, black line), indicative of
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Figure 55: Overlay of repeat CO, capture experiments with 1 M NaCl in the graphite-aluminium
anode cell. (a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream;
(c) Resultant changes to the electrochemical potential of the anode (solid line) and cathode (dashed
line); (d) Corresponding changes in solution pH, instrument error gave rise to the premature end in
data recording for Run 3. Other reaction conditions: a continuous gas flow of 0.7 mL min™ CO,
(5%) and 13.3 mL min™ N, and 60 mL of 1 M NaCl.
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Figure 56: Comparing FT-IR (DRIFT) analysis of electrochemically formed solid (black line) with
the spectra of NaHCO; (red line) and Na,COs (blue line). (a) Full spectrum; (b) Carbonyl stretch

region.
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a split v carbonate peak. This split pattern was previously reported by Serna et al. whilst
synthesising aluminium hydroxycarbonates. Serna synthesised these carbonates by
instigating the precipitation of an aluminium based species, by titrating aqueous aluminium
nitrate into an aqueous solution of sodium carbonate (Na,COs) at pH 9.15.2°*%2 This could
explain the broad stretch from 910-580 cm™, which is in the Al-O stretch region.”>*?** The
only other distinguishable peaks are a broad O-H stretch and O-H bend at

3450 cm™ and 1640 cm™ respectively.?*®

When the electrochemically formed solid is also
compared to carbonate free aluminium compounds AI(OH); and NaAlO,, as well as
commercial basic aluminium carbonate, (BAC, or basic Aly(COs3);), only the carbonyl
region of basic Al,(COgs)s is similar (Figure 57 and Table 14). Overall, FT-IR (DRIFT)

analysis suggested the electrochemically formed solid is potentially an aluminium

hydroxycarbonate based material.
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Figure 57: Comparing FT-IR (DRIFT) analysis of electrochemically formed solid (black line) with
the spectra of commercial basic Al,(COs); (grey line), NaAIO, (yellow line) and Al(OH); (blue

line). (a) Full spectrum; (b) Carbonyl stretch region.

The results obtained from solid state *C{*H} MAS and CPMAS NMR analysis supported
the conclusions obtained from FT-IR (DRIFT) analysis, as a carbonate environment was
detected. Please note, all solid state NMR analysis, experiments and data/figures were

performed and provided by Dr Pedro M. Aguiar whilst at the University of York.

179



Table 14: Comparison of carbonate peaks reported for the electrochemically formed solid and the

aluminium hydroxycarbonate species synthesised by Serna et al. detected via IR.?"*?

Reference Carbonate peak / cm™
i~ 1520 1415
Sernaetal, (splitting of the v3 (splitting of the v
1978%" (v, bend for water) o o
carbonate vibration) carbonate vibration)
1513 1407
1643
This work (splitting of the v; (splitting of the v3

(v, bend for water) o o
carbonate vibration) carbonate vibration)

The observed 3C chemical shifts for standard carbonates are consistent with previous

observations for carbonate and bicarbonate systems;**®

carbonate moieties possess
chemical shifts of 168-172 ppm, whereas the bicarbonates moieties are more shielded with

chemical shifts of ca. 165 ppm (Table 15 and Figure 58).

Table 15: ®*C{"H} MAS NMR isotropic shifts observed for carbonate standards and an
electrochemically formed precipitate (CO, capture solid). Basic Aly(CO3); refers to basic

aluminium carbonate.

Sample diso / ppm
NaHCO; 164.8 £ 2
Na,COs signal 1 1709+ 2
Na,CO; signal 2 170.7+2
Na,CO3;-H,0 1723+ 2
Na,C0O;-10H,0 169.0 + 2
NasH(CO5),-2H,0 167.8 + 2
Basic Aly(CO;); signal 1 164.3
Basic Aly(COg)3, signal 2 162.4
CO, capture solid 163+1
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- Na CO,H.O
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Na H(CO,),.2H.0
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Figure 58: “C{'"H} MAS (Na,C0s) and *C{*H} CPMAS spectra of sodium carbonate and

bicarbonate standards. An asterisk marks the presence of a signal arising from a sodium

bicarbonate impurity in the sodium sesquicarbonate sample.

Electrochemically formed precipitates, generated in 24 h, 10 mA carbon capture

experiments, yielded broad signals, indicative of disorder with isotropic chemical shifts of
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162-164 ppm (Figure 59), consistent with bicarbonate.?®® **C{*H} Bloch-decay (single-
pulse) experiments on the sodium precipitates revealed no additional signals to those

observed under cross-polarisation.

I ; | 0 I i 1 v 1 ; | ; I ’ | ’ 1 v I b
174 172 170 168 166 164 162 160 158 ppm
Figure 59: *C{'H} CPMAS spectra (top and bottom) obtained for two precipitates generated in

24 h, 10 mA carbon capture experiments with 1 M NaCl in the graphite-aluminium anode cell. The
observed isotropic shifts of 162-164 ppm are typical of solids acquired from various

electrochemical runs.
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FT-IR (DRIFT) analysis illustrated that aluminium is a major component of the
electrochemically formed precipitates. Solid state 2’Al MAS NMR of electrochemically
formed precipitates revealed that it is predominantly six-coordinated aluminium (V'Al)
with small amounts (<8% total) of five- and four-coordinated aluminium sites (YAl and
VAI, Figure 60). No distinct second-order lineshape features are observable in the MAS
spectra and a significant tailing of the signal to the more shielded region of the spectrum is
indicative of a composite signal resulting from sites possessing a distribution of quadrupole
coupling constants. The ?’Al 3-Quantum Magic-Angle Spinning (3QMAS) spectrum
(Figure 61) confirms the assignment of the signals at ca. 30 and 60 ppm as arising from
VAl and VAl sites and reveals that all three sites have similar quadrupole parameters, Po ~

3.6 +0.5 MHz.

VIAI

IVAI VA|

50 0 -50 ppm

Figure 60: Al MAS spectrum of an electrochemically formed precipitate generated in a 24 h,

10 mA carbon capture experiment with 1 M NacCl in the graphite-aluminium anode cell.
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Figure 61: Al 3QMAS spectrum of an electrochemically formed precipitate generated in a 24 h,

10 mA carbon capture experiment with 1 M NacCl in the graphite-aluminium anode cell.

When commercial basic Al,(CO3); (Alfa Aesar) was analysed via solid state NMR,
Bc{H} CPMAS NMR revealed two signals at 164.3 and 162.4 ppm (Figure 62, top
spectrum). The Al MAS NMR revealed the primary aluminium species is six-coordinated
aluminium (Y'Al) with small amounts of four (*VAl) and five-coordinated aluminium (VAl)
sites (Figure 62, bottom spectrum). No signal is observed in the Na MAS NMR (data not
shown). Hence, a similar but not identical aluminium and carbonate environment to the

electrochemically formed solid is present.
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Figure 62: *C{'"H} CPMAS and Al MAS NMR spectra of a commercial basic aluminium

TGA-IR analysis of bicarbonate and carbonate standards indicated that bicarbonates
release CO, gas at temperatures <200 °C, whereas carbonates release CO, gas at
temperatures >800 °C (Figure 63). The electrochemically formed samples show a mass
loss of 30-35% at 150-200 °C with the concurrent loss of CO; gas and water (black line,

Figure 64). This is indicative of a bicarbonate environment rather than a carbonate

environment (red and blue lines, Figure 64).
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Figure 64: Comparing TGA-IR analysis and consequent (a) CO, IR spectra and (b) H,O IR spectra

of an electrochemically formed solid, carbonate standards and NaCl.

A mass loss of 15% is detected from 800 °C without the release of CO, (black line, Figure
64), and occurs at a similar temperature to when NaCl decomposes (yellow line, Figure
64), as NaCl has a melting point of 800-801 °C and boiling point of 950-1150 °C.*’ This
suggests this mass loss at 800 °C is due to isolating NaCl from the electrolyte along with
an aluminium hydroxycarbonate based species. A mass loss of 100% did not occur at
1250 °C, indicating components of the solid are stable at this temperature. The temperature
of decomposition is also similar to the profile of commercial basic Al,(CO3); (Figure 65),

which suggested that an aluminium oxide based environment is also present.

The presence of an aluminium oxide was supported by powder XRD, because analysis of
the retained solid post-TGA-IR analysis shows the diffraction pattern of corundum
(a-Al,03) which is formed in the thermal transition of AI(OH)ss when exposed to
temperatures >1000 °C (Figure 66 and Figure 67 respectively).?®® The rising baseline also
indicated the presence of a secondary unidentifiable amorphous phase, which was
hypothesised to be an aluminium based specie(s). Overall, the solid analysis suggested that
an aluminium phase consisting of aluminium hydroxycarbonate and aluminium oxide is

present in the solid.
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Figure 65: Comparing TGA-IR analysis and consequent CO, IR spectra of an electrochemically

formed solid and commercial basic Al,(CO3)s. A secondary loss of CO, at 900 °C is hypothesised

to be traces of NaHCO; or Na,CO; which may have been used to synthesise basic Aly(CO3)3.2***
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Figure 66: Powder XRD analysis of electrochemically formed solid post-TGA-IR analysis (black

line) and corundum (green line); * metal plate (Al) sample holder.?®
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Figure 67: Transformation of aluminium hydroxides to aluminium oxides.?**

Analysis of Sodium Environment(s)

Solid state Na MAS NMR analysis was performed to see if only sodium from NaCl was
present. The NMR spectrum shows a sharp signal centred about 7 ppm and a second
broader signal centred about -9.5 ppm (Figure 68) suggestive of two different Na

environments.

x32

1 0 -10 -20 -30 -40 ppm

10 0 -10 -20 -30 -40  ppm
Figure 68: *Na MAS spectra of an electrochemically formed precipitate generated in a 24 h,
10 mA carbon capture experiment with 1 M NaCl in the graphite-aluminium anode cell. An inset of
the spectrum (x32) shows the carbonate component more clearly. The amount of NaCl (6 = 7 ppm)

co-precipitating varied from sample to sample.
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Comparison to published data allows assignment of the signal at 7 ppm to NaCI?®* and was
the major sodium species detected. A secondary minor sodium environment indicative of a
disordered bicarbonate environment was also detected. From a comparison of experimental
data from a series of standards (Figure 69-Figure 73 and Table 16), the lack of distinct
discontinuities in the precipitate data compared to the well-ordered crystalline samples is
indicative of structural disorder about the sodium site(s). This is evidenced by the 2D

lineshape of the carbonate signal in the Na (3QMAS) spectrum (Figure 73).

Na2C03

Na,CO,H,0

Na,CO,.10H.,0

NaHCO,

J/k Na,H(CO,),.2H,0

- —40 ppm

Figure 69: ?Na MAS NMR spectra of a series of sodium carbonate standards. Signals arising from
the satellite transitions (ST) are marked where visible. A small amount of NaCl in the
sesquicarbonate sample is marked by an asterisk. Na 3QMAS also reveals a small amount (ca.
10% based on fits of the MAS lineshape) of sodium bicarbonate in the sesquicarbonate sample,

which was also observed in the *C{*"H} MAS spectrum of this sample.
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Figure 70: ®Na 3QMAS spectrum (left) of Na,CO;.H,O showing resolution of the two
overlapping signals along with Na MAS and simulation of the lineshape taking into account the

two signals (right).
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Figure 71: *Na 3QMAS spectrum of NagH(CO3),.2H,0 showing resolution of the two

263

crystallographically distinct sites™” along with sodium bicarbonate impurity.
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Figure 72: **Na 3QMAS spectrum of Na,CO;. A series of signals could be resolved due to the

large number of unique sites present in the incommensurately modulated structure of sodium

carbonate.?®*

ppm

‘carbonate’

T T - T " T 15
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Figure 73: Na 3QMAS spectra of an electrochemically formed precipitate with differing amounts
of NaCl. The slope of the dashed line corresponds to the chemical shift contribution to the position

in the ‘isotropic’ (vertical) dimension. Elongation along this slope indicates a distribution of

isotropic chemical shifts.®®
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Table 16: ®Na NMR parameters for sodium carbonate standards and an electrochemically formed

precipitate solid (labelled as CO, capture solid).

Sample diso/ ppm  Co/ MHz n Po/ MHz
NaHCO; 43+1 0.68x1 0.95%£5 0.88
Na,CO3-H,0? site 1 1.5 1.80 1 2.4
Na,COs-H,0? site 2 -1.8 2.54 0.44 2.7
Na,COs-10H,0?, site 1 2.2 0.77 0.48 0.80
Na,CO5-10H,0% site 1 1.85 0.81 0.65 0.87
NazH(COs),-2H,0?, site 1 2.0 1.70 0.75 1.90
NasH(CO5),-2H,0?, site 2 -0.2 1.33 0.26 1.39
Na,CO5*", signal A 6.2+5 - - 27+3
Na,CO,*”, signal B -45+5 - - 27+3
Na,CO3*", signal C-G 5.6-6.9 - - 1.2-1.4
CO;, capture solid? 1+£2 - - 15+4

a) Parameters extracted from “Na 3QMAS experiments (Figure 70-Figure 73).

b) The structure of Na,CO; is incommensurately modulated (aperiodic) resulting in signals
representing the distribution of sodium environments. Thus even ‘resolved’ signals belong to a
distribution of sites in the crystal. No attempt has been made herein to ascribe the observed signals

to the sites within the crystal.

Overall, this suggested that both an aluminium hydroxycarbonate material and a separate
sodium bicarbonate environment were isolated, or that one aluminium and sodium
carbonate based species was being formed. Identifying which of these two scenarios is

occurring was not possible via solid state NMR.

Any Crystalline Phase(s)?

To determine if any crystalline compounds were present in the isolated solids, powder
XRD analysis was employed (Figure 74). The only crystalline material detectable is NaCl,
which could be expected due to isolating the solid from aqueous 1 M NaCl. Interestingly,

the baseline of the spectrum is not flat and contains a slight rise, indicating that there is a
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Figure 74: Powder XRD analysis of electrochemically formed solid compared to NaCl.

secondary amorphous species. Research into carbonate containing bauxite, a mineral
containing hydrous aluminium oxides, has indicated that the presence of CO,, as
carbonate, can hinder the crystallisation of AI(OH)s in bauxite.?®® It is therefore probable
that the secondary amorphous species is due to the aluminium hydroxycarbonate species,
as detected by FT-IR (DRIFT), solid state *C{*H} CPMAS, solid state >’Al MAS NMR

and TGA-IR analysis.

Element Quantification

After identifying some of the major elements present in the electrochemically formed
solids, ICP-MS analysis was performed to quantify sodium and aluminium, and TGA-IR
analysis was used to quantify carbon via a calibrated TGA-IR method (see section 3.7).
These results show the average molar ratios of C:Al and Na:Al are 1:4 £ 1.6 and 1.7 + 3.6
respectively, which is inconsistent with the formation of a homogenous phase (Table 17).
All errors quoted for solid analysis (and for any values in this chapter) are standard
deviation values. This analysis suggested that the electrochemically formed solids are a
heterogeneous mixture of different chemical species, as indicated by other solid analysis

techniques.
194



Table 17: Quantification of the major elements in the electrochemically formed solids post-CO,

capture in the graphite-aluminium anode cell.?

1 M Electrolyte  Solidmass/g  C/mmol® Na / mmol° Al / mmol°
NaCl, Run 1° 0.62 0.6+0.1 7.2+0.2 41+04
NaCl, Run 2° 0.63 1.0+0.2 6.2+0.2 3.9+0.2
NaCl, Run 3° 0.46 1.0+01 34+0.2 3.3+£0.3
NaCl, Run 4° 0.60 11+01 84+05 41+04

Average 0.58 £ 0.08 0.9+0.2 6.3+21 3904

a) All molar values reported for carbon, sodium and aluminium detected in the solid post-CO, capture
correspond to the total amount of carbon, sodium and aluminium in the total mass of solid collected
respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via ICP-MS analysis.

d) The four runs correspond to the four experiments in Figure 55.

3.2.6 Surface Analysis: Is NaCl the Only Crystalline Material?

Bulk solid analysis demonstrated that a heterogeneous mixture of an amorphous
aluminium hydroxycarbonate and crystalline NaCl is isolated post-CO, capture in the
graphite-aluminium anode cell. A disordered separate sodium bicarbonate species was also
detected, however it was unclear whether this was a separate species or part of an
aluminium hydroxycarbonate based species. Therefore, to determine if any crystalline
NaHCOg3, which was undetectable via powder XRD, is present, Raman and SEM-EDX

analysis was performed.

Raman Analysis

Raman analysis shows a broad amorphous structure, with peaks at 1093 cm™ and at

267

1566 cm™ indicative of a carbonate based environment®®’ and amorphous carbon

respectively?®®

(Figure 75). Numerous points of the sample produced identical results,
indicating this material is dispersed throughout. No indication of crystalline NaHCO3;
formation was detected, suggesting that if crystalline NaHCOj3 is present, it may be nano-

crystalline.
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Figure 75: Raman analysis of (a) two different regions and hence spectra of an electrochemically

formed solid, and (b) NaHCO; for comparison.

SEM-EDX Analysis

When the precipitate was analysed via SEM imaging, an amorphous bulk morphology is
detected (Figure 76). A few crystallites were detected, varying in size from 0.8-1.3 um
(Figure 76b). When analysed via EDX analysis, these crystallites are identified as NaCl,
supporting powder XRD analysis. The non-crystalline bulk of the material contains
aluminium and oxygen as the major elements (Table 18), supporting the formation of an
aluminium oxide material. Elemental ratios vary throughout the sample, consistent with a
heterogeneous mixture. All elemental ratios obtained from SEM-EDX analysis are stated

in a 1:XX manner, with the LHS element quoted in the ratio set as 1.
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Figure 76: SEM analysis of electrochemically formed solid. (a) Shows small crystallites and

largely non-crystalline bulk, (b) a closer view of the crystal highlighted in the red square of panel a.

Table 18: SEM-EDX analysis of electrochemically formed solid.

Run Al:Na ratio® Al:C ratio® Al:O ratio® Na:Cl ratio®
Run 1°¢ 75.75 + 43.81 N/A 1.75+0.75 1.23+0.74
Run 2°¢ 1.35+ 0.86 1.86 +2.42 4,22 +1.59 0.80 + 0.23

a) Values are stated in a 1:XX manner, with the LHS element quoted in the ratio set as 1.

b) In each run, a different viewpoint of the sample was chosen and eight points along a diagonal line were
analysed. The average values obtained from these eight runs are quoted.

¢) Analysis of small crystallite (Figure 76b, shown in the red square panel of Figure 76a).

d) Analysis of large non-crystalline bulk (Figure 76a).

A low abundance of carbon is however detected which was puzzling. Analysis of NaHCO3
and Na,COj3 for comparison also detected low carbon levels, with all elemental ratios

quoting unexpected values (Table 19).

Table 19: EDX analysis of standard NaHCO; and Na,COs.

Standard Na:O ratio® Na:C ratio® O:C ratio®

NaHCO;, run 1° 1.38+0.11 0.03 £ 0.04 0.02 £ 0.03

NaHCOs, run 2° 1.41+0.15 0.06 +£0.12 0.04+0.01

Na,COs, run 1° 0.83+0.12 0.01+£0.02 0.01+0.01

Na,COs, run 2° 0.85+0.12 0.01+0.01 0.01+0.01

a) Values are stated in a 1:XX manner, with the LHS element quoted in the ratio set as 1.
b) In each run, a different viewpoint of the sample was chosen and eight points along a diagonal line were
analysed. The average values obtained from these eight runs are quoted.
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This therefore suggested that quantification of carbon, and elemental ratios, via SEM-EDX
was not entirely reliable. It was therefore concluded that NaHCOg is either not isolated in

the heterogeneous amorphous solid or is an extremely minor component.

3.2.7 Further Analysis of the Amorphous, Insoluble Material

After detailed analysis of the precipitates, the evidence suggested that the solid was a
heterogeneous mixture of NaCl, aluminium oxide and an aluminium (and potentially
sodium based) hydroxycarbonate material. The amorphous nature of the insoluble material
creates difficulties in assigning a more exact chemical structure, so attempts were made to

further purify the carbon-containing component via cold and hot water washes (Scheme

34).
Isolated (unwashed) solid
Cold purification H'.Jt p unflcat:on_
. . Solid is washed via
Solid is washed with . .
cold water (10 x 15 mL) soxhlet extraction using water
/ \ (24 hours, 100 mL of water)
Insoluble solid: Isolated through Soluble solid (x2): Isolated by Insoluble solid: Isolated through
sinter funnel filtration and dried concentrating the water used sinter funnel filtration and dried

in a vaccum dessicator for washing via freeze-drying in a vaccum dessicator

Scheme 34: Water washes employed to further investigate the electrochemically formed solids.

After performing a cold water wash of an electrochemically formed solid, an amorphous
disordered phase is still isolated, as shown by the rising baseline in the powder XRD
spectrum (Figure 77). This solid is similar, but not identical, to commercial basic
Al>(CO3)s. No traces of NaCl were detected, indicating that NaCl had been removed. A
drop in captured CO, levels was also indicated by TGA-IR analysis. This could be
expected due to the hydrolysis of carbonate in the presence of water. When washed with
hot water, NaCl and the carbonate phase were removed from the precipitate, and the
aluminium oxide phase transitioned to crystalline boehmite, y-AlO(OH), with an

amorphous phase still detected, as shown by powder XRD?***™* and Raman analysis®'2
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Figure 77: Powder XRD analysis of electrochemically formed solid after a cold water wash (black

line) and commercial basic Al,(COs); (grey line).

(Figure 78 and Figure 79 respectively). This could be expected due to the thermal

transition of AI(OH)s() when exposed to 100 °C (Figure 67).
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Figure 78: Powder XRD analysis of electrochemically formed solid after a hot water wash (black

line) and boehmite (green line);?***™* * signal from metal (Al) sample holder.
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The formation of boehmite at approx. 100 °C could be expected considering the phase
transitions of aluminium oxide (Figure 67) and supported the powder XRD detection of
corundum in the solid isolated after heating up to 1300 °C (Figure 66). This change in
chemical composition of the aluminium species is further supported by SEM analysis, as
the samples change from a smooth amorphous structure to a pore based structure (Figure
80). EDX analysis shows a decrease in the Al:O ratio, which can be expected in the

transformation of AI(OH); to y-AlO(OH), as well as the removal of NaCl (Table 20).
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Figure 80: SEM imaging and EDX analysis of the a) unwashed, b) cold water washed and c) hot water washed samples with representative EDX spectra.
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Table 20: SEM-EDX analysis of unwashed, cold and hot water washed samples.

Sample Al:Na ratio® Al:C ratio® Al:O ratio® Na:Cl ratio®

Unwashed, run 1° 75.75 + 43.81 N/A 1.75+0.75 1.23+0.74

Unwashed, run 2° 1.35+0.86 1.86 £2.42 4,22 +1.59 0.80 +0.23

Cold wash, run 1° 0.02 £ 0.005 0.15+0.14 2.10 £ 0.58 N/A
Cold wash, run 2° 0.02 £ 0.003 0.02+0.25 1.93+0.32 N/A
Hot wash, run 1° 0.002 + 0.001 N/A 1.25+0.18 N/A
Hot wash, run 2° 0.02 £ 0.001 N/A 1.26 £0.23 N/A

a) Values are stated in a 1: XX manner, with the LHS element quoted in the ratio set as 1.
b) In each run, a different viewpoint of the sample was chosen and eight points along a diagonal line were
analysed. The average values obtained from these eight runs are quoted.

3.2.8 Does Changing the Electrolyte Affect Mineralisation?

In order to investigate whether 1 M NaCl was the only electrolyte capable of performing
CO, mineralisation in the graphite-aluminium anode cell, experiments were conducted
using 1 M aqueous LiCl and 1 M aqueous CsCl as the electrolyte. These tests also gave
constant CO, uptake and mineralisation during a 10 mA current-time period of 24 h, with
similar electrode potentials and pH levels to those reported when using 1 M NaCl as

electrolyte (Figure 81).

Using 1 M LiCl led to the unique case of a crystalline Layered Double Hydroxide (LDH)
being formed. This was highlighted by powder XRD analysis, which detected a species
similar to the structure of LDHs such as LiAly(OH)sCI.H,O or LiAl,(OH)sCI (Figure 82),
changes in the FT-IR (DRIFT) spectrum (Figure 83) and the release of CO, at a higher
temperature of approx. 275 °C (Figure 84). Using 1 M CsCl formed a heterogeneous
mixture of crystalline CsCl and a secondary amorphous phase, in a similar manner to using

1 M NacCl as the electrolyte (Figure 85).

LDHs are crystalline anionic clays, composed of metal hydroxide sheets with metal cations

coordinated to hydroxide ions in an octahedral geometry. Due to the combination of di-
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Figure 81: Effects of changing electrolyte in the graphite-aluminium anode cell.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant
changes to the electrochemical potential of the graphite-aluminium anode (solid line) and platinum
cathode (dashed line); (d) Corresponding changes in solution pH. Other reaction conditions: a

continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ Ny, 60 mL of 1 M electrolyte.

and trivalent metal cations, or mono- and trivalent metal cations, in the structure, the
positive charge is balanced by anions located between the metal cations in the interlayer
region. LDHSs therefore have the general structure of [M**1.M>*y (OH)2]™ A" - YH-0,
where M?* and M>* are di- and trivalent metal cations respectively and A™ is the interlayer
anion.?”® In the majority of cases, z = 2, and the LDHs consist of divalent metal cations,
such as magnesium and zinc, and trivalent cations, such as aluminium and chromium
etc.2™*?"® There is one unique case when z = 1, and in this example, lithium is the
monovalent cation and only aluminium can be the trivalent metal cation. Lithium LDHSs

therefore have a general structure of [LiAl,(OH)s]'A™ - H,0.2”® As lithium is the only
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Figure 83: Comparing FT-IR (DRIFT) analysis of electrochemically formed solid using 1 M NaCl

(black line) and 1 M LiCl (grey line). (a) Full spectrum; (b) Carbonyl stretch region.

monovalent metal that can form LDHs, this explains why no LDH based structure was
reported when using NaCl or CsCI.2"#?®27 [ jthjum based LDHs have been reported to
capture CO, as carbonate anions (COs%) in the interlayer region.?’®?%%% This could
explain why a different CO, environment is detected via FT-IR analysis (Figure 83) and
TGA-IR analysis (Figure 84).27%%%-282 | DH formation was supported further by solid state
MAS NMR analysis, which detected environments consistent with a LDH structure (Figure
86). No 3C signal is observed under conditions of cross-polarization. However a single-
pulse spectrum reveals a signal at 169.5 ppm. Based on the shift and its absence under

cross-polarization conditions this is assigned as belonging to a COs* moiety. A single "Li
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signal at O ppm is observed. The small chemical shift range of lithium in diamagnetic
solids does not permit accurate estimate of the coordination number.”® A single *’Al signal
centred about 7.8 ppm consistent with six-coordinate aluminium is observed. Both of these
signals are consistent with the results observed for a related lithium layered double

hydroxide.?”

13C
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“Li

20 10 o -10 ppm

27A|

|
50 0 -50 ppm

Figure 86: *C{'H} single-pulse, 'Li and Al MAS spectra of the electrochemically formed
precipitate generated in a 24 h, 10 mA carbon capture experiment with 1 M LiCl in the graphite-

aluminium anode cell.

Elemental analysis highlighted that the C:Al and C:Na ratios for the electrochemically
formed solids changed slightly with electrolyte (Table 21). The C:Al ratio increased for the
LiCl formed sample (1:6 vs 1:4), potentially due to the formation of a LDH, and was
similar for the CsCIl formed sample (1:4). This suggested that a similar aluminium and
carbonate species was formed as in the standard NaCl experiments (Figure 55). The

variance in C:Na ratios again suggested that a heterogeneous mixture was formed in each
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case. The C:Na ratio was higher than expected for the CsCl experiment, and was

potentially due to Na contamination.

Table 21: Quantification of carbon, sodium and aluminium in the solid formed post-CO, capture in

the graphite-aluminium anode cell with 1 M LiCl and 1 M CsCI.?

1 M Electrolyte  Solidmass/g  C/mmol® Na / mmol° Al / mmol°
LiCl 0.34 0.4£0.01 16+0.1 23+0.1
CsCl 0.96 0.8+0.1 54+0.1 34+02

a) All molar values reported for carbon, sodium and aluminium detected in the solid post-CO, capture
correspond to the total amount of carbon, sodium and aluminium in the total mass of solid collected
respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via ICP-MS analysis.

3.2.9 Solid Analysis Summary

All solid analysis indicated that an amorphous heterogeneous mixture is electrochemically
formed as a consequence of CO, capture and mineralisation in the graphite-aluminium
anode cell. The solids consist of amorphous aluminium hydroxycarbonate, aluminium
hydroxide in the form of AI(OH);, and crystalline NaCl. It is hypothesised that the
aluminium hydroxycarbonate species isolated is an amorphous form of the crystalline
mineral Dawsonite (NaAICO3(OH),). Elemental quantification of the main species present
suggests that [AI(OH)3]s[NaAICO3(OH)]:[NaCl]..; is isolated from the four experiments
shown in Figure 55. Changing the electrolyte did not hinder CO, mineralisation, with 1 M
LiCl leading to the novel synthesis of a LDH as part of the heterogeneous mixture. Carbon
is trapped in the electrochemically formed solids as a result of CO, mineralisation, with
carbon levels in the 0.4-1.1 mmol range (Table 22). When comparing the level of carbon
captured using different electrolytes, the trend of carbon levels captured were NaCl = CsCl
> LiCl (Table 22). Carbon capture with 1 M LiCl and CsCI was only performed once,

therefore the reproducibility and accuracy of these results are unknown.
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Table 22: Quantification of carbon, sodium and aluminium in the solid formed post-CO, capture in

the graphite-aluminium anode cell with 1 M NaCl, 1 M LiCl and 1 M CsCI.?

1 M Electrolyte Solidmass/g  C/mmol® Na / mmol° Al / mmol°
NaCl, Run 1° 0.62 0.6+0.1 7.2+0.2 41+04
NaCl, Run 2° 0.63 1.0+0.2 6.2+0.2 3.9+0.2
NaCl, Run 3° 0.46 1.0+01 34+0.2 3.3+£0.3
NaCl, Run 4° 0.60 11+01 84+05 41+04
NaCl average 0.58 £ 0.08 0.9+0.2 6.3+2.1 3.9+£04

LiCl 0.34 0.4£0.01 16+0.1 23201
CsCl 0.96 08+0.1 54+0.1 34+02

a) All molar values reported for carbon, sodium and aluminium detected in the solid post-CO, capture
correspond to the total amount of carbon, sodium and aluminium in the total mass of solid collected
respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via ICP-MS analysis.

d) The four runs correspond to the four experiments in Figure 55.

3.2.10 Carbon Quantification and Analysis of Electrolyte

After investigating the solid formed as a consequence of CO, mineralisation, research into
analysing, and quantifying, the carbon levels in the electrolyte was performed, to
determine the total level of carbon captured overall (in the solid and electrolyte) for each
experiment. Carbon quantification was performed via titration methods (see “3.7 Methods
and Experimental” for further details). The electrolyte isolated post-CO, capture, using
1 M NacCl in the graphite-aluminium anode cell (Figure 55), contains on average 1.9 mmol
of carbon in the form of bicarbonate (Table 23). All errors quoted are standard deviation
values. Similar carbon levels as bicarbonate were captured using CsCl (1.7 mmol), but
lower levels were present in the case of LiCl (0.8 mmol). This could be due to the
formation of an LDH affecting the ability of CO, to sequester into the electrolyte. No

carbonate was detected as expected.
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Table 23: Carbon levels in the electrolyte post-CO, capture in the graphite-aluminium anode cell.?

1 M Electrolyte  C/mmol®

NaCl, Run 1° 13+0.1
NaCl, Run 2° 1.7+0.1
NaCl, Run 3° 19+0.1
NaCl, Run 4° 26+0.1
NaCl average 1.9+05

LiCl 0.8+0.1

CsCl 1.7+£0.1

a) All molar values reported for carbon detected in solution post-CO, capture correspond to the total amount
of carbon in the total volume of electrolyte.

b) Quantified via titration of electrolyte.

c) The four runs correspond to the four experiments in Figure 55.

To further prove bicarbonate was forming as a result of CO, capture, an electrolyte
post-CO, capture was concentrated via freeze-drying to afford a white solid. Analysis of
this solid via powder XRD showed it contained NaCl as a crystalline phase. TGA-IR
analysis showed a bicarbonate environment is present, with a small mass loss of CO,
occurring at approx. 110 °C, similar to NaHCOj3; (Figure 87). FT-IR (DRIFT) analysis
showed the sample contains a near identical IR spectrum to NaHCO3 (Figure 88). Sodium
bicarbonate is therefore formed in the electrolyte during electrochemically driven CO,

capture.

3.2.11 Energetics and Cost of CO, Capture

An important consideration was the energy required to drive CO, sequestration and
mineralisation, as an ideal CCS process would have low energy requirements and thus low
costs (Table 24). During CO, capture with 1 M NaCl in the graphite-aluminium anode cell,
the average voltage of the platinum cathode was -1.13 V and the average graphite anode

potential was -0.32 V, hence equating an average Ecqy value of 0.81 V. The electrical
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Figure 87: Comparing TGA-IR analysis of freeze-dried electrolyte post-CO, capture in the

graphite-aluminium anode cell with 1 M NacCl (black line) and NaHCO; (red line).
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Figure 88: Comparing FT-IR (DRIFT) analysis of the freeze-dried electrolyte post-CO, capture in
the graphite-aluminium anode cell (black line) with the spectra of NaHCO; (red line). (a) Full

spectrum; (b) Carbonyl stretch region.

power (in W) was determined by Power = Voltage x Current (P = VI), therefore during the
24 h uptake period 8.1 mW of power was required, equivalent to 700 J. Considering, on
average, a total of 2.8 £ 0.7 mmol of CO, was captured in the solid and electrolyte

post-CO, capture, this translated to an average energy requirement of 250 kJ mol™ (CO»).
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Table 24: Comparing energy requirements for carbon capture using 1 M NaCl, LiCl and CsCl and

in the graphite-aluminium anode cell.

b
1 M Electrolyte  Ecey®/V Een (jr;ergy Cr;::zl:/ Cap'f;‘:;g/y:; iol_l
NaCl, Run 1° 0.76 657 19+0.1 346
NaCl, Run 2° 0.87 753 27+0.2 279
NaCl, Run 3° 0.80 693 29+0.1 239
NaCl, Run 4° 0.81 696 3.7+£0.1 188
NaCl, average 0.81 +£0.05 700 + 40 2.8+0.7 250
LiCl 0.80 695 12+01 579
CsCl 0.72 618 2502 247

a) Difference between the graphite-aluminium anode and platinum cathode voltage.

b) The Ecey value is converted into watts (watt = voltage x current). Watts are equivalent to J s™, therefore
J s x time of current application is equivalent to joules.

¢) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.
d) (Ecen/1000) + (C total/1000).

e) The four runs correspond to the four experiments in Figure 55.

Using 1 M LiCl and 1 M CsCl in the cell did affect carbon capture levels, as LiCl was
more expensive to use and CsCl led to similar energy requirements compared to 1 M NaCl
(Table 24). When comparing the total levels of carbon captured using different anodes, the
mixed anode cell also captured the most carbon, and therefore had the lowest energy

requirements for carbon, or CO,, capture, no matter which electrolyte was used (Table 25).

Compared to current carbon capture and mineralisation methods, this new electrochemical
method was fairly expensive (Table 26). Assuming that there is a linear relationship
between Ece values and the total carbon captured, the costs of capturing a tonne of CO,
using electricity would be US$267-618 (£219-507), using NaCl in the graphite-aluminium
anode cell.*?®® This is more expensive than currently employed methods, such as
industrial mineralisation (Table 26). This methodology would therefore need to be

improved and more cost-effective for large-scale carbon capture.
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Table 25: Energy requirements for CO, capture using different anodes and NaCl.

Ecerenergy’  Ctotal®/ Energy of C
Anode Eca®/V . & dgy 1
/J mmol capture” / kJ mol’
Graphite anode 2.39 2065 14+0.1° 1475
Aluminium anode 0.58 501 0.3+0.02 1670
Graphite-aluminium
0.81 700 2.8+0.7° 250

anode

a) Difference between the anode and platinum cathode voltage.

b) The Ece Vvalue is converted into watts (watt = voltage (V) x current (A)). Watts are equivalent to J s,
therefore J s™ x time of current application is equivalent to joules.

¢) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.
d) (Ecen/1000) + (C total/1000).

e) Carbon captured in the electrolyte. No solid was formed.

f) Carbon captured in the electrochemically formed solid. No carbon was detected in the electrolyte.

g) Average C value obtained from the four experiments in Figure 55.

Table 26: Energy costs of CO, sequestration and mineralisation with 1 M NaCl in the

graphite-aluminium anode cell 2%

CCS system® Cost range”® / US$ tCO,™
Geological storage 0.5-8
Ocean storage 5-30
Capture from hydrogen or ammonia production 5-55
Capture from a coal- or gas-fired power plant 15-75
Mineralisation 50-100
This methodology 267-618%¢

a) Cost of CCS systems in 2005.

b) Costs have not been scaled according to inflation.

c) A conversion factor of £1 equals US$1.22 was used. This was the average conversion for British pounds to
American dollars over the year 2016 by 9th November 2016.

d) The energy required to capture a tonne of carbon in joules was converted to kWh (1 J = 2.78 x 107" kWh).
Using the average cost of electricity in the UK between March 2015-2016,%® which was 13.86 p per kWh,
this energy value was then converted into a cost in £ and then USS$.

e) Range of results obtained from using NaCl, LiCl and CsCl as the electrolyte in the graphite-aluminium
anode cell.

This novel electrochemical cell enables carbon capture as bicarbonate in solution and as a
hydroxycarbonate species in a solid. It can however be argued that the only true carbon
capture method is via mineralisation, as the solid in the carbon will remain under fairly

stable conditions (unless heated over 100 °C as shown by TGA-IR analysis). The carbon
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trapped in solution however is pH dependent, and therefore could be lost, or slowly
evaporate over time. The extraction of the bicarbonate in solution as a solid, via
freeze-drying or solvent evaporation, would undoubtedly add extra costs to the process and
could even be perceived as wasteful in terms of energy. Dismissing the carbon captured in
solution leads to less cost-effective carbon capture, for example the average carbon
captured via mineralisation during the 24 h experiments (Figure 55) at 0.9 £ 0.2 mmol
would require over three times more energy, 778 kJ mol™ (CO,) compared to 250 kJ mol™
(COy), if the carbon captured in solution is not considered. The capture for carbon as
bicarbonate solution however is vital to ensuring that carbon is mineralised in the first
place, as a consequence of the electrochemical processes that occur in the
graphite-aluminium mixed anode cell. Without CO; sequestration solid formation would
not occur, hence all energetic calculations take carbon in solution and in the solid into

account.

Another aspect to consider is how much hydrogen formation could offset the total cost of
carbon capture. Hydrogen can be used as an alternative fuel, and therefore the enthalpy of
combustion for hydrogen (2Hzq) + Oz = 2H,0()) at 286 kJ mol™ means that 326 J of
energy is saved by producing hydrogen using the graphite-aluminium anode cell
(considering the cell on average produces 0.14% of H,). The energetic costs of running the
electrochemical cell is 700 J, when a 10 mA (0.01 A) current is applied for 24 h and a
difference of 0.81 V is measured between the electrodes. When hydrogen combustion is
considered, the energetic requirement decreases to 374 J. Considering the cell on average
captures 2.8 + 0.7 mmol of carbon, this would equate to only 134 kJ mol™ (CO,) compared
to 250 kJ mol™ (CO,). Hydrogen formation therefore can decrease the costs of carbon
capture by approx. 46%. It is also worth noting that if the cell was maximised to achieve
100% Faradaic efficiency of H, formation was achieved, the enthalpy of combustion

would equate to 1280 J of energy, and therefore the energetic requirements to power the
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cell would became negative (-580 kJ mol™® of CO,) and change the process from

endothermic to exothermic.

3.2.12 The Electrochemical Process and Mechanism

The detection of hydrogen suggests that the cathodic process is hydrogen formation
(Equation 1, Figure 89). The formation of a solid and consideration of the Pourbaix
diagram for aluminium (Figure 47) suggests that the anodic process is aluminium oxidation
(Equation 2, Figure 89). The net cell reaction can therefore be expressed as 2Al + 6H,0 —

3H; + 2AI(OH); (Equation 3, Figure 89).

2H* + 26 == Hyg (1)

Al +3H,0 === AI(OH); + 3H' +3¢"  (2)

2Al + 6H,0 3H, + 2AI(OH); 3)

Figure 89: The cathodic and anodic process, and net reaction, occurring in the graphite-aluminium

anode electrochemical cell.

By using the Nernst Equation, the electrode potential for hydrogen formation under
experimental conditions is -0.49 V (at 1 bar, pH 8 and 34 °C).?**?*® The electrode potential
for aluminium oxidation under experimental conditions can also be calculated as -2.02 V at
pH 8.2 The overall cell potential for this reaction is therefore +1.53 V. The positive
potential also dictates that this reaction is spontaneous. The Ece value (and experimental
potential of the mixed anode) both indicate that Al(OH)3¢) or Al(H20)3(OH)s() formation

is plausible, in accordance with the Pourbaix diagram (Figure 47).2%024

After analysing the solid formed, the anodic and cathodic process, and the carbon species
present in the electrolyte, post-CO, capture, an electrochemical mechanism was proposed.
The graphite-only anode operates via a non-Faradaic process, with the formation of an
EDL, whereas the aluminium-only anode simply led to the corrosion of aluminium.? It
appears that the unique mixed anode material was required for low-power CO,

sequestration and mineralisation. We attribute the low power, continual CO, uptake

demonstrated by the graphite-aluminium anode cell to the combined anode processes of
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both EDL formation and aluminium oxidation. Upon initially applying the 10 mA current
it was assumed that the pH-neutral anodic charging process was balanced by the immediate
catalysis of proton reduction at the platinum cathode, so that overall an increase in solution
pH was observed. This in turn led to an increase in the concentration of bicarbonate in
solution.'®2%¥2 gince the ratio of electrons to protons in the aluminium oxidation
reaction equals that of the platinum-catalysed H, production reaction, the pH ultimately
stabilizes between 8 and 9. Aluminium oxidation then commences at the anode, creating a
low anode potential and generating aluminium hydroxide, a material which has previously
been shown to adsorb CO,, thus yielding a heterogeneous mixture of amorphous

aluminium hydroxycarbonate,**?

aluminium hydroxide and crystalline NaCl (with a
composition of [AI(OH)3]3[NaAICO3(OH),]i[NaCl],.7). Hence the creation of the mixed
anode cell creates a temporal separation of the two anodic processes, thus enabling CO,

sequestration and mineralisation to occur. An electrochemical mechanism occurring when

using 1 M NacCl in the graphite-aluminium anode cell was therefore proposed (Figure 90).

5% CO,, 95% N, <5% CO,, H,, N,

eA ve
v Baild ©9:
N1
Al + 3H,0 I |
HCO,
3H* + 3e-
+ Al(OH), H*
anode il Pt cathode
\
ppt: [Al(OH);];[NaAICO.(OH),],[NaCl], ,

Figure 90: Proposed electrochemical process leading to CO, sequestration and mineralisation with

1 M NacCl in the graphite-aluminium anode cell.
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3.2.13 Data Summary

A summary of the key results obtained by promoting electrochemical CO, capture with
1 M NaCl in the mixed anode cell, and analysis of the solid as a result of CO,
mineralisation, are summarised in 4.2 Appendix 2, Section 4.2.3. An overall data summary
is illustrated in Figure A6. Elemental analysis of the electrochemically formed solids
obtained with different electrolytes, as well as levels of carbon captured in the electrolyte
and solid, are summarised in Table A7. The energy requirements for carbon capture with

different anodes in the electrochemical cell and electrolytes are summarised in Table A8.

3.3 Conclusion

The mixed graphite-aluminium anode, used as a novel electrochemical component, offers a
unique CO, capture technology, that enables a temporal separation of the anode and
cathode processes and in turn CO, sequestration and mineralisation with simultaneous H,
production. The graphite was vital for EDL formation whilst the sacrificial aluminium
anode enabled low power CO, mineralisation via aluminium oxidation. The absence of
graphite or aluminium created an inefficient CO, capture method and high power process,
respectively. The solid formed as a consequence of CO, mineralisation is an amorphous
heterogeneous mixture of aluminium hydroxycarbonate, aluminium oxide and crystalline
NaCl, with an proposed average composition of [Al(OH)s]3s[NaAICO3(OH),]:[NaCl],.7.
Using 1 M LICl leads to the unique case of LDH formation. The energy required for
capturing carbon varied with different anodes and electrolytes, with the lowest energy
range reported as 247-250 kJ mol™ (CO,). Sodium chloride is table salt, and therefore this
electrolyte may be more beneficial to use than LiCl and CsCl, due to its greater global

availability.

In order for this novel cell to have any potential as a future CCS method, the energy
required to capture the amount of aluminium in the electrochemically formed solid, as a

result of CO, mineralisation, must be lower than the energy required to recycle the same
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amount of aluminium. In this method, the average amount of aluminium captured in the
mineralised solid (using 1 M NacCl in the graphite-aluminium cell with a 10 mA current
over 24 h) is 3.9 mmol of aluminium (4.2 Appendix, Section 4.2.3, Table A7). The average
amount of carbon captured under the same conditions is 2.8 mmol of CO; (4.2 Appendix,
Section 4.2.3, Table A8). Therefore, 3.9 mmol of aluminium is required to capture 2.8
mmol of CO,, at an energetic cost of 700 J and 250 kJ mol™ of CO, (4.2 Appendix, Section
4.2.3, Table A8). If the electrochemical method used a tonne of aluminium, this would
correspond to 6.7 GJ of energy to capture 1.2 tonnes of CO,, if CO, capture increases
linearly with energy input. Recycling aluminium requires 10 GJ of energy per tonne of
aluminium.?"?® Thus, our electrochemical CO, mineralisation method requires 33% less

energy than conventional aluminium recycling and has the added benefit of capturing CO..

Amine scrubbing is currently the state-of-the-art CCS method, and requires 4215 kJ of
energy to capture 1 kg of CO, (with 30% w/w MEA).”® Our method (using 1 M NaCl in
the graphite-aluminium anode cell with a 10 mA current over 24 h) would require 5681 kJ
to capture 1 kg of CO,. This methodology is therefore currently not as energy effective as

MEA, but can hopefully be improved further in the future.

At this method’s current capability, the amount of CO, captured over a 24 h period, would
only equate to 3.5 x 10™ % of the total global carbon available in the atmosphere today.'*
Considering that CO, emissions are a huge problem, and that 0.095 Gt of CO, were
emitted every day in 2015, this low number is not surprising.**® In 2014, all of the CO,
used for chemical production only accounted for, or removed, 0.63% of total CO,
emissions in the same year.'*3 Aiming for this method to be the sole “magic answer” for
capturing and reducing global CO, emissions is therefore unrealistic. Improving this
method and using it with other techniques, to make it part of the overall solution towards

reducing CO, emissions, however could be worthwhile.
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3.4 Results and Discussion Part 2: Promoting Cost-effective and

Sustainable Electrochemical CO, Capture and Mineralisation

As discussed in “3.2 Part 1: Performing Electrochemical CO;, Sequestration and
Mineralisation”, it was established that a novel graphite-aluminium anode cell could
perform low power CO, sequestration and mineralisation, and an amorphous
heterogeneous solid composed of amorphous aluminium hydroxycarbonate, aluminium
hydroxide and crystalline NaCl was formed. Hydrogen was also formed as a valuable by-
product. At this stage, this electrochemical CCS technique could be considered fairly
“green”, as it can function with environmentally friendly and innocuous chemicals, such as
table salt (NaCl), and produces non-toxic by-products. This methodology already satisfies
some Green Chemistry prinicples,®® such as the use of “innocuous” solvents, it can be
“conducted at near ambient temperature and pressure” and “generates substances which
possess little or no toxicity to human health and the environment.” Further research into

obeying the principle of “energy requirements... .... should be minimised” was still a must.

In the initial studies, this methodology required substantial energy for CO, capture
(247-579 kJ mol™ of CO,) and was therefore fairly expensive compared to other CCS
methodology (US$267-618 per tonne of CO, respectively). This was a consequence of
capturing low levels of carbon (1.2-2.8 mmol) and using electricity, which is an expensive
form of energy. From 2005 to 2014, the cost of using electricity in industry increased by
approx. 154%, from £37 to £94 per MWh of electricity.?®® Electricity is not currently a
carbon neutral energy source,®* as in 2015, 61% and 75% of electricity used by
Organisation for Economic Cooperation and Development (OCED) member and
non-member countries came from the combustion of fossil fuels and bio-fuels.”®® The
decarbonisation of electricity will increase in the future, with the UK aiming to
decarbonise electricity extensively by 2050,%° but current methods of electricity

generation cannot be ignored. With this in-mind, a few research aims were set in an
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attempt to further improve the cost-efficiency and sustainability of this electrochemical
method. 1) Change reaction variables to see if similar levels, or more, carbon can be
captured with less energy and therefore at a lower cost; 2) study the ability to use
renewable energy to drive CO, capture and 3) investigate if this methodology could work

with sustainable reagents and with similar energy requirements.

Although different electrolytes and anode cells had been evaluated for CO, sequestration
and mineralisation, the effect of changing reaction conditions on carbon capture, such as
current, reaction time and reaction temperature, remained unexplored. The outcomes from
these studies are considered in “3.4.1 Changing Reaction Conditions”. Although the
majority of electricity is generated by fossil fuel combustion, electricity can be generated
using renewable energy sources such as wind, tidal and solar energy. It was hypothesised
that using solar-derived electricity could perform CO, mineralisation with a low carbon
footprint, therefore experiments powered with a solar panel were performed. Using an
aqueous solution of 1 M NaCl can be seen as a concentrated and simplified mimic of

seawater, 2%

therefore could natural seawater be used as the electrolyte? The aluminium
block was vital for low power CO; mineralisation. Aluminium is one of the most
sustainable elements in the world today and is the most abundant metal in the Earth’s crust,
accounting for around 8% of Earth’s core mass.” Aluminium is also one of the most
recycled elements, and in 2013, 46% of global aluminium production came from 24

million tonnes of recycled aluminium.?*

The ability to use recycled, or “waste”,
aluminium as a replacement for the aluminium block and still promote CO, mineralisation
was therefore investigated. The combination of seawater and “waste” aluminium for
simultaneous for CO, capture and mineralisation was also explored. All of these variables
were examined further in “3.4.2 Improving Sustainability with Renewable Energy and
Sustainable Materials”. The energetics and cost as a result of changing reaction conditions

and using sustainable materials, as well as solid analysis, is detailed in “3.4.3 Carbon

Dioxide Mineralisation” and “3.4.4 Energetics and Costs”.
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3.4.1 Changing Reaction Conditions

Changing Temperature

Low-grade, or “waste”, heat (30-250 °C) is often produced by large-scale industrial
processes, and thus can be freely available to utilise in power stations and chemical
processing plants. The prospective of using low-grade heat to drive this electrochemical
methodology was intriguing and could be a possibility in future industrialisation. Under
standard conditions the temperature of the cell would measure between 32-35 °C and reach
an average temperature of 34 °C after 1 h. An experiment was conducted with the cell
heated consistently at 60 °C, to see if 1) this would affect the carbon capture capability of
the cell and 2) change the electrode potentials and therefore the energy cost of the process

(Figure 91).

Carbon dioxide sequestration and mineralisation was still possible at 60 °C and in terms of
reaction variables, such as changes in CO; levels, anodic voltages and pH levels, no major
differences were seen (Figure 91). However, the platinum cathode potential (Figure 91c)
was higher than typically reported at 32-35 °C (-0.94 V vs -1.13 V). The cathodic voltage
was still capable of H, formation with an overpotential of 0.41 V (equilibrium cathode
potential is -0.94 V and E(2H"/H,) estimated as -0.53 V under experimental conditions
using the Nernst equation and 1 bar of H,).}3¥?**2% |ncreasing the temperature therefore
did not change the intrinsic electrochemical mechanism, and could lower the Ece value
required for electrochemical CO, capture. Lower levels of carbon are, however, trapped in
the electrolyte and solid post-CO, capture (1.8 mmol, Table 27) as CO, solubility
decreases in water at higher temperatures.’**?** This process with an Ece value of
0.52 V constituted an energy requirement of 453 J for the electrochemical process, and
252 kJ mol™ (CO,) for carbon capture. Higher temperatures therefore offer no energetic
benefits to electrochemical carbon capture. FT-IR (DRIFT) analysis demonstrated that a

similar solid was isolated regardless of temperature (Figure 92).
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Figure 91: Effect of changing temperature on the electrochemical CCS process. (a) Programmed
current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant changes to the
electrochemical potential of the anode (solid line) and cathode (dashed line); (d) Corresponding
changes in solution pH. Other reaction conditions: a continuous gas flow of 0.7 mL min™ CO, (5%)

and 13.3 mL min™* N,, 60 mL of 1 M NaCl.

Table 27: Effect of temperature on carbon levels trapped in the electrolyte and isolated precipitate

post-CO, capture with 1 M NaCl in the graphite-aluminium anode cell.?

Temperature® Solidmass/ Cinsolid®/ Cinsolution®  C total®/

/°C g mmol / mmol mmol
34 0.58 + 0.08" 0.9+0.2f 1.9+ 05 28+0.7
60 0.39 0.3+0.01 1.5+0.1 1.8+0.1

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Average temperature of stirrer hotplate on which the graphite-aluminium anode cell was placed.

¢) Quantified via TGA-IR analysis.

d) Quantified via titration of electrolyte.

e) Combination of carbon in solution and solid.

f) Average values obtained from the four 24 h current-time experiments in Figure 55.
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Figure 92: FT-IR (DRIFT) analysis of electrochemically formed solids, when applying a 10 mA
current for 24 h and 36 h, with 1 M NaCl in the graphite-aluminium anode cell. (a) Full spectrum;

(b) Carbonyl stretch region.

Changing Current: Current Setting

In “3.2 Part 1: Performing Electrochemical CO, Sequestration and Mineralisation”, only a
10 mA current flow from the anode to the cathode was tested in this electrochemical
process. It was therefore unknown if a higher or lower current could perform more
efficient CO, capture. This was investigated by applying 5 h bursts of 5 mA, 10 mA and
15 mA respectively to the graphite-aluminium anode cell, whilst 10.7% CO, was flowing

through the cell, with 5 h “off” periods between each current step (Figure 93).

Changing the current setting highlighted that using more powerful currents led to greater
changes in CO; levels, as a 5, 10 and 15 mA current led to a 0.15%, 0.41% and 0.53%
change in CO; levels respectively. A 15 mA current may cause a greater drop in CO; levels
but at an increased energetic cost; as Ohm’s law dictates that current is proportional to
voltage, (voltage = current x resistance) and the power law equation states that power
increases with current or voltage (P = VI).”*® The 10 mA current already employed in
standard experiments was deemed suitable to use for future experiments, as this would
create a greater change in CO; levels compared to a 5 mA current and require less energy

than a 15 mA current.
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Figure 93: Investigating changes in CO, levels (black line) when flowing a current of 5, 10 and
15 mA (blue line) through the graphite-aluminium anode cell. Other reaction conditions: a

continuous gas flow of 1.5 mL min™ CO, (10.7%) and 12.5 mL min™ N,, and 60 mL of 1 M NaCl.

Changing Current: Length of Current Step

In standard experiments performed in “3.2 Part 1: Performing Electrochemical CO,
Sequestration and Mineralisation”, the 10 mA current was always applied over a 24 h
period. It was therefore unknown whether increasing or decreasing the current-time period
would improve or worsen carbon capture. Three separate experiments were therefore
performed in which a 10 mA current was applied for 36 h (Figure 94). All reaction
variables, such as CO, levels (Figure 94b), anodic and cathodic potentials (Figure 94c), pH
levels (Figure 94d), and therefore the electrochemical mechanism, remained unchanged
compared to the 24 h current-time experiments (Figure 49 and Figure 55) and were
reproducible. Increasing the length of current-time step had some advantageous outcomes,
as the total level of carbon captured via sequestration and mineralisation increased

(4.7 mmol, Table 28) indicating that a 24 and 36 h current-time period did not reach the
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Figure 94: Overlay of repeat CO, capture experiments with 1 M NaCl in the graphite-aluminium
anode cell with a 10 mA current flow applied over 36 h. (a) Programmed current-time steps; (b)
Carbon dioxide content in the exit gas stream; (c) Resultant changes to the electrochemical
potential of the anode (solid line) and cathode (dashed line); (d) Corresponding changes in solution
pH. Other reaction conditions: a continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™

N,, and 60 mL of 1 M NacCl.

carbon capture limits of this methodology. Overall the energy required to perform carbon
capture (Table 29) was similar to applying a current for 24 h (231 vs 250 kJ mol™ of CO,),
indicating that increasing the length of the current-time step could capture more carbon
without higher capture costs. No major differences also occurred in the C:Al and C:Na
ratios of the solids, and obtained similar FT-IR (DRIFT) spectra, indicating that the same

solid was isolated (Figure 95).
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Table 28: Carbon captured by varying the duration of the 10 mA current-time step.?

Solid mass Nainsolid® Alinsolid® Cinsolid® Cinsolution® C total®

Electrolyte
/g / mmol / mmol / mmol / mmol / mmol
NaCl, Run 45+
; 0.87 10.3+£0.2 55104 16+0.1 29+0.1
1 0.1
NaCl, Run 48+
; 0.57 6.3+£0.2 53+0.2 0.6 £0.02 42+0.1
2 0.1
NaCl, Run 48 +
p 0.78 8.3+0.2 6.2+0.3 09+0.1 39101
3 0.1
NaCl, 36 h 4.7+
0.74+£0.15 83%20 57105 1.0+0.2 3.7+£0.7
average 0.2
NaCl, 24 h 28+
058+0.08 6.3x21 39+04 09+0.2 19+05
Average® 0.8

a) All molar values reported for sodium, aluminium and carbon detected in the solid and carbon in the
solution post-CO, capture, correspond to the total moles of sodium aluminium and carbon in the total mass of
solid and the total amount of carbon in the total volume of electrolyte, respectively.

b) Quantified via ICP-MS analysis.

¢) Quantified via TGA-IR analysis.

d) Quantified via titration of electrolyte.

e) Combination of carbon in solution and solid.

f) The three runs correspond to the 36 h current-time experiments in Figure 94.

g) Average results obtained from the four 24 h current-time experiments in Figure 55.

Table 29: Energy requirements for carbon capture when varying the duration of the 10 mA

current-time step.

Ecenenergy®/  Ctotal/ Energy of C
Electrolyte Eca?/V el v dgy L
J mmol capture” / kd mol
NaCl, Run 1° 0.89 1151 45+0.1 256
NaCl, Run 2° 0.83 1076 48+0.1 224
NaCl, Run 3° 0.80 1033 48+0.1 215
NaCl,
0.84 £0.05 1087 + 60 4.7+0.2 231
36 h average
NacCl,
0.81+£0.05 700 £ 40 28+0.7 250

24 h average’

a) Difference between the graphite-aluminium anode and platinum cathode voltage.

b) The Ece value is converted into watts (watt = voltage x current). Watts are equivalent to J s, therefore
J s x time of current application is equivalent to joules.

¢) Combination of carbon in solution and solid.

d) (Ece/1000) + (C total/1000).

e) The three runs correspond to the 36 h current-time experiments in Figure 94.

f) Average results obtained from the four 24 h current-time experiments in Figure 55.
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Figure 95: FT-IR (DRIFT) analysis of electrochemically formed solids, when applying a 10 mA
current for 24 h and 36 h, with 1 M NaCl in the graphite-aluminium anode cell. (a) Full spectrum;

(b) Carbonyl stretch region.

3.4.2 Improving Sustainability with Renewable Energy and Sustainable

Materials

Using Renewable Energy: Solar Energy vs Electrical Energy

The energetic cost required to capture CO, (231-250 kJ mol™ of CO, with NaCl in the
graphite-aluminium anode cell) must be reduced for this method to have any future
prospects as an industrial CCS method. As electricity will be a major cost contributor, the
concept of using solar energy, and therefore carbon neutral, cheaper and renewable energy,
to drive this process was explored. To investigate whether solar light could power CO,
capture, a solar panel (14 cm tall and 10 cm wide, MC-SP0.8-NF-GCS, 800 mW,
maximum voltage; 3.85 V, maximum current; 0.21 A) was used instead of the potentiostat
and connected directly to the electrodes in the electrochemical cell (Figure 96). The solar
panel was placed at a 30-32° N by NE angle in front of a window during the late autumn of
2016. Our methodology is capable of being solar powered, with CO, capture and release
occurring concurrently with the rise and fall of sun levels (Figure 96), with similar changes

in CO; levels (0.35-0.4%) during the daylight periods (Figure 96a), compared to when
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Figure 96: Solar powered electrochemical capture in the graphite-aluminium anode cell. (a)
Potential of the graphite-aluminium anode; (b) Carbon dioxide levels in the outlet gas stream of the
cell; (c) Corresponding solution pH. Other reaction conditions: a continuous gas flow of
0.7 mL min™ CO, (5%) and 13.3 mL min™* N, and 60 mL of 1 M NaCl. Experiment was conducted
over 4.5 days, and exposed to 48 h of sunlight. The experiment was run from 00 49 am 29"

September until 08.54 am 3" October 2016. Solar noon was at 12.54 pm each day.
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mains electricity was used (0.34%). The average anodic voltage reported during the two
daylight periods was -0.30 V and -0.19 V respectively (Figure 96b). This indicated that
similar anode potentials could be reached with sunlight compared to mains electricity

(-0.32 V).

In this preliminary experiment, the cathode and solar panel voltage were unmonitored, and
it was assumed that the voltage of the cathode remained unchanged. pH levels again
reached basic levels of 8-9 concurrently with CO, capture (Figure 96c), suggesting
bicarbonate formation was occurring and that the electrochemical mechanism remained the
same. The levels of carbon captured (Table 30) in the electrolyte and solid (2.2 mmol) are

comparable to those captured using mains electricity (2.8 mmol).

Table 30: Comparing carbon capture with mains and solar powered electricity.?

Solid mass / Cinsolid® Cinsolution® C total®/
Electrolyte Cell (anode)
g / mmol / mmol mmol

1 M NaCl 0.58 £ 0.08°  Graphite-aluminium 0.9 +0.2° 1.9+05° 2.8+0.7

Graphite-aluminium " "
1 M NaCl 0.39 0.3+0.07 1.9+0.1 22+0.1
(solar panel)

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via titration of electrolyte.

d) Combination of carbon in solution and solid.

e) Average values obtained from the four 24 h current-time experiments in Figure 55.

f) Carbon levels were scaled to account for 24 h of sunlight for a fair comparison.

A potential downside to using solar energy is the variability and unreliability of weather
forecasts, illustrated by the non-uniform CO, levels, electrode potentials and pH variations
with synchronous alterations in sunlight intensity during the experiment (Figure 96).
Sunlight availability is also irregular, changes seasonally and is different across the globe,
due to variations in global weather systems. Nevertheless, this experiment illustrated that
the reliance of this method on mains electricity, and the costs associated with mains
electricity, can potentially be eliminated. This electrochemical process can also be powered

with renewable energy and thus have a low carbon footprint.
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Using Sustainable Materials: “Waste” Aluminium as the Anode
Aluminium “waste” in the form of aluminium foil (approx. 3-4 g) along with 1 M NaCl as

the electrolyte could be used for CO, sequestration and mineralisation (Figure 97).
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Figure 97: Promoting CO, capture with “waste” aluminium and 1 M NaCl in the graphite-

aluminium anode cell. (a) Programmed current-time steps; (b) Carbon dioxide content in the exit
gas stream; (c) Resultant changes to the electrochemical potential of the anode (grey line) and
cathode (black line); (d) Corresponding changes in solution pH. Other reaction conditions: a

continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, and 60 mL of 1 M NaCl.

The aluminium had to be wrapped round the back of the graphite so that it was between the
graphite liner and plastic casing. Placing aluminium directly in the electrolyte and on the
inside of the graphite liner, without establishing an electrical connection to the aluminium
directly, led to non-existent CO, capture, similar to when the aluminium-only anode cell
was used (Figure 46). Changing the anode aluminium source did not affect the
electrochemical mechanism, and CO; levels (Figure 97b), electrode potentials (Figure 97¢)
and pH levels (Figure 97d) were similar to those reported with 1 M NaCl in the graphite-

aluminium anode cell (Figure 49 and Figure 55). Analysis of the electrolyte and solid
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revealed that similar levels of carbon are mineralised but less is sequestrated in solution,
and thus captured less carbon overall (1.5 mmol, Table 31). Therefore this is a less
efficient CO, capture setup. This may be due to the difficulty of establishing a smooth
coverage of “waste” aluminium foil around the graphite liner, leading to a weak electrical

connection.

Table 31: Comparison of carbon levels captured with the graphite-aluminium anode and

aluminium “waste” as the anode source.?

_ Cinsolid® Cinsolution® C total®/
Electrolyte Solid mass/g Cell (anode)
/ mmol / mmol mmol

1MNaCl 0.58+0.08° Graphite-aluminium 0.9 +0.2° 1.9+0.5° 2.8+0.7

1 M NaCl 0.61 “Waste” aluminium  1.1+0.1 0.4 +0.01 15+01

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via titration of electrolyte.

d) Combination of carbon in solution and solid.

e) Average values obtained from the four 24 h current-time experiments in Figure 55.

Using Sustainable Materials: Seawater as the Electrolyte

Seawater obtained from Whitby, North Yorkshire was found to be a suitable electrolyte for
CO, sequestration and mineralisation (Figure 98), with all reaction indicators similar to
those reported when using 1 M NaCl in the graphite-aluminium anode cell. The total level
of carbon captured is similar to when 1 M NaCl is used in the graphite-aluminium anode
cell, but was slightly lower (2.0 mmol, Table 32). This novel cell can therefore use the
sustainable, and non-geographically limited or politically hindered, resource of seawater,
and thus be performed at numerous worldwide locations. One interesting difference was
that a higher anodic potential was required when using seawater (-0.03 V) compared to 1
M NaCl (-0.32 V). It was hypothesised that there was a correlation between Ece and the
salinity (i.e. concentration of dissolved salts) of the seawater collected from Whitby which
had a salinity of approx. 0.20 M NaCl (see “3.7 Methods and Experimental” for more

details). This is discussed further in “3.4.4 Energetics and Costs, Salinity vs Ece”.
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Figure 98: Promoting CO, capture with seawater in the graphite-aluminium anode cell.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant
changes to the electrochemical potential of the anode (grey line) and cathode (black line); (d)
Corresponding changes in solution pH. Other reaction conditions: a continuous gas flow of

0.7 mL min™ CO, (5%) and 13.3 mL min™ N, and 60 mL of seawater.

Table 32: Comparison of carbon levels captured with seawater and 1 M NaCl as the electrolyte.?

_ Cinsolid® Cinsolution® C total®/
Electrolyte Solid mass /g Cell (anode)
/ mmol / mmol mmol

1 M NaCl 0.58 +0.08°  Graphite-aluminium 0.9 £0.2° 1.9 £0.5° 2.8+0.7

Seawater 0.42 Graphite-aluminium 0.6 £ 0.02 14+01 20+£0.1

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via titration of electrolyte.

d) Combination of carbon in solution and solid.

e) Average values obtained from the four 24 h current-time experiments in Figure 55.
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Using Sustainable Materials: Seawater and “Waste” Aluminium Combined

With both seawater and “waste” aluminium used simultaneously, CO, capture and
mineralisation is also possible (Figure 99). Due to numerous instrument errors when
attempting these experiments, the data presented in Figure 99 comes from replicated

experiments.
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Figure 99: Promoting CO, capture with seawater and “waste” aluminium.
(a) Programmed current-time steps; (b) Carbon dioxide content in the exit gas stream; (c) Resultant
changes to the electrochemical potential of the anode (grey line) and cathode (black line); (d)
Corresponding changes in solution pH. Other reaction conditions: a continuous gas flow of

0.7 mL min™ CO, (5%) and 13.3 mL min™ N,, and 90 mL of seawater.

The highest total level of carbon captured from these experiments however is extremely
low compared to the standard setup (0.5 vs 2.8 mmol), capturing only 18% of the usual
carbon levels (Table 33). This may be due to the electrolyte pH not reaching the same
basic levels reported with 1 M NaCl (pH >8, Figure 99d), thus hindering CO, sequestration
and mineralisation. The low result is also not surprising considering the small drop in CO

levels reported (Figure 99b).
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Table 33: Comparison of carbon levels captured when using seawater and “waste” aluminium

combined, to using 1 M NacCl in the graphite-aluminium anode cell.?

_ Cinsolid® Cinsolution® C total®/
Electrolyte Solid mass/g Cell (anode)
/ mmol / mmol mmol

1MNaCl  0.58+0.08° Graphite-aluminium 0.9 +0.2° 1.9+0.5° 28+0.7

Seawater 0.36 “Waste” aluminium 0.2 £ 0.01 0.3+0.01 0.5+0.01

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via titration of electrolyte.

d) Combination of carbon in solution and solid.

e) Average values obtained from the four 24 h current-time experiments in Figure 55.

The combination of low salinity seawater and weak electrical connection between the
graphite liner and aluminium foil were hypothesised to cause poor CO, capture. To
investigate if any carbon was trapped in the traverses of the crumpled aluminium following
reaction completion, the “waste” aluminium was washed with water and concentrated via
freeze-drying. The white solid obtained was then analysed to determine if any carbon or
carbonate was present. TGA-IR analysis and powder XRD analysis however detected no

carbonate based material and only detected NaCl.

3.4.3 Carbon Dioxide Mineralisation

For each trialled reaction setup in Section 3.4, mineralisation occurred as a consequence of
CO, capture. The precipitates isolated from each setup are identical to each other, as
highlighted by FT-IR (DRIFT) and TGA-IR analysis (Figure 100 and Figure 101
respectively). This suggests that the mechanism for CO, mineralisation remained the same

using different electrolytes and aluminium sources for the anode.
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3.4.4 Energetics and Costs

The most efficient electrochemical setup, in terms of carbon capture and energy, was using
1 M NaCl in the graphite-aluminium anode cell with a 10 mA current-time step over 36 h.

(Table 34).

Table 34: Comparison of Ece and energy required for carbon capture with different energy

sources, electrolytes and anode material.

Ecen C total®/ Energy of C
Electrolyte  Cell (anode) Eca?/V . d )
energy /J mmol capture” / kJ mol’
Graphite-
1 M NaCl - 0.81° 700° 2.8+0.7° 250
aluminium
Graphite-
1 M NaCl N 0.52 453 1.8+0.1 252
aluminium
Graphite-
1 M NaCl - 0.84¢ 10879 4.7 +0.29 231
aluminium
Graphite-
1 M NaCl aluminium 0.83-0.94 718-813 22+0.1 326-369
(solar panel)
“Waste”
1 M NaCl . 0.67 579 15+0.1 386
aluminium
Graphite-
Seawater o 1.06 917 20+01 459
aluminium
“Waste”
Seawater - 0.86 743 0.5+0.01 1486
aluminium

a) Difference between the anode and platinum cathode voltage.

b) The Ece value is converted into watts (watt = voltage x current). Watts are equivalent to J s, therefore
J's™ x time of current application is equivalent to joules.

¢) Combination of carbon in solution and solid.

d) (Ece/1000) + (C total/1000).

e) Average values obtained from the four 24 h current-time experiments in Figure 55.

f) Temperature of stirrer hotplate, on which the graphite-aluminium block was placed, was set to 60 °C.

g) Average values obtained from the three 36 h current-time experiments in Figure 94.

Increasing the reaction temperature had similar energy requirements for carbon capture
compared to standard reaction conditions. The energetic cost of using the solar cell was
greater than using mains electricity, on the assumption that H, formation still occurred at

the cathode and at a similar potential reported during standard experiments (-1.13 V). The
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energy of carbon capture from this experiment is quoted as a range due to the variance in
Ecen values during different sunlight periods. The energy requirements for carbon capture
when using seawater, “waste” aluminium or both combined were greater than the standard

conditions of 1 M NaCl in the graphite-aluminium cell (Table 34).

Overall, changing reaction conditions and using renewable energy and sustainable
materials unfortunately did not lower the cost of carbon capture, and was therefore more
expensive than currently employed CCS methodology (Table 35). Using seawater and
“waste” aluminium created the most expensive setup in terms of energy requirements
(1310 J) and hence carbon capture (1486 kJ mol™ of CO,). It was hypothesised that the low
salinity of the seawater (discussed further in “Salinity vs Ecey””), and the weak electrical
contact between the graphite liner and the “waste” aluminium, hindered carbon capture,
hence explaining why this combination had the worst performance overall.

Table 35: Energy costs of CO, sequestration and mineralisation using different anodes and

electrolytes.”®

CCS system? Cost range”® / US$ tCO,™
Geological storage 0.5-8
Ocean storage 5-30
Capture from hydrogen or ammonia production 5-55
Capture from a coal- or gas-fired power plant 15-75
Range from experiments 246-1584°

a) Cost of CCS systems in 2005.

b) Costs have not been scaled according to inflation.

c) A conversion factor of £1 equals US$1.22 was used. This was the average conversion for British pounds to
American dollars over the year 2016 by 9th November 2016.

d) The energy required to capture a tonne of carbon in joules was converted to kWh (1 J = 2.78 x 107 kWh).
Using the average cost of electricity in the UK between March 2015-2016,%%° which was 13.86 p per kWh,
this energy value was then converted into a cost in £ and then US$.

e) Range of results obtained using the different experimental setups in Section 3.4.

The combination of NaCl in the electrolyte and a basic pH means that sodium hydroxide
formation is possible. Therefore, it could be argued that starting with a NaOH solution

from the start may be more beneficial than creating the desired pH electrochemically.
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Sodium hydroxide is a cheap chemical (E30 or US$37 per kg, VWR international, 2017)
and may therefore be more cost-effective than using water. Carbon dioxide capture with

NaOH has been reported in the literature,2¢2%

with Lowry claiming that it would cost
only US$127 tCO,™),*® which is cheaper compared to our method (US$267 tCO,™).
Sodium hydroxide however creates a caustic solution, and may therefore be
disadvantageous to use in this method, because it could react with the aluminium and thus
perform undesired electrochemical processes.?*® The use of NaOH solutions also require
high temperatures and thus expensive operating costs (the cost quoted by Lowry was from
a theoretical model, not experimental data).?®® The regeneration and recycling of NaOH is

also problematic. Using water or seawater in the cell from the start of the experiments may

not be as cost-effective but may be worthwhile in terms of sustainability.

Salinity vs Ece

Intriguingly, a higher Ece value was required for CO, capture with seawater as the
electrolyte, as a higher anodic potential was reported during electrochemical CO, capture
(Figure 98). This was hypothesised to be due to the low salinity (0.2 M NaCl) of the
collected seawater (see experimental for further details). To investigate this, CO, capture
experiments were performed using different concentrations of NaCl, to determine if there

was a correlation between salinity and the Ecey required for carbon capture (Figure 102).

There was a correlation between salinity and Ecey, as when the salinity (or NacCl
concentration) of the electrolyte decreased, the difference between the anodic and cathodic
voltage increased (Figure 102c). The Ecey value required to perform capture carbon
therefore also increased (Figure 103).3%! This was unsurprising, as a decrease in salinity,
and thus ionic strength, will increase electrolyte resistance and hence the power required to
perform CO, capture. Using saltier seawater from different geographical locations could

therefore overcome this issue.
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Figure 102: Investigating the effects of changing NaCl concentration on CO, sequestration and
Ecen in the graphite-aluminium anode cell. (a) Programmed current-time steps; (b) Carbon dioxide
content in the exit gas stream; (c) Resultant changes to the electrochemical potential of the anode
(solid line) and cathode (dashed line); (d) Corresponding changes in solution pH. Other experiment
conditions: a continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N, and 60 mL of 1

M NacCl.

In an attempt to try and overcome the low salinity of the Whitby seawater, aliquots were
concentrated in vacuo to increase salt concentration and to potentially improve CO,
capture capability. Concentrating seawater however led to a pH buffering effect, as pH
levels stayed neutral at pH 7 and carbon capture was non-existent. This suggested that
other components in the seawater such as microbes were affecting CO, capture. Salty
seawater must therefore be used in the electrochemical cell and cannot simply be

concentrated.
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Figure 103: Difference between anode and cathode voltages, and thus Ec., as a function of NaCl

concentration, with predictions for results that would be obtained using seawater samples from

around the world. Solid lines are drawn as a guide to the eye. >

3.4.5 Data Summary

A summary of the electrochemical data obtained for this results and discussion part is
shown in 4.2 Appendix 2, Section 4.2.4. An overall summary of results is shown by Figure
AT7. The correlation between NaCl concentration and Ecey for different experiments is
summarised in Figure A8. The carbon capture levels and consequent energy requirements

for all trialled systems is summarised in Table A9 and Table A10.

3.5 Conclusion

This novel electrochemical cell is versatile and can work with numerous reaction
conditions, such as high temperatures, different current strengths and longer current-time
steps. This cell can also be solar-powered and use sustainable reagents. The standard
reaction setup at near ambient conditions with the application of a 10 mA current over a
36 h period provided the least energy intensive, and therefore cheapest, system for carbon
and CO, capture. Renewable energy in the form of carbon neutral solar energy can be used

to perform CO, sequestration and mineralisation, with a similar energy requirement, and
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therefore cost, to using mains electricity. Factors such as weather fluctuations during the

year and different weather systems in different climates however cannot be ignored.

This methodology can be used with non-toxic, geographically available and sustainable
materials, such as aqueous NaCl (table salt) or seawater as the electrolyte and “waste”
aluminium as the anode. Improving the sustainability of this unique electrochemical CO,
mineralisation method was possible but had a knock-on effect in terms of total carbon
captured and consequently energy requirements and costs. Although sustainability is an
important factor for future CCS methods, low carbon capture will hinder the
industrialisation of this methodology. The potential for this methodology to be scaled up,
and reach the same production level as CO, based feedstocks, is significant if the carbon
capture ability is improved. In 2013, 24 million tonnes of aluminium was recycled,?%2%23%
which was similar to the total production of CO, based chemicals in 2014 (Table 36).*4**
The scale of aluminium recycling therefore lies within the scale of chemicals produced

using CO,. If the carbon capture efficiency of this process, and the ability to use “waste”

aluminium, was thus improved, the potential to scale-up to an industrial level is possible.

Table 36: Production scale of chemicals using CO, compared to aluminium recycling.*332%8292:302

Total production in 2014 /

Feedstock
million tonnes
Urea 155
Methanol 50
Sodium Carbonate 50
Aluminium recycling 24°
Formaldehyde 21
DMC and DEC® 1

Formic acid 0.6

a) Total aluminium recycled in 2013.
b) Dimethyl carbonate and diethyl carbonate.
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An important consideration of this methodology was if it creates a net removal of CO,,
because if the CO, emitted from the electrical energy required to perform CO, capture is
greater than the level of CO, captured, true CCS is not occurring. The graphite-aluminium
anode cell (using 1 M NaCl with a 10 mA current over 24 h) was capable of a net removal
of CO,, when the CO, emitted from the required electrical energy (700 J) from different
UK mains electricity sources was taken into account (Table 37). The level of CO, removed
Is greater if solar powered electricity is used, therefore improving this methodology with

solar energy would be extremely beneficial.

Table 37: Comparing total CO, emitted when performing electrochemical CO, capture using

different sources of electricity in the UK. ***?%

CO,emissions from CO, emitted using 700 J of electrical
i ici ab Total CO,
mains electricity sources energy emiitted / mrol°
/g CO, per kWh 9 mmol
500 (coal-fired power ;
station with no CCS) ity 2.21 0.59
200 (coal-fired power
station with CCS) 0.039 0.88 -1.92
88 (solar power) 0.017 0.39 -2.41

a) 1 kWh is equal to 3.6 x 10° J or 3.6 MJ.

b) 700 J was the average energy required to perform CO, capture with 1 M NaCl in the graphite-aluminium
cell, when a 10 mA current was applied for 24 h.

¢) Millimoles of CO, emitted by 700 J of electrical energy — total mmol of CO, captured (2.8 mmol) with
1 M NaCl in the graphite-aluminium cell, when a 10 mA current was applied for 24 h.

This method could also create a net removal of CO, when scaled up to using a tonne of
aluminium. In the worst case scenario, when all the energy required for electrochemical
CO, mineralisation comes from a coal fuelled power station, 500 g of CO, would be
produced for each kwWh (or 3.6 MJ) of energy. Considering that 6.7 GJ of energy would be
required to electrochemical capture CO, using a tonne of aluminium (using 1 M NacCl in

the graphite-aluminium cell with a 10 mA current over 24 h),?"2%

using electricity from a
coal fuelled power station would produce 0.9 tonnes of CO,. Performing our
electrochemical method on this scale would capture 1.2 tonnes of CO,, thus this method

would net consume 0.3 tonnes of CO, (per tonne of aluminium). If the percentage of
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carbon neutral energy increases in the UK, and globally, the net CO, consumed could

increase even more.

One unavoidable aspect of this methodology is the use of electricity, which is one of the
largest sources of anthropogenic CO, emissions (Table 38).%%® The scale of CO, emissions
from electricity far exceeds the capacity of any chemical process which might consume
CO,. Thus, for this methodology to have any chance of reducing CO, emissions, not only
must the carbon capture ability of this method improve, but the global implementation of
CCS and use of alternative, and low carbon footprint, energy sources, such as
hydroelectric, wind, solar and tidal, must also increase. This will be an ambitious task but

not impossible.

Table 38: Global anthropogenic emissions of CO, in 2008.%

CO, emissions / million

Source
tonnes per year
Electricity production (coal) 14,200
Electricity production (gas) 6,320
Cement production 2,000
Iron and Steel production 1,000
Oil Refineries 850
Ethene production 260
Ammonia production 150
Natural gas production 50

3.6 Future Work

The mechanism leading to CO, capture and H, formation will be further investigated, to
further prove or disprove the proposed mechanism, as many questions remain unanswered.

One such question is does the graphite truly display capacitance-only behaviour in the
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mixed anode cell. This could analysed and quantified with further cyclic voltammetry
experiments. This would further indicate whether or not we have a true temporal separation
of the anodic and cathodic process. Changing the mass quantity of aluminium required in
the cell to find the limiting aluminium to carbon ratio to perform CO, mineralisation
remains unanswered. Investigating reaction conditions further, such as percentage of CO,
gas, electrolyte volume, and further temperature studies could be worthwhile. The limiting
point at which this system can capture CO, in terms of time remains unexplored. Creating
a flow based system for the electrolyte supply and gas flow could lead to a more efficient
and self-standing methodology. Changing the metal cation of electrolyte has been

performed, but could be investigated further, as well as changing the anion.

The ability to use the joint application of CO, mineralisation and sequestration with H,
formation for the synthesis of C; products, for example formic acid, formaldehyde and
methanol, would be an intriguing endeavour. One carbonate mineral that is extremely
stable and thus offers near permanent CO, capture is calcite, or calcium carbonate
(CaCOs3). Changing reaction variables so that more alkaline pH’s could be reached and
form this highly stable carbonate may be worthwhile investigating. Performing further tests
to monitor the cathodic potential, and thus the Ecey value, whilst using the solar panel to
perform CO, capture is vital. Performing these experiments during the summer period, to

compare results to those obtained over a winter period, would also be interesting.

Using metals as the cathode which are cheaper, environmentally friendly and more earth-
abundant than platinum would be an interesting endeavour and could help offset future
scale-up costs. The cost of creating an aluminium block (or outer) for the cell to then
slowly passivate this into an aluminium hydroxycarbonate material also seems slightly
counterintuitive. If this cell was to be further developed for CO, mineralisation, then
developing a graphite anode doped with aluminium, or using graphite and aluminium as

separate electrode rods may be intriguing to examine. Using this cell for an

243



electrochemical microbial based setup to utilise both features of CO, capture and H,

formation to form C; based products would also be interesting.

3.7 Methods and Experimental

3.7.1 Cell Designs

Four electrochemical cells were designed by the mechanical workshops at the University

of York’s Chemistry Department, under the guidance of Chris Mortimer:

e One graphite-aluminium anode cell;
e Two graphite-only anode cells (one for standard experiments and one designed to use
with “waste” aluminium); and

e One aluminium-only anode cell.

Graphite-Aluminium Anode Cell
The graphite-aluminium anode cell was used for majority of electrochemical CO, capture

experiments (Figure 104 and Figure 105).
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Figure 104: The graphite-aluminium anode cell and its components.
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Figure 105: Inside view and dimensions of graphite-aluminium anode cell, with diameter lengths
(9) in mm.

The beaker-shaped graphite electrode or liner (graphite supplied by OLMEC, grade MCCA
84) was 70.05 mm in diameter and 60 mm in depth. Holes were drilled in the graphite liner
to enable the electrolyte to reach the aluminium outer block (8 holes, each 3.2 mm wide
and 13.18 mm long, with a total surface area of 64 mm?). The aluminium was supplied by

Alaco (Grade 6082, Temper T6), with an aluminium content of 95-98%.

Graphite-Only Anode Cell (for Standard Experiments)

The graphite-only anode cell and a separate graphite liner were made to the same
dimensions as the graphite-aluminium anode cell, except the aluminium outer block was
replaced with plastic. An aluminium ring was placed on top of the graphite liner, to create
an electrical connection between the cell and potentiostat, whilst ensuring only the carbon

portion of the anode came into contact with the solution (Figure 106).

Graphite-Aluminium Anode Cell (for “Waste” Aluminium Experiments)

A graphite-only anode cell had the base of the plastic outer block, where the graphite liner
sits, extended by 5 mm in depth, so that a sufficient amount of “waste” aluminium
(@luminium foil) could be placed underneath the graphite liner. All other cell dimensions

were kept the same.
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Figure 106: The graphite-only anode cell. (a) All components of the cell together. (b) Plastic

casing (LHS) and graphite liner (RHS). (c) Graphite liner with 8 x 3.2 mm holes.

Aluminium-Only Anode Cell
An aluminium-only anode cell was created by removing the graphite liner from a

graphite-aluminium cell. All other cell dimensions were kept the same.

3.7.2 Experimental Setup

Each cell used a specially designed Perspex® lid which sealed onto a recessed O-ring. This
lid contained five ports, which were used to place a pH probe (Semi-micro epoxy gel BNC
pH electrode, VWR International), platinum counter electrode (wire, 3.5 cm in length and
1.30 mm in diameter) and Ag/AgCl reference electrode (3 M NaCl, BASI, 7.5 cm in
length, 6 mm in diameter) into the electrolyte. The final two ports were used as gas-tight
inlet and outlet ports. Swagelok fittings and quick-connects were used to ensure an air tight

seal at each port (Figure 107).
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Figure 107: Schematic of the graphite-aluminium anode cell and cell components used in a

standard experiment, with a cross-section view of the inside of the cell.

All electrolyte solutions were made using ultrapure water (Purite, ONDEO, average
resistivity of 18 MQ cm™ at 25 °C). The suppliers for electrolyte salts (all of at least 99%
purity) were: NaCl, VWR International (100%); LiCl, Santa Cruz Biotechnology (>99%)
and CsCl, MP Biomedicals Europe (>99%). All experiments used 60 mL of electrolyte
except when using the aluminium-only anode cell (180 mL) and for the seawater with
“waste” aluminium tests (90 mL), to ensure the electrodes and monitoring equipment were
placed in the electrolyte during the experiments. Approx. 3-4 g of aluminium foil was

wrapped round the graphite liner when used as the “waste” aluminium source (Figure 108).

Regardless of the cell, a VVoltaLab 50 potentiostat with VVoltaMaster software was used to
control current flow and to monitor the potential of the platinum counter electrode relative
to the Ag/AgCI reference electrode. In addition, a digital voltmeter with USB data logging
(PT-4000ZC, Digitec) was used to monitor the potential of the anode with respect to the

Ag/AgCI reference electrode. All electrochemical potentials reported were corrected to vs
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Figure 108: Aluminium foil wrapped around a graphite liner for “waste” aluminium anode

electrochemical experiments.

the standard hydrogen electrode (SHE) as described in “Calibration of Ag/AgCl Reference
Electrode”. Further solution phase monitoring was provided by linking the pH probe to a
second digital voltmeter with USB data logging. The pH probe was calibrated prior to each

run as described in “pH Probe Calibration”.

In each experiment, solution agitation was performed by placing the electrochemical cell
on top of a magnetic stirrer hotplate (Stuart UC152, set to a speed setting of 4) and using a
10 x 4 mm magnetic stirrer bar. The magnetic stirrer hotplate, and electrochemical cell,
reached temperatures of 32-35 °C after 1 h of operation with an average temperature of
34 °C during each run. To ensure that temperature fluctuations were within £ 0.1 °C a
digital temperature probe, in contact with a third digital voltmeter with USB data logging,
was used for some experiments. When performing experiments powered by light, a
Multicomp solar panel (1.4 cm tall and 1 cm wide, MC-SP0.8-NF-GCS, 800mW,
maximum voltage; 3.85 V, maximum current; 0.21 A) was used. The solar panel was

placed in front of a window at a 30-32° N by NE angle.

Gas mass flow controllers (Aalborg, GC717, a 0-10 mL min™* or 0-100 mL min™) were
used to control the CO, (BOC, >99%) and N, (BOC, >99%) inlet gas flow rates

respectively. A downstream CO, gas analyser was incorporated to measure the level of
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CO; in the gas leaving the electrochemical cell (Quantek CO, analyser, model 906). A gas
chromatography system adapted for H, detection was also used to monitor H; levels as

described in “3.7.4 Quantifying Hydrogen Production”.
3.7.3 Calibration of Equipment

Calibration of Ag/AgCI Reference Electrode

To quantify the conversion factor required to adjust the potentials measured with our
Ag/AgCI reference electrode to vs SHE, three independent cyclic voltammetry (CV)
measurements were performed. These measurements were conducted with N-purged
10 mM ferricyanide (K3FeCNg) in 0.1 M pH 7 phosphate buffer, the Ag/AgClI reference
electrode used in the electrochemical CO, capture experiments, a glassy carbon working
electrode (BASi) and a platinum counter electrode (wire), according to O’Reilly’s method
(Figure 109).2* Analysis was performed with an EmStat® potentiostat and PSTrace4
software (PalmSens) yielding a conversion factor of V vs SHE =V vs Ag/AgCI + 0.194 V

(Table 39).
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Figure 109: Example CV plot for the calibration of the Ag/AgCl reference electrode. Experimental
conditions: starting potential; 0.2 V vs Ag/AgCI; maximum potential: 0.7 V vs Ag/AgCI; scan rate:

50 mV s™; current range: 1 mA to 1 nA; total number of scans: 8; equilibration time: 10 s.
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Table 39: Calculating the Ag/AgCI reference electrode conversion factor.*?

Epa(Vvs Epc(Vvs Ei (V vs Reported E;;,  Conversion factor for V vs

o Ag/AgCl) Ag/AgCl)  Ag/AgCl)  (VvsSHE)®*  Ag/AgCl to V vs SHE (V)
1 0.275 0.185 0.230

2 0.285 0.180 0.233 0.425 0.194

3 0.285 0.175 0.230

Average 0.231+0.0014

pH Probe Calibration
The pH probe was calibrated prior to each experiment (Figure 110) using four reference
buffer solutions from Fisher Scientific, pH 4 (potassium acid phthalate), 7 (phosphate), 9.2
(borate) and 10 (potassium carbonate).
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Figure 110: Example pH calibration curve.

3.7.4 Quantifying Hydrogen Production

The level of H, production was quantified using a commercial analyser utilising GC
combined with an HgO reduction detector (Ametek TA3000R), designed to detect CO and
H, gas. In operation, CO and H, are separated using the gas stream on the GC column and
then detected via the reduction of mercuric oxide and the subsequent detection of mercury

vapour by UV absorption.*® In order to reduce the concentration to within the instrument
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range; the outlet flow was diluted by a factor of approx. 500 in ultra-pure N, gas. The
dilution flow rates were continuously monitored in order to correct the diluted instrument
readings into H, concentrations in the original gas flow. Data from the H, detector was
logged and analysed using DAQ factory software. Equipment setup, method design and
data analysis was performed by Dr James Lee from the Wolfson Atmospheric Chemistry

Laboratory (WACL) at the University of York.
3.7.5 Analysis of Electrochemically Formed Precipitates

Solid Precipitate Isolation

Any solid precipitate formed at the end of an electrochemical experiment was separated
from the electrolyte via vacuum filtration, using a sinter funnel or filter paper (185 mm,
Fischer-Scientific). The solid precipitate was then rinsed with acetone (3 x 40 mL) and left
under vacuum for 15 min. The sample was then dried in a vacuum desiccator with P,0s
(Sigma-Aldrich, 98.5%) or KOH (Fischer-Scientific, 85.5%) until it reached constant

mass.

Powder X-Ray Diffraction (XRD) Analysis

Powder XRD was performed using a Bruker D8 powder diffractometer equipped with a Cu
source (K-al; 1.54 A, K-02; 1.54 A; K-B; 1.39 A). A Position Sensitive Detector (PSD)
Lynxeye detector in a Bragg-Brentano 6-26 geometry was used and spectra were analysed
using Bruker EVA software. Samples were ground to a fine powder and analysed over a
20 = 5-90° angle with a 0.0066° step size, each averaged over 0.1 s per point for a total
acquisition time of 23 min. Generator voltage and current were set to 40 kV and 40 mA
respectively. All samples were analysed at room temperature. Reference data was obtained

from the online Inorganic Crystal Structure Database (ICSD) when necessary.?"?"®

ThermoGravimetric Analysis-Infrared Spectroscopy (TGA-IR) Analysis
TGA-IR analysis was performed with a Netzsch 409 Simultaneous Thermo Analysis

(STA) TGA twinned with a Bruker Equinox 55 FT-IR, which used Netzsch Proteus and
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OPUS software respectively. This method measures how much solid samples decompose
over a given temperature range and also identifies the released gas during the
decomposition via in-line gas IR analysis. Samples were placed in alumina pre-burnt cups
and analysed over the temperature range 25 °C to 1300 °C at a ramp rate of 10 °C min™,
with the temperature held at 1300 °C for 15 min (with a total run time of approx. 142 min).
The TGA was pre-vacuumed and purged with N gas three times prior to use to ensure any
CO, detected was from the sample. A N, flow rate of 100 mL min™ was run through the
Netzsch apparatus during each run. IR spectra were measured between 4000-550 cm™,
with a resolution of 4 cm™ and 64 scans per measurement. A background scan which took
128 scans per measurement was run prior to sample analysis. The FT-IR contained a
Mercury Cadmium Telluride (MCT) detector that was cooled using liquid nitrogen prior to
each run. The transfer line between the TGA and IR was kept at 200 °C to ensure nothing

condensed in the transfer line.

Quantification of CO, Trapped in the Electrochemically Formed Solids

TGA-IR analysis of electrochemically formed solids led to the concurrent loss of water and
CO,. To relate the peak area of the CO, detected via IR analysis to a corresponding mass
loss of CO, only, calcium carbonate was analysed (CaCOg3 Sigma-Aldrich, >99%), which
releases only CO, when heated to 1300 °C. Three different starting masses of CaCO3 were
analysed by heating from 25 °C to 1300 °C at a ramp rate of 10 °C min™ (Figure 111a).
“Peak area” wvalues were obtained by extracting the IR peak obtained for CO;
(2200-2430 cm™) from the whole IR spectrum using OPUS, and then integrating this peak
using Origin software (Figure 111b). An average mass loss of CO; to “peak area” ratio was
obtained, and this average value was used in consequent calculations to determine the
moles of CO; in the electrochemically formed solids (Table 40). Each electrochemically
formed sample was run in triplicate and the average molar value obtained is quoted. All
molar values reported for carbon detected in the solids isolated post-CO, capture

correspond to the total amount of carbon captured in the total mass of solid collected.
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Figure 111: (a) TGA mass loss trace and corresponding CO; IR trace obtained for standard CaCOs;.

(b) Resultant graph relating IR CO, peak area (from 2430-2200 cm™) to mass loss for CaCOs.

Table 40: Calibration data for quantitative TGA-IR analysis.

CaCO;mass/ CO;mass CO, absorbance- Mass loss:peak
mg loss/mg time “peak area” area ratio
30.2 134 201.2 0.0636
50.9 21.7 342.2 0.0743
99.9 43.6 586.2 0.0664
Average 0.0681 + 0.0056

DRIFT (Diffuse Reflectance Infrared Fourier Transform) Analysis

Samples were analysed with a Bruker Equinox 55 FT-IR via DRIFT methodology and
Bruker OPUS software. Samples were mixed with freshly ground and oven-dried KBr
(Fisher Scientific, spectroscopy grade) in a 1:10 mass ratio. IR spectra were measured
between 4000-500 cm™, with a resolution of 4 cm™ and 128 scans per measurement. A
background scan which took 256 scans per measurement was run prior to sample analysis.
The FT-IR contained a Mercury Cadmium Telluride (MCT) detector that was cooled using

liquid nitrogen prior to each run.

Raman Analysis
Raman spectra were recorded using a 532 nm wavelength laser as the excitation source. A
50x magnification objective lens (0.5x numerical aperture) was used to focus the laser light

on a spot size area of approx. 1.5-2 um in diameter. The total acquisition time was 2 s per
253



scan over 130 repeated scans for each measurement. A 1650x200 pixels size CCD detector
was used to generate Raman graphs. The spectral resolution was approx. 1.5 cm™ per pixel.
Analysis and data collection was performed by Konstantinos Chatzipanagis, with guidance

from Dr Roland Kroger, from the University of York’s Physics Department.

Scanning Electron Microscope-Energy Dispersive X-Ray Spectroscopy (SEM-EDX)
Analysis

Solid samples were pelletised with a Specac 15-25 tonne Manual Hydraulic Press prior to
analysis. The dried samples were mounted with double-sided carbon adhesive tape onto
12.5 mm diameter aluminium stubs to be examined by SEM-EDX at the York JEOL
Nanocentre. To minimize charging for SEM imaging the samples were sputter coated for
5 min with platinum and palladium (15 nm) using a JEOL JFE-2300HR high resolution
fine coater (JEOL, USA). An extreme-resolution analytical field emission scanning
electron microscope (JEOL JSM-7800F, USA), operating at an acceleration voltage of
5 kV, was used for best resolution. For EDX analysis, a Noran EDX system with an
Oxford INCA analyser was employed. The uncoated samples were investigated at an
acceleration voltage of 15 kV using a 30 mm two light element Silicon-Lithium (SiLi)
detector. Imaging, data collection and analysis was performed by Dr Zhan Wei Scullion,

with guidance from Dr Roland Kréger, from the University of York’s Physics Department.

Inductively Coupled-Plasma-Mass Spectrometry (ICP-MS)

Samples were digested in 5 mL of nitric acid (HNO3, TraceSELECT® solvent grade,
Sigma-Aldrich) and heated at 110 °C for 3 h. After cooling, the sample was dissolved in
100 mL of ultrapure water and diluted further if required. Samples were analysed with an
Agilent 7700x ICP-MS spectrometer, using nickel sample and skimmer cones whilst under
helium. Each sample was taken up for 60 s, stabilised for 40 s, and washed for 60 s (with
5% HCI for 30 s, and 2% HNO; for 30 s). Samples were run three times and the mean

value of ppm or ppb for the desired element was used to determine the moles of the
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element in the samples. Samples were run and analysed by Dr Helen Parker, Andrea
Mufioz Garcia or Dr Maria Garcia Gallarreta from the Green Chemistry Centre of
Excellence at the University of York, at the Biorenewables Development Centre (BDC) in
the York Science Park. All molar values reported for aluminium and sodium detected in
the solid isolated post-CO, capture correspond to the total amount of aluminium and

sodium in the total mass of solid collected respectively.

Solid-state NMR methodology

All solid-state NMR experiments, along with sample analysis, were designed and
conducted by Dr Pedro M. Aguiar, from the University of York’s Chemistry Department.
All solid-state NMR figures, tables and analyte information were also produced and

provided by Dr Pedro M. Aguiar.

All solid-state NMR spectra were collected using a Bruker Avancelll HD 400 spectrometer
equipped with a 9.4 T widebore magnet and a 4 mm MAS probe. Spectra were acquired at
a regulated temperature of ca. 298 K (accounting for heating from rotational friction) for
most samples. In order to minimise decomposition, spectra of sodium carbonate

decahydrate were acquired at ca. 278 K.

BCc{'H} Cross Polarisation Magic-Angle Spinning (CPMAS) experiments employed a 2
ms linearly-ramped contact pulse (*H channel), spinning rates of 1.25 to 10 kHz, recycle
delays of 1-60 s, spinal-64 heteronuclear decoupling (at v, = 85 kHz) and are a sum of
48-3000 co-added transients. For the crystalline model systems with long 'H Tis a
flip-back pulse was utilised to reduce the necessary recycle delay. **C{*H} Bloch-decay
experiments for anhydrous sodium carbonate (Na,CO3), sodium sesquicarbonate
(NagH(CO3),:2H,0) and electrochemically formed precipitates/samples were acquired
using a 1.66 us pulse (30-degree tip-angle) with recycle delays of 30-120 s. Chemical
shifts are reported with respect to TMS, and were referenced using adamantane (CyoHjs,
6 =29.50 and 38.55 ppm) as an external secondary reference.
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2Na{*H} MAS experiments were acquired using a Bloch-decay sequence employing a
0.83 s pulse (at v = 42 kHz), spinning rates of 5 to 14 kHz (10 kHz for most samples),
optimized recycle delays of 1-5 s, spinal-64 heteronuclear decoupling (at v+ = 85 kHz) and
are a sum of 64-512 co-added transients. Relative frequencies are reported with respect to

1 M NacCl, used as an external secondary reference.

’Na and 2Na{*H} Multiple Quantum Magic-Angle Spinning (MQMAS) experiments were
acquired using a z-filtered experiment with Fast Amplitude Modulated pulse train (2 loops)
for the conversion step.®® The hard pulses were 4.5 and 2.2 ps (v = 83 kHz) and the
selective pulse was 9 us (v = 14 kHz). Spectra were rotor-synchronised in the indirect
dimension and acquired at spinning rates of 5-10 kHz, with recycle delays of 1-5 s, and
spinal-64 heteronuclear decoupling (at v = 85 kHz). For crystalline samples sufficient
increments were collected to cover 8-10 ms of evolution in T1, whereas for the
electrochemically formed precipitates the signal decayed within 2 ms. All displayed
MQMAS spectra have been processed including a shearing transformation, and the indirect

dimension scaled following the Cs, convention.>®

2TAl MAS experiments were acquired using a Bloch-decay sequence employing a 0.9 ps
pulse (at vis = 42 kHz), spinning rates of 10-14 kHz, optimized recycle delays of 2 s, and
are a sum of 32-128 co-added transients. Relative frequencies are reported with respect to

1 M aluminium nitrate (AI(NO3)3), used as an external secondary reference.

"Li MAS experiments were acquired using a Bloch-decay sequence employing a 0.8 us
pulse (at vis = 50 kHz), spinning rates of 5-14 kHz, optimized recycle delays of 5 s and are
a sum of 128 co-added transients. Relative frequencies are reported with respect to 1 M

LiCl, used as an external secondary reference.

3.7.6 Electrolyte Isolation and Analysis Post-CO, Capture

After each electrochemical experiment, electrolytes were kept in Parafilm® sealed falcon

tubes. Bulk analysis was performed according to Vogel’s titration methods (vide infra).?*’
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Titrations were performed with a 50 mL burette (£ 0.05 mL) and all samples were stirred
continuously during titration. A 1000-5000 pL automated pipette was used for volume
measurements <5 mL. All titrations were run in triplicate, and the average titrant was used

in subsequent calculations.

Titration Preparation and Standardisation

A 0.01 M sodium hydroxide (carbonate free) solution was made following Vogel’s
procedure,®” by adding NaOH (25 g) to 25 mL of water. After leaving to settle, a
0.325 mL aliquot was then added to 500 mL of water. Phenolphthalein indicator was made
by dissolving 1.25 g of phenolphthalein in 125 mL ethanol and 125 mL of water. A1 M
HCI solution was made by adding 42 mL of concentrated HCI (12 M, 37 %) to 500 mL of

water, and further diluted by a factor of 10 to obtain 0.1 M HCI.

Standardisation of 0.1 M HCI and 0.01 M NaOH was performed using Vogel’s methods.?’
Standardisation of 0.1 M HCI was performed with 0.1 M sodium carbonate. Pre-heated
sodium carbonate (5.3 g) was dissolved in 500 mL of water, and then titrated with 0.1 M
HCI and methyl orange-indigo carmine as an indicator. Methyl orange-indigo carmine was
prepared by dissolving 0.25 g of methyl orange and 0.625 g of indigo carmine in 250 mL
of water. Standardisation of 0.01 M NaOH was performed using 0.01 M HCI (made by

diluting 0.1 M HCI by a factor of 10) and phenolphthalein as an indicator.

Bicarbonate, and CO,, Quantification

This was performed according to Vogel’s titration method.”®” A measured excess of
0.01 M NaOH was added to a known volume of electrolyte to convert all bicarbonate
anions into carbonate anions. A few drops of phenolphthalein were then added to form a
pink solution, followed by a slight excess of 10% BaCl, solution (58.7 g of BaCl, in
500 mL of water) to form BaCOj3. The analyte was then heated at 70 °C using a magnetic
stirrer hotplate for 1 min. The solution was then taken off the heat and titrated immediately

with 0.01 M HCI, until the indicator turned from pink to colourless. The added volume of
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0.01 M HCI was used to determine the excess volume of NaOH added in the initial step,
and thus the exact volume of NaOH that was required to convert all bicarbonate anions
into carbonate anions, Hence the moles of bicarbonate and therefore CO; in the electrolyte
were calculated. All molar values reported for carbon detected in solution post-CO,
capture correspond to the total amount of carbon captured in the total volume of

electrolyte.

Carbonate Quantification

To a measured aliquot of fresh electrolyte, a few drops of methyl orange-indigo carmine
indicator were added to turn the solution grey. The solution was then titrated with 0.01 M
HCI to turn any carbonate (and bicarbonate) anions into carbonic acid, and until the
solution turned violet. In order to differentiate between quantifying carbonate and
bicarbonate anions, the titrate volume obtained for bicarbonate anions (detailed in
“Bicarbonate, and CO;, Quantification”, using the barium chloride titration method, was
taken away from the titrate volume obtained via this method.”*’ The difference in titrate
volumes for a few samples were insignificant, and therefore it was deemed that the moles

of carbonate anions in the electrolyte post-CO, capture were negligible via this method.

Freeze-drying Electrolytes
A VirTis SP Scientific sentry 2.0 freeze-drier was used to freeze-dry electrolyte samples,
with temperatures held between -105 °C and -110 °C and a vacuum pressure of approx.

27 mTorr (3.6 x 10” bar).
3.7.7 Sustainable Materials

Seawater Collection and Analysis
Seawater (3 L) was collected from the east beach along the coast of the seaside town
Whitby, North Yorkshire, UK, at 54° 29' 31.0" N 0° 36' 28.8" W during early July 2015

(Figure 112).
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Figure 112: Geographical location of where seawater was collected.

All 3 L were filtered through cellulose nitrate membrane filters (GC Whatman, pore size
0.2 pm, 47 mm diameter) to remove any sand or solid particulates, as well as bacteria. The
seawater was kept in sealable falcon bottles at -15 °C, to prevent the growth of any
bacterial or fungi, and left to warm up to room temperature before using in any

experiments. The seawater was analysed via ICP-MS to determine and quantify any trace

elements present (Table 41).

Table 41: Quantification of trace elements in seawater via ICP-MS.*"

Na/ %

Mg/ %

K/ %

Cal/% S/%

1.23+51

0.15+0.5

0.05+04

0.05+3.9 0.15+6.6

a) A pure seawater sample was analysed and all elements that were detected are shown.
b) Errors quoted for each element are error percentages of quoted values.
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4.0 Appendices

4.1 Appendix 1: Data for Chapter 2

4.1.1 Comparison of cyclic carbonate syntheses via CO, insertion into
epoxides

All of the non-metal and metal based catalytic systems discussed in “Chapter 2: The
Development of Chromium(lll) Salophen Complexes for Cyclic Carbonate and

Oxazolidinone Synthesis, 2.1 Introduction, 2.1.4 Carbon dioxide Insertion into Epoxides”

are summarised in Table Al and Table A2 respectively.
Table Al: Cyclic carbonate synthesis in the absence of metal complexes.

o Catalyst and )O]\ | N
_ 14:
+CO, co-catalyst > O 0 N/ OH + BuyNI

Ph™ 42

PH 7 11: BuyNBr, 13: BuyNI

Pressure® Temperature Time Yield®/ TOF®
Catalyst Co-catalyst Substrate

/ bar /°C /'h % /ht
N/A 11 and 13 12 1 120 4 83 0.24
N/A 14 12 1 25 20 73 0.46
N/A 14 12 1 45 20 85 0.53

a) Pressure of CO..
b) Isolated yield of cyclic carbonate product.
¢) TOF = mol of product / ((mol of catalyst) x time).
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Table A2: Cyclic carbonate synthesis using metal salophen complexes.

o Catalyst and ji
[\ +CO, co-catalyst _ "o 11: Bu,NBr: 13: BugNI; 15: N-Melm;
R )__/ 16: DMAP; 23: PPNBr
12, 21, 24, 36, 63 R
4,7,22 25 64

7,12: R = Ph; 21, 22: R = CH,CI; 24, 25: R = "Bu; 4, 36: R = CHj3; 63, 64: R = CH,OMe

Co- Pressure®/ Temperature Time Yield®/ TOF®
Catalyst Substrate
catalyst bar /°C /h %

~
=y
N

18 11 12 1 26 24 91¢ 1.52

20 13 21 10 30 2 91 91

26 11 12 10 50 24 85 0.71

30 16 12 3.5 75 12 99° 8.25

27 11 12 1 25 24 20° 0.33

34 - 36 6 20 20 45° 22.4

42 11 12 1 25 24 g 1.63

51 23 12 1 25 24 1004 2.78

a) Pressure of CO..

b) Isolated yield of cyclic carbonate product.

¢) TOF = mol of product / ((mol of catalyst) x time).

d) Conversion of epoxide into cyclic carbonate product, determined via GC or *H NMR spectroscopy.
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Table A2 (cont.): Cyclic carbonate synthesis using metal salophen complexes.
0]

o Catalyst and )J\
/Q + CO, co-catalyst » O O 11:BuyNBr; 13: BuyNI; 15: N-Melm;
R >_/ 16: DMAP; 23: PPNBr
12, 21, 24, 36, 63 R
4 7,22 25,64

7,12: R = Ph; 21, 22: R = CH,CI; 24, 25: R = "Bu; 4, 36: R = CHj3; 63, 64: R = CH,0OMe

Co- Pressure® Temperature Time Yield®/ TOF®
Catalyst Substrate .
catalyst / bar /°C /h % /h
57 11 12 1 25 24 100° 2.78
58 - 12 10 80 18 91¢ 10.1
61 - 63 10 85 18 100°  2.22

a) Pressure of CO..

b) Isolated yield of cyclic carbonate product.

¢) TOF = mol of product / ((mol of catalyst) x time).

d) Conversion of epoxide into cyclic carbonate product, determined via GC or *H NMR spectroscopy.

4.1.2 Analysis of crystal Cryl

Experimental

Single crystals of C1oH12.67No6701.33 (Cryl) were grown from THF. A suitable crystal was
selected and analysed on a SuperNova, Dual, Cu at zero, Eos diffractometer. The crystal
was kept at 110.05 + 10 K during data collection. Using Olex2*" the structure was solved
with the ShelXT3% structure solution program using Direct Methods and refined with the
ShelXL3* refinement package using Least Squares minimisation. Crystal isolation and
data collection was performed by Dr Adrian C. Whitwood, whom solved the crystal
structure along with Rachel R. Bean from the University of York’s Chemistry Department.
Crystal data presented in Table A3-Table A6 were all provided by Dr Adrian C.

Whitwood.
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Table A3: Crystal data and structure refinement for Cryl.

Empirical formula Ci1oH12.67N0.6701.33
Formula weight 163.54
Temperature/K 110.05(10)

Crystal system monoclinic

Space group C2/c

alA 17.8343(6)

b/A 12.4405(4)

c/A 13.0921(5)

o/° 90

B/ 107.301(4)

v/° 90

Volume/A® 2773.29(17)

Z 12

Peaicg/em’ 1.175

w/mm™ 0.618

F(000) 1056.0

Crystal size/mm?® 0.2008 x 0.1607 x 0.1298
Radiation CuKa (L= 1.54184)

20 range for data collection/° 8.804 to 142.972

Index ranges 221 <h<13,-15<k<14,-13<1<15
Reflections collected 4991

Independent reflections 2640 [Rin = 0.0124, Rgigma = 0.0171]
Data/restraints/parameters ~ 2640/0/168

Goodness-of-fit on F? 1.061

Final R indexes [[>=26 (I)] R;=0.0367, wR;, = 0.0967

Final R indexes [all data] R; =0.0414, wR, = 0.1009

Largest diff. peak/hole / e A® 0.23/-0.22
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Table A4: Bond Lengths for Cryl.

11-X,+Y,3/2-2

Table A5: Bond Angles for Cryl.

11-X,+Y,3/2-2

Atom Atom Length/A

01
01
02
N1
N1
C9
C9
C8
C13
C13
Cc7

C9
c11
Cé
C13
C12
c8
C10
c7
c13!
C14
C12

Atom Atom Atom

C9
C13
01
C8
C8
C9
c13
Cl14
Cl14
C8
C8
C6
C5
N1
N1

01
N1
C9
C9
C9
C8
C13
C13
C13
Cc7
Cc7
C7
C10
C12
C12

C11
C12
C10
01
C10
c7
N1
N1
c13t
C12
C6
C12
C9
c7
c12

1.3826(14)
1.4280(16)
1.3713(14)
1.4109(15)
1.4680(14)
1.3770(16)
1.3910(17)
1.3916(16)
1.401(2)
1.3907(16)
1.5098(15)

Angle /°
117.23(9)
117.15(9)
115.18(10)
124.53(11)
120.28(11)
119.40(10)
119.80(6)
120.88(11)
119.22(7)
118.25(10)
120.00(10)
121.35(10)
122.13(11)
111.79(9)
107.92(7)

Atom
C7
C10
C12
C6
C5
C14
C15
C4
C4
C4

Atom Atom Atom

C7
02
02
Cc7
C10
C10
C6
C15
C14
C3
C1
C1
C2
C2
C2
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Atom
C6
C5

c12
C5
C4
C15

c15
C3
C1
c2

Length /A
1.4002(16)
1.3885(18)
1.551(2)
1.4063(17)
1.5403(16)
1.3828(19)
1.389(3)
1.5370(19)
1.535(2)
1.529(2)

c12 c12t
ce C7
C6 C5
C6 C5
C5 C6
C5 C4
C5 C4
Cl4 cC13
c15 ci15'
C4 C5
C4 C5
c4 C3
C4 C5
c4 C3
c4 1

Angle / °
109.84(7)
120.32(10)
118.49(10)
121.16(11)
117.01(11)
121.45(11)
121.46(11)
121.01(12)
119.72(8)
111.22(11)
108.85(10)
110.02(13)
111.35(12)
107.15(12)
108.19(13)



Table A6: Torsion Angles for Cryl.

A B
01 C9
01 C9
02 C6
02 Cé6
N1 Ci13
CcC9 C8
Cc9 C8
C9 C10
C9 C10
c8 C9
cs C7
c8 C7
cs C7
cs C7
C13 N1
C13 N1
c13' c13
C13 Cl14
1-X,+Y,3/2-Z2

C D
c8 C7
C10 C5
C5 C10
C5 C4
Cl4 C15
C7 C12
C7 C6
C5 C6
C5 C4
C10 C5
C12 N1
c12 ci12t
c6e 02
C6 C5
C12 c7
c12 ci12t
Cl4 C15
C15 C15'

Angle /°
-179.72(10)
-179.26(10)
-177.61(10)

-0.94(16)
173.97(11)

171.16(9)

-1.70(16)

-0.53(17)
-177.20(11)

-0.30(17)
143.02(10)
-97.20(13)
178.68(10)

0.87(16)

169.60(9)

48.69(14)

-2.5(2)
0.1(2)

A
Cc7
C7

C10
C10
C10
C10
C12
C12
C12
C12
C6
C6
C6
C6
C6
Cl1
Cl1
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B
C6
C6
C9
C5
C5
C5
N1
N1
C7
C7
C7
C7
C5
C5
C5
o1
01

C
C5
c5
c8
o
c4
c4

C13

C13
Cc6
C6

C12

C12
o
o
c4
c9
co

D
C10
C4
C7
C3
C1
c2
c13t
C14
02
C5
N1
c12
C3
C1
c2
cs
C10

Angle /°
0.24(16)
176.91(10)
1.42(16)
-124.68(13)
113.94(14)
-5.25(17)
-24.78(19)
158.78(11)
6.04(16)
-171.77(10)
-44.22(14)
75.56(13)
58.81(16)
-62.57(16)
178.24(12)
12.86(16)
-168.23(10)



4.2 Appendix 2: Data for Chapter 3

4.2.1 Results and Discussion Part 1: Performing Electrochemical CO,
Sequestration and Mineralisation. Applying a current to the

aluminium-only anode cell in the absence of CO,

Electrochemical Data

As discussed in “Chapter 3, Section 3.2.2, Carbon dioxide capture with an aluminium-only
anode cell”, upon the application of a 24 h 10 mA current to the aluminium-only anode cell
in the absence of CO,, higher pH levels were reported with no change in the electrode

potentials (Figure Al).

Solid Analysis

A solid was formed during this experiment. Powder XRD analysis of the solid identified
NaCl and AI(OH); as the only crystalline phases, with the rising baseline indicating the
presence of a secondary amorphous species (Figure A2).2%%° No carbonate stretch was
detected via FT-IR (DRIFT) analysis (Figure A3). TGA-IR analysis demonstrated that, as
expected, negligible levels of carbon are captured in the solid (0.018 mmol, Figure A4).
This indicates that the solid primarily contained Al(OH); with NaCl crystallites on the

surface.
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Figure Al: Carbon dioxide capture with 1 M NaCl in the aluminium-only anode cell in the absence
of CO,. (a) Programmed current-time steps; (b) Resultant changes to the electrochemical potential
of the anode (grey line) and cathode (black line); (c) Corresponding changes in solution pH. Other

reaction conditions: a continuous gas flow of 14.0 mL min™ N,, and 180 mL of 1 M NacCl.
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100
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Figure A2: Powder XRD analysis of the electrochemically formed solid in the aluminium-only

anode cell in the absence of CO,, compared to NaCl and Al(OH);.2""#831°
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Figure A3: Comparing FT-IR (DRIFT) spectra of the precipitate isolated in the graphite-
aluminium anode cell in the presence of CO, (black line), absence of CO; (grey line) and standard

Al(OH); (blue line). (a) Full spectrum; (b) Carbonyl stretch region.
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Figure A4: Comparing TGA-IR analysis and consequent CO; IR spectra of the precipitate isolated

post-CO, capture in the graphite-aluminium anode cell (black line), and from the aluminium-only

anode cell in the absence of CO; (grey line).

268



4.2.2 Results and Discussion Part 1: Performing Electrochemical CO,
Sequestration and Mineralisation. Applying a current to the

graphite-aluminium anode cell in the absence of CO,

Electrochemical Data

As discussed in “Chapter 3, Section 3.2.3, Carbon dioxide capture with a
graphite-aluminium anode cell, Carbon dioxide levels, anode and cathode voltages and pH
levels”, upon application of a 24 h 10 mA current to the graphite-aluminium anode cell in
the absence of CO, (Figure A5), higher pH levels were reported with no change in the

electrode potentials (akin to the results with the aluminium-only anode cell, Figure Al).

(a) 15+ttt (b) 1.5+t

—~ 1.0+ 1

< 104 1 o Anode —

E & 05 —Cathode 1
= 2]

: o [ 2 o0 |

35 -0.5 4
© 0 L5

‘_g“ -1.0 -

-5 } . L O e e RUBLL N A S s o e

-1.5
0

Time (h)

Figure A5: Carbon dioxide capture with 1 M NaCl in the graphite-aluminium anode cell in the
absence of CO,. (a) Programmed current-time steps; (b) Resultant changes to the electrochemical
potential of the anode (grey line) and cathode (black line); (c) Corresponding changes in solution

pH. Other reaction conditions: a continuous gas flow of 14.0 mL min™* N,, and 60 mL of 1 M NaCl.

The lack of solid formation can be expected as no CO, was flowed through the cell, and
hence no aluminium hydroxycarbonate species would form. The Pourbaix diagram of
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aluminium (Chapter 3, Section 3.2.2, Figure 47) suggests that the water soluble aluminium
species AlI(OH), would form at this high pH, hence no aluminium based solid was also

isolated.230:242

4.2.3 Results and Discussion Part 1: Performing Electrochemical CO,

Sequestration and Mineralisation. Data Summary

The key results obtained by promoting electrochemical CO, capture with 1 M NaCl in the
anode cell and analysis of the solid as a result of CO, mineralisation, are summarised in
Figure A6. Elemental analysis of the electrochemically formed solids obtained with
different electrolytes, as well as levels of carbon captured in the electrolyte and solid, are
summarised in Table A7. The energy requirements for carbon capture with different

anodes in the electrochemical cell and electrolytes are summarised in Table A8.
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Figure A6: (a) Carbon dioxide fixation using an “on” 24 h 10 mA current setting with 1 M NaCl in

the mixed graphite-aluminium anode cell and solid analysis. (top) The voltage of the

graphite-aluminium anode and platinum cathode; (middle) CO, and H, content in the exit gas

stream; (bottom) solution pH. (b) Analysis of the precipitate isolated after carbon capture. (top)

Powder XRD, the broad featureless signal is due to disordered material, while the sharp features

are assigned to crystalline NaCl (reference values shown by vertical black lines), * metal plate (Al)

sample holder; (middle) FT-IR (DRIFT) analysis; (bottom) TGA-IR analysis.
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Table A7: Sodium, aluminium and total carbon levels captured using different electrolytes in the

graphite-aluminium anode cell.?

1M Solid  Nainsolid°/ Alinsolid® Cinsolid® Cinsolution® C total®/
Electrolyte mass/g mmol / mmol / mmol / mmol mmol
NaCl, Run
X 0.62 7.2+0.2 41+04 06+0.1 1.3+0.1 19+0.1
NaCl, Run
o 0.63 6.2+0.2 39102 1.0+0.2 1.7+0.1 27+0.2
NaCl, Run
5 0.46 3.4+0.2 3.3+0.3 1.0+0.1 1.9+0.1 29+0.1
NaCl, Run
R 0.60 8.4+0.5 41+04 1.1+0.1 26+0.1 3.7+0.1
NaCl 0.58 +
6.3+2.1 39+0.4 09+0.2 1.9+05 2.8+0.7
average 0.08
LiCl 0.34 1.6+0.1 23+0.1 0.4+0.01 0.8+0.1 1.2+0.1
CsClI 0.96 54+0.1 3.4+0.2 08+0.1 1.7+0.1 25+0.2

a) All molar values reported for sodium, aluminium and carbon detected in the solid and carbon in the
solution post-CO, capture, correspond to the total moles of sodium aluminium and carbon in the total mass of

solid and the total amount of carbon in the total volume of electrolyte, respectively.

b) Quantified via ICP-MS analysis.
¢) Quantified via TGA-IR analysis.
d) Quantified via titration of electrolyte.
e) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.

f) The four runs correspond to the four experiments in Figure 55.
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Table A8: Energy required for CO, sequestration and mineralisation using different anodes and

electrolytes.

Electrolyte and E_a/y Ecen energy® C total®/ Energy of C
anode ol /J mmol capture® / kJ mol™
NaCl,

2.39 2065 1.4+0.1° 1475
graphite anode
NaCl,
0.58 501 0.3+0.02' 1670
aluminium anode
NaCl, graphite-
. N 0.81+0.05 700 + 40 2.8+0.7 250
aluminium anode
LiCl, graphite-
. 0.80 695 1.2+0.1 579
aluminium anode

CsCl, graphite-

0.72 618 25+0.2 247

aluminium anode

a) Difference between the anode and platinum cathode voltage.

b) The Ece value is converted into watts (watt = voltage x current). Watts are equivalent to J s™, therefore
J s x time of current application is equivalent to joules.

¢) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.
d) (Ecen/1000) + (C total/1000).

e) Carbon captured in the electrolyte. No solid was formed.

f) Carbon captured in the electrochemically formed solid. No C was detected in the electrolyte.

h) Average results obtained from the four experiments in Figure 55.

4.2.4 Results and Discussion Part 2: Promoting Cost-effective and
Sustainable Electrochemical CO, Capture and Mineralisation. Data

Summary

A summary of the electrochemical data obtained for Section 3.4 is shown in Figure A7.
The correlation between NaCl concentration and Ece for different experiments is
summarised in Figure A8. The carbon capture levels and consequent energy requirements

for all trialled systems is summarised in Table A9 and Table A10.
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Figure A7: Comparing CO, capture with 1 M NaCl in the graphite-aluminium anode cell (black
lines) to “waste” aluminium (aluminium foil, blue lines), seawater (green lines) and both combined
(red lines). (a) Anode (solid line) and cathode (dashed line) voltages. (b) Carbon dioxide content in
the exit gas stream. (c) Corresponding changes in solution pH. Other reaction conditions: a

continuous gas flow of 0.7 mL min™ CO, (5%) and 13.3 mL min™ N,.
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Figure A8: Difference between anode and cathode voltages, and thus Ece, as a function of NaCl
concentration, with predictions for results that would be obtained using seawater samples from

around the world, and results obtained using different sustainable materials.

Table A9: Carbon levels captured using experimental setups in Sections 3.2 and 3.4.%

Solidmass Cinsolid®/ Cinsolution® C total®/
Electrolyte Cell (anode)

/g mmol / mmol mmol
1M NaCl Graphite-aluminium 0.58+0.08  0.9+0.2° 1.9+05° 28+0.7
Graphite-
1 M NaCl o 0.39 0.3+0.01 15+0.1 1.8+0.1
aluminium
1 M NaCl  Graphite-aluminium 0.74 £ 0.15 1.0+0.2° 3.7+0.7° 47%0.2

Graphite-aluminium
1 M NaCl 0.39 0.3+£0.07 19+0.1 22+0.1
(solar panel)

1 M NaCl “Waste” aluminium 0.61 1.1+01 0.4 +£0.01 15+01
Seawater  Graphite-aluminium 0.42 0.6 £0.02 1.4+£01 2001
Seawater  “Waste” aluminium 0.36 0.2+0.01 0.3+0.01 0.5+0.01

a) All molar values reported for carbon detected in the solid and solution post-CO, capture correspond to the
total amount of carbon in the total volume of electrolyte and total mass of solid, respectively.

b) Quantified via TGA-IR analysis.

¢) Quantified via titration of electrolyte.

d) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.
e) Average values obtained from the four 24 h current-time experiments in Figure 55.

f) Temperature of stirrer hotplate, on which the graphite-aluminium block was placed, was set to 60 °C.

g) Average values obtained from the three 36 h current-time experiments in Figure 94.
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Table A10: Comparison of Ece values and energy required for carbon capture using different

energy sources, electrolytes and anode material.

Ecel C total®/ Energy of C
Electrolyte  Cell (anode) Ecean®/V X d .
energy” /J mmol capture” / kd mol’
Graphite-
1 M NaCl - 0.81° 700° 2.8+0.7° 250
aluminium
Graphite-
1 M NaCl N 0.52 453 1.8+0.1 252
aluminium
Graphite-
1 M NaCl - 0.84° 1087° 4.7+0.2° 231
aluminium
Graphite-
1 M NaCl aluminium 0.83-0.94 718-813 22+0.1 326-369
(solar panel)
“Waste”
1 M NaCl - 0.67 579 15+0.1 386
aluminium
Graphite-
Seawater . 1.06 917 20+0.1 459
aluminium
“Waste”
Seawater - 0.86 743 0.5+0.01 1486
aluminium

a) Difference between the anode and platinum cathode voltage.

b) The Ecey value is converted into watts (watt = voltage x current). Watts are equivalent to J s™, therefore
J s x time of current application is equivalent to joules.

¢) Combination of the total carbon captured in the total volume and mass of solution and solid respectively.
d) (Ecen/1000) + (C total/1000).

e) Average values obtained from the four 24 h current-time experiments in Figure 55.

f) Temperature of stirrer hotplate, on which the graphite-aluminium block was placed, was set to 60 °C.

g) Average values obtained from the three 36 h current-time experiments in Figure 94.
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5.0 Abbreviations

Abbreviation, symbol or

term

Definition

+1
+M
30MAS
a.u.
AEM
ArC (NMR)
ArH (NMR)
BAC
BMIM
BNC
BPM
BPMED
br (NMR)
CCS
CDhuU
CEM
conv.
COP21
CPMAS
Cq
CS
CcVv
d (NMR)
DCM
DEC
dd (NMR)
ddd (NMR)
DL
DRIFT

E1/2

ECell

EDA
EDL
El
EMAR

Positive inductive effect
Positive mesomeric effect
3-Quantum Magic-Angle Spinning
Arbitrary units
Anode Exchange Membrane
Aromatic Carbon
Aromatic H
Basic Aluminium Carbonate / Basic Al,(CO3)3
1-Butyl-2-methylimidazolium
Bayonet Neill-Concelman
BiPolar Membrane
BiPolar Membrane ElectroDialysis
Broad
Carbon (dioxide) Capture and Storage
Carbon Dioxide Utilisation
Cathode Exchange Membrane
Conversion
21st Conference of the Conference Of Parties
Cross Polarisation Magic Angle Spinning
Magnitude
Carbon Surface
Cyclic Voltammetry
Doublet
Dichloromethane
Diethyl carbonate
Doublet of doublets
Doublet of doublets of doublets
Double Layer
Diffuse Reflectance Infrared Fourier Transform
Midpoint potential between anodic peak potential
and cathodic peak potential
Cell potential / difference between anode and
cathode voltages
Ethylene diamine
Electrical (or Electric) Double Layer
Electron lonisation
Electrochemically-Mediated Amine Regeneration
Enhanced Oil Recovery
Anodic peak potential
Cathodic peak potential
Equivalents
Electrospray ionisation
Fourier Transform-Infrared Spectroscopy
Gas Chromatography
GreenHouse Gases
Negative inductive effect

277



ICP-MS
ICSD
IEA
IEM
IHP
IPCC
IR
LDH
LHS
LIFDI
M
m (NMR)
MAS
MCFC
MCT
MQMAS
MS

MS (electrochemical)

NMR
OCED

OHP
p
PCC
Pq
PSD
q (NMR)
RF
RHS
s (NMR)
sat.
sat. ag.

SEM-EDX

SHE
ST (NMR)
STA
T1
td (NMR)
TGA-IR
TOF
1:on
UV-Vis
XRD
XRF
)
dc
AfG
AfH
AfS

Inductively Coupled Plasma-Mass Spectrometry
Inorganic Crystal Structure Database
International Energy Agency
lon Exchange Membrane
Inner Helmholtz Plane
Intergovernmental Panel on Climate Change
Infrared Spectroscopy
Layered Double Hydroxide
Left Hand Side
Liquid Injection Field Desorption lonisation
Negative mesomeric effect
Multiplet
Magic Angle Spinning
Molten Carbonate Fuel Cell
Mercury Cadmium Telluride
Multiple Quantum Magic-Angle Spinning
Mass Spectrometry
Metal Surface
Nuclear Magnetic Resonance
Organisation for Economic Cooperation and
Development
Outer Helmholtz Plane
Para
Precipitated Calcium Carbonate
Quadrupolar product
Position Sensitive Detector
Quartet
Radio Frequency
Right Hand Side
Singlet
Saturated
Saturated aqueous
Scanning Electron Microscope-Energy Dispersive
X-Ray Spectroscopy
Standard Hydrogen Electrode
Satellite Transitions
Simultaneous Thermo Analysis
Spin-lattice relaxation time
A triplet of doublets
ThermoGravimetric Analysis-Infrared Spectroscopy
Turnover Frequency
The moment in time in when a current was applied
Ultraviolet—visible
X-Ray Diffraction
X-Ray Fluorescence
NMR Chemical Shift
Chemical shift of C environment
Gibbs free energy of formation
Enthalpy of formation
Entropy of formation
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Isotopic shift

Enthalpy of reaction

Asymmetry (cross-sectional shape)

vs (IR) Antisymmetric stretch
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