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Non-Aqueous Electrolytes for Flow Batteries

Background

Cheap, safe and efficient energy storage is essential in developing practical and sustainable energy
strategies necessary for maintaining a balanced, efficient and reliable electric grid system based on
both conventional electricity generation industries and the integration of intermittent renewable
energy sources.

Batteries for large-scale grid storage must satisfy a different set of variables compared to many
conventional rechargeable batteries. Such batteries must be; durable, maintain efficiency over a
large number of charge/discharge cycles, have high round-trip efficiency, able to respond instantly
to changes in load or input, and have reasonable capital costs!!). Redox flow batteries are able to
meet much of this criterion hence there has been significant interest in the optimisation of redox
flow batteries for large-scale energy storage over the last few decades.

The all vanadium RFB was and remains the ‘flagship’ for redox flow batteries. It has a higher energy
efficiency, longer operational lifetime and lower cost compared with other redox batteries (zinc
bromide, sodium sulfur and lead acid)®?.. It remains the only RFB to have been sold in significant
numbers due in part to being the only RFB to make use of the same metal species in both half-cells,
avoiding cross-contamination issues.

Flow batteries incorporating organic molecules as the charge carriers are experiencing significant
interest for large scale energy storage. Engineering the structure of organic molecules can deliver
low cost redox active molecules with favourable potentials, increased solubility and greater stability.
Both quinones and N-heterocycles are currently experiencing extensive investigation for application
in flow batteries.

Objective of this work
Improve upon the commercial all-vanadium battery by reducing costs, increasing energy density
and increasing cell voltage.

Progress to date

Anthraquinone

Anthraquinones are planar molecules featuring three cyclic rings and two carbonyl groups which
can store two electrons per molecule.



Figure 1 - Crystal structures showing the [Camim][AQS] ion pair and the packing of the ionic
compound with the quinone planes coloured red and imidazole planes coloured blue.

Single crystal measurements reveal layers of anthraquinone, 3.752 A apart, originating from pi-pi
intermolecular interactions. This compact, ordered structure makes it difficult to dissolve or liquify,
reducing energy density.

To overcome low solubility, the phosphonium cation [Pess14] was incorporated as the cation to add
disorder and resulted in the formation of a viscous yellow liquid, density = 1.0394 gmL™ at 20 °C,
which could be easily dissolved in organic solvents.
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Figure 2 - CVs of four anthraquinone sulfonate compounds featuring a pyrrolidinium,
imidazolium, ammonium and phosphonium cation.

Anthraquinone undergoes two consecutive reversible, single electron reductions forming the
radical anion® and dianion, stabilised through it’s resonance forms. Altering the cation had little



effect on the position of the peaks associated with the formation of the quinone radical however
the peaks corresponding to the dianion were shifted towards more negative values for the
pyrrolidinium and phosphonium derivative potentially due to the unstable nature of the two
negative charges.
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Figure 4 - CV of [C1C4pyr][AQS] in [C1C4pyr][NTf,] at various scan Figure 3 - Diagram of dianion in ionic liquid solvent.
rates.

Using ionic liquid as a solvent failed to significantly increase the solubility of the pyrrolidinium
derivative however changes in electrochemical behaviour were observed. Peaks were shifted to
more positive values due to the improved stability of redox products in the ionic liquid. Lower
current values were displayed due to the viscous nature of ionic liquid with the dianion oxidation
peak appearing disproportionally lower than the others. This can be explained by the large increase
in electron density on formation of the dianion which interacts with solvent cations reducing mass
transfer, limiting the number of molecules able to reach the electrode.

Hydroquinone
Hydroquinone compounds were synthesised to compliment anthraquinones as the catholyte.

Figure 5 - Crystal structure of [Camim][AQS].

Hydroquinone appears to show a much less closely packed crystal structure, increasing solubility
relative to anthraquinone.
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Figure 6 - CVs of [C4C1pyr][HQS] in acetonitrile with [NEts][BF4] (0.1 M) (left) and [C4C1pyr][NTf;]
(right).

Cyclic voltammetry revealed irreversible electrochemistry indicated by the distance between both
peaks. The addition of acid resulted in both peaks shifting to higher potentials however the
reduction peak shifted significantly more to become an electrochemically reversible process.
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Figure 7 - [Pess14][HQS] in [Psss14][NTF2] neat and with HNTf, (0.8 M) added. Both
scans ran at 10 mVs™.

Conclusions and future work

Quinones incorporated into ionic liquids display reversible electrochemical behaviour provided a
small amount of acid is present in the hydroquinone system. A complete cell should be possible
using an anthraquinone and hydroquinone together. Future work will involve the use of these ionic
liguids to form a membrane-free, 2-phase battery as well as conventional membrane separated
batteries.
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Physical Characterisation of Functional Liquids

Background

It is proposed that deep eutectic solvents ‘DES’ are a chemical component mixture composed of
hydrogen bond donors and acceptors which have intermolecular interactions that result in a
freezing point which is lower than that of the isolated individual components of the system with no
interactions between each other.! They are asymmetric species which, due to their orbitals’ inability
to overlap well and thus, pack into a regular lattice arrangement, have low lattice energy and so do
not require a large amount of energy in order to exist as a liquid and as a result tend to have low
melting points.

The most common and well renowned DES are those prepared with the combination of organic salts
such as choline chloride, which act as a hydrogen bond acceptor and carboxylic acids or alcohols
with a hydrogen bond donating role.>> However, these solvents are generally miscible with water
and so their application is quite limited. Therefore, work was undertaken by van Osch et al. which
led to the publication of the first hydrophobic deep eutectic solvent using a carboxylic acid hydrogen
bond donor and a long chain quaternary ammonium salt in 2015.% In addition to this, DES have since
been formed using alcohols and fatty acid hydrogen bond donors in combination with organic salts
to form deep eutectic solvents which can be used for extraction of metals’ and natural products®°.
In addition to this, in an attempt to reduce the viscosity associated with these charged DES species,
Ribeiro et al. developed DES systems using D-menthol and carboxylic acid hydrogen bond donors
where the individual components used are non-ionic species.'® More recently, DES made with the
combination of trioctylphosphine oxide (TOPO) and phenol have been published and its use as a
uranyl extractant shown.!

TOPO has a number of uses such as capping agents'?=%¢ in nanoparticle synthesis, metals”*8, organic
acids'®22 and phenolics?37% extraction and so a number of DES will be prepared using a range of
hydrogen bond donors most suited to the potential application.

17,18

Objective of this work

In this work, extraction of gallium from simulated waste zinc leach residue is carried out by
extracting gallium from an acidic chloride aqueous phase. A 2:1 TOPO:malonic acid eutectic
extractant is used to extract gallium up to 100% due to acting as a highly concentrated liquid
extractant.

Progress to date
Following on from previous reports where a TOPO:Malonic acid eutectic in a 2:1 ratio was shown to
extract gallium from an acidic chloride source with a LogDga approximately 3 times greater than that



of the literature benchmark!’ when conditions were replicated, competitive metal salt extraction
focusing on PbCl;, ZnCly, FeCls, NaCl, CaCl, has been studied. These metal chloride salts have been
chosen due to their presence as zinc leach residue from the zinc manufacturing process which would
otherwise be dumped as waste.?’~%°

Firstly, each metal salt was dissolved individually in a range of HCl concentrations from
1-8 M. PbCl; did not dissolve in HCl concentrations within the range studied and so extraction
experiments were not carried out using PbCl,, however, all other metal chloride salts were dissolved
in HCl individually and the extraction ability of 2:1 TOPO:malonic acid for each of these metal salts
was studied. The results of this experimental study is shown in Figure 8 below.
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Figure 8. Extraction efficiency of metal chloride salts over a range of HCl concentrations using a 2:1
TOPO:malonic acid eutectic extractant. Org:aq 1:1, shaking time 10 mins, RT.

Figure 8 above shows that gallium extraction increases from 50-100% from 1-4 M HCl and remains
at 100% above 4 M HCI thought to be due to an increased propensity to form tetrachlorogallate
species with increasing HCl concentration to 8 M HCI. Competitive metal chloride salts also present
in the zinc leach residue such as ZnCl; and FeCls have extraction to the limits of detection (100%)
across the whole HCl concentration range studied and so it is noted that in downstream recovery
processes, the effect of these metal salts on gallium recovery will have to be considered. It is also
evident, however, that NaCl and CaCl, are not extracted (0%) by 2:1 TOPO:malonic acid and so will
not be present in the eutectic phase which will be treated for gallium recovery. In addition to these
experiments considering individual metal salts, acidic chloride solutions of mixed metal salts will
also be studied in the near future containing Ga, Zn and Fe in the proportions which they are present
in zinc leach residue. This will be done to identify any changes in extraction behaviour within a mixed
metal system and to determine the extent of extraction within this system.

Attempts to identify the parameters to recover gallium from the eutectic extractant using
electrodeposition have been investigated and remain ongoing. To date, it has been found that
recovery of gallium from low HCl concentrated systems is limited due to the non-ionic nature of the
2:1 TOPO:malonic acid eutectic system and hence the lack of conductivity that comes along with
that. It was hypothesised that with the addition of metal salts to this eutectic mixture that



conductivity would increase to a point which would be sufficient for cyclic voltammetry and
electrodeposition experiments, however, due to the low solubility of the metal salts in the eutectic
without pre-contact with a strong HCl solution, conductivity remained low. The addition of
[N2222][BF4] as a supporting electrolyte to the eutectic did not appear to have an effect on the
conductivity achieved, potentially due to its limited solubility in the eutectic. However, in systems
where the extent of gallium extraction is higher (i.e. between 4-8 M HCI) conductivity is increased
due to the greater extent of metal salt which can be dissolved into the eutectic and possible acid
co-extraction which likely occurs; yielding a greater number of ionic species within the eutectic.
Further investigation into this gallium recovery route is currently being pursued.

In addition to this, contribution to a book chapter reviewing hydrophobic DES and their applications
has been recently worked on.

Conclusions and future work

To conclude, competitive metal salt extraction studies have highlighted that, in addition to gallium
chloride, both iron and zinc chloride salts are competitively extracted to the limits of detection
across the whole HCl concentration range when studied in extraction from aqueous acidic chloride
sources individually, however, sodium and calcium chloride salts are not competitively extracted.
Therefore, while awaiting the results from mixed metal studies, it can be seen that in post extraction
processing to recover gallium, using electrodeposition for example, that the effects of zinc and iron
chloride salts also must be considered in the design of these experiments.

Initial studies into recovering gallium from the eutectic extractant phase at low HCl concentrations
has proven to be limited due to the low conductivity which arises from the non-ionic component
nature of the eutectic combined with the low levels of metal chloride salt dissolution in these
systems. The effect of the addition of a supporting electrolyte such as [N2222][BF4] has also been
limited due to its low solubility in the eutectic itself. However, more promising preliminary results
have been achieved when attempting to increase conductivity by using the eutectic extractant
phase after pre-contact with 6 M HCl thought to be due to acid co-extraction and the increased
dissolution of metal chloride salts in the eutectic which increase the ionic nature of the extractant.
This is promising as eutectic pre-contact is not an additional step in the recovery procedure, but
instead is part of the initial extraction procedure itself. Greater gallium extraction efficiencies are
also achieved at these HCl concentrations.

Initially, future work will involve extraction of gallium from a mixed metal system containing the
metal chloride salts identified as competitive extractable species by the 2:1 TOPO:malonic acid
eutectic in order to determine the effect that the relative abundance of each of these metal salts
found in zinc leach residue will have on the extent of gallium extraction.

In addition to this, as co-extraction of iron and zinc chloride species is expected along with the
extraction of gallium chloride species, as seen by the extraction of the individual metal salts, cyclic
voltammetry will be performed with each of these metal salts past the point of their reduction to
identify the voltage at which their electrodeposition would likely occur and if it would interfere with
the electrodeposition of gallium if electrodeposition voltages overlapped for example or if the
presence of water in the eutectic phase limits the electrochemical window of the eutectic phase.
These studies will be performed with 2:1 TOPO malonic acid extractant phase first pre-contacted
with 6 M HCl and with the concentration of each metal salt extracted added first individually and
subsequently with mixed metal salts.
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Microemulsion Solvent Systems for Bio-Separations

Background

The separation of proteins and related compounds often involves the use of aqueous biphasic
solvent systems for both solvent extraction and countercurrent chromatographic separation. In this
work we have developed a methodology capable of performing the separation of a two-component
mixture of two proteins, which uses water as the mobile phase. A new aqueous biphasic solvent
system has been developed which can selectively dissolve proteins and has been successfully tested
in a centrifugal partition chromatography apparatus using a water/ hydrophobic microemulsion
solvent system.

Objective of this work

The objectives of the work are to develop a clean, high capacity methodology for separating
peptides and proteins, using ionic liquid containing stationary phases and water as a mobile phase
in countercurrent chromatography and centrifugal partition chromatography.

Progress to date

The work has developed and tested a model separation of lysozyme from cytochrome C in the CPC
apparatus. The separation achieved a complete separation of the two proteins, and the research
has led to the development of new water / hydrophobic microemulsion solvent systems.

Conclusions and future work

The separation of lysozyme from cytochrome C has been successfully tested and a suitable range of
solvent systems designed for protein separations have been developed. The mobile phase being
comprised of water (saturated with an organic solvent) contains very low levels of involatile ionic
liguids, which can be solvent extracted and recycled from the aqueous solution of separated
proteins emerging from the CPC apparatus. This results in the protein solution containing no other
involatile materials which makes the isolation of the protein from water very simple. The future
work is to optimise the lysozyme / cytochrome C separation, and test a wider range of separations.



Microemulstion Solvent Systems for Bio-Separations
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Introduction
The manufacture of high-value pharmaceutical products (such as
peptides and proteins) require fast, low cost, reliable, GMP-compliant,
scalable preparatory chromatography processes and technologies. By
the use of a combination of three relatively new technologies, namely:
(1) ionic liquids,® (2) modern high performance countercurrent
chromatography (HPCCC)? or centrifugal partition chromatography
(CPC)® and (3) co-solvent free, high water content microemulsions*
(Figure 1) derived from catanionic surfactants (surface active
hydrophobic ionic liquids),>” we propose their combined use in
enabling a new range of high performance and environmentally
friendly separations of proteins and peptides. The importance and
motivation for this research is that ionic liquids have been found to be
excellent solvents for proteins,'® and have been demonstrated to work
in a highly effective manner in countercurrent chromatography
(Ccc).>M Taken together, this enables peptide and protein separations
to be carried out at much higher concentrations and space time ' : 3

. 1 . . Figure 1 - An triphasic solvent system
yields,** using relatively small amounts of solvent, than is currently .

) . . . made from a mixture of water, hexane
possible with conventionally used solvent systems.!* Since CCC and a catanionic surfactant (Fig 2.) The
separations with ionic liquids and high water content microemulsions | middle microemulsion phase s
behave in a different manner, and have different selectivities, when | 75mol% water. The lower phase is
compared to HPLC, gel or size exclusion chromatography, | 99.7mol% waterand 0.3 mol% hexane,
electrophoresis and other methodologies used in protein and the upper phase is excess

e o . . hexane.87 The high-water content
14,15 14
purification, it will complement currently available technologies. microemulsion  (middle phase) is

remarkable in that it requires no co-
This research is based on the discovery of a new “revolutionary” | solvents and is termed “hydrophobic

triphasic solvent system (Figure 1) and new biphasic water / | water’
hydrophobic microemulsion solvent systems based on ethyl ethanoate.
These separations use the cheapest liquid solvent available

(water) as a mobile phase and relatively cheap organic =\

solvents such as hexane or ethyl ethanoate. The ionic liquid [H;C/N\t/N\/\/\/\/\/\/J
Whl(.Ih has been tested |§ at most 1.5. mol% or 10 th% of the Mﬁ)

stationary phase making separations economical when j;

compares to aqueous biphasic solvent systems based of Figure 2 - The structure of the microemulsion
K2[HPO4] / PEG or K2[HPO4] / [Camim]Cl. These separations are | forming ionic liquid [Cromim][DilOP], which is
generally tolerant of solids which would normally block or | used to form the “hydrophobic water phase” in
destroy a HPLC or gel chromatography column, making the | Figure 1.

CPC separations much more robust and insensitive to
particulate matter often found in crude protein samples. The
water / ionic liquid + organic solvent microemulsion solvent systems used in CPC separations have solute
capacities of 1 to 2 order of magnitude higher than those used in HPLC, and since the stationary phase is a
liquid, rather than a surface (as in solid HPLC columns), the stationary phase can have much higher solute
capacities than is found in similarly sized HPLC columns.'® Thus, far lower quantities of solvent per gram of
protein are required in CPC separations, than is the case for HPLC separations.’ These ionic liquid and
microemulsion solvent systems, combined with automated CPC apparatus and technologies have the
potential to revolutionise the way in which proteins, enzymes and biopolymers are produced and
dramatically reduce the production costs.




In liquid-liquid chromatography (LLC, HPCCC and CPC), a solute or analyte is partitioned between two liquid
phases, where one phase is a mobile phase (MP) and one phase is a stationary phase (SP) (Fig. 3). The
distribution ratio (Kp) of a solute between the two phases where Kp = [Solute]sp/[Solute]vr determines the
elution rate of the solute. Thus, in LLC, biphasic solvent systems are chosen or designed that give values of
Kp in the 0.5 to 3.0 range. For many bio-molecules which are water soluble, aqueous biphasic solvent (ABS)
systems are commonly used, which are comprised of two immiscible water containing phases. These usually
contain polymers (such as polyethylene glycol or PEG) and concentrated inorganic salt solutions and are
shaded in light grey (Table 1). More recently, an ionic liquid / concentrated inorganic salt solvent system

(medium grey in Table 1) has been tested in LLC, and has higher solute capacities than PEG solvent systems.?>
22

Table 1 A comparison of four aqueous biphasic solvent systems’23-26
Aqueous biphasic solvent system Stationary Phase Composition (mol%) Mobile Phase
Water — Hexane — [C1,mim][DilOP] (Fig. Water 75%, Hexane 23.5%, [C1omim][DilOP] Water
1) 1.5%
Water-PEG-K;[HPO4] Water-polyethylene glycol Water - K;[HPO4]

[C4mim]CI-2.5M K;[HPO4]-Water 87% water, 13% [Camim]Cl Water — 4M
Ka[HPO4]

Water - PEG - Dextran Water - Dextran Water - PEG

PEG = polyethylene glycol, [Camim]Cl = 1-butyl-3-methylimidazolium chloride, [C;2mim][DilOP] = 1-dodecyl-3-
methylimidazolium diisooctylphosphinate (or di(2,4,4-trimethylpentyl)phosphinate).

Experimental

Phase retention Curves

A biphasic solvent system was made by mixing water (2000 ml), ethyl ethanoate (1000 ml). To
mixture 950 ml of water saturated ethyl ethanoate phase and 1000ml water saturated with ethyl
ethanoate phase (MP) in a 3000 ml beaker, 1-decyl-3-methylimidazolium di-(2,4,4-trimethylpentyl)-
phosphinate [Ciomim] [DilOP] (50.0 g) was added to make an approximately 5% solution of [Ciomim]
[DilOP] dissolved in 950 ml of ethyl ethanoate. The NMR spectra of this solvent system (upper
stationary phase (SP) and lower mobile phase (MP) was recorded to determine the composition of
this biphasic mixture. The AECS/ECOM CPC instrument (Figures 3 and 4) was washed out with
ethanol and all pumps and the instrument were filled with mobile phase, to displace the ethanol.
The solvent reservoir was filled with 1 litre of MP and 1 litre of SP, and the Pump 2 was filled with
SP from the top of the solvent reservoir. The instrument was filled with stationary phase through
Pump 2, and the displaced mobile phase was returned to the solvent reservoir via the return pipe
(Spider valve position = B1, VICI flow direction valve set to Position B to make the least dense phase
become the stationary phase) with the rotation rate set to 400 RPM. When the instrument was full
of SP, Pump 2 was stopped. The stationary phase retention curve for 5 wt% [Ciomim][DilOP] + ethyl
ethanoate / water solvent system was performed as follows:

(a) The level of the phase boundary was recorded at start of experiment.

(b) Spider valve position set to A1, and the VICI valve was set to position B

(c) Pump 1 set to flow rates increasing in the following order 3.0, 4.0, 5.0, 7.0, 8.5, 10.0, 12, 15,
20, 25, 30, 35, 40 ml/min.

(d) For each flow rate, take reading of the MP / SP level (the SP/MP phase boundary) in the
solvent reservoir after the level in the solvent reservoir had reached a stable level, and have
only mobile phase passing through the detector (no sharp peaks in the UV-Vis detector
output due to stationary phase passing through the detector.



(e) For each flow rate, measure the pressure reading on the pump pressure sensor.

(f) For each flow rate, calculate the % stationary phase retention value (SPR) in the CPC rotor,
using a value of 12 cm? for the dead volume (DV - the internal volume of the pipes, detector,
valves etc.) and 900 cm? for the internal volume or capacity of the rotor (RC). % SPR = 100 x

(IL-L-DV)/RC.

(g) Figures 5 and 6 shows the SPR graphs of the 5% [C1omim][DilOP] + ethyl ethanoate / water

solvent system at 400 RPM and 30 C.
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Figure 3 - The full schematic of the full AECS / ECOM CPC instrument in laboratory 02.201. The
instrument is set up to use biphasic solvent systems and can use UV-Vis spectrometer to control
the Spider and VICI valves, and pumps allowing collection of samples with specific absorption
peaks or spectra. The computer control of the detector, pumps, valves and fraction collector

allows fully automated separations.
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Figure 5 - The % stationary phase retention curve and pressure for the water / ethyl ethanoate +
5.0 wt% [C1omim][DilOP] at 400 RPM and 30 °C, with ethyl ethanoate saturated water as the
mobile phase.
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Figure 6 - The % stationary phase retention and pressure vs the square root of the flow rate for
the water / ethyl ethanoate + 5.0 wt% [Ciomim][DilOP] at 400 RPM and 30 °C, with water as the
mobile phase.



The stationary phase retention curves and corresponding CPC inlet pressure are shown in Figures 5
and 6. The deviation from ideal behaviour at 3-10 cm® min™ flow rates is thought to be due to
wetting effects of the microemulsion phase in the CPC rotor. Otherwise, the stationary phase
retention (SPR) is proportional to the square root of the flow rate (Figure 6). The optimal flow rate
for separations (where the gradient of the SPR curve is the lowest) with this solvent system is in the
range of 3.0-7.0 cm3 min2.

Protein separations

A model protein separation of lysozyme / cytochrome C was tested to determine whether
microemulsion solvent systems can be used in separations using CPC instrument shown in Figures
6 and 7. The solvent system chosen was a water / ethyl ethanoate solvent system containing the
ionic liquid [C1omim][DilOP].

The distribution ratio of lysozyme between water and ethyl ethanoate containing [Ciomim][DilOP]
was measured by UV-Vis spectroscopy. A biphasic solution containing water and ethyl ethanoate
was prepared and 10 cm? of each phase of this solvent system were placed in a 40 cm? centrifuge
tube. 25 mg of lysozyme was added and the mixture shaken until the lysozyme dissolved. The tube
was places in a centrifuge and spun at 4400 RPM for 10 minutes, to allow both phases to become
clear. The UV-Vis spectrum of both phases was recorded from 190-1100 nm using a 1.00 cm path
length quartz UV-Vis cell. The absorption at 280 nm for lysozyme relative to the background at 350
nm was used to measure the concentration of lysozyme in each in each phase. The distribution ratio
of lysozyme was then determined by dividing the absorbance of lysozyme in the stationary (ethyl
ethanoate) phase by the absorption of lysozyme dissolved in the agueous mobile phase. Increasing
amounts of [C1omim][DilOP] was added to the mixture in the centrifuge tube, and the absorptions
at 280 nm were determined for both phases, and the variation of distribution ratio was calculated
and plotted graphically in Figure 7.
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Figure 7 - Variation in the absorbance of lysozyme (25 mg) dissolved in a biphasic water / ethyl
ethanoate solvent system consisting of 10 cm? of each phase with the mass of [C;omim][DilOP]
added to the ethyl ethanoate phase. The absorbance values are the absorbance of lysozyme at
280 nm — the background absorbance at 350 nm. The distribution ratio was calculated by dividing
the lysozyme absorbance in the stationary phase with the absorbance of lysozyme in the mobile
(water) phase.

The composition of the solvent system water / ethyl ethanoate + [Ciomim][DilOP] was measured by
adding known weights of [Ci1omim][DilOP] to a mixture of 15.0 cm® of water saturated ethyl
ethanoate and 15.0 cm? of ethyl ethanoate saturated water in a centrifuge tube. After each addition
of [C1omim][DilOP], the tube was centrifuged at 4400 RPM for 10 minutes and the *H NMR spectrum
of both phases was measured in CDsOD. The composition of the water / Ethyl Ethanoate +
[C1omim][DilOP] solvent system is shown in Figure 8.
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Figure 8. The composition of the stationary phase (15 cm3 of the upper ethyl ethanoate phase)
plotted against mass of [C.omim][DilOP] added to the mixture of 15 cm® MP + 15cm?3 SP.

The graph (Figure 8) shows that the ionic liquid [Ciomim][DilOP] causes water to dissolve in the
hydrophobic ethyl ethanoate phase, and generated an aqueous biphasic solvent system, the
composition of which, and the water content of the stationary phase can be controlled by the
amount of ionic liquid added.

Separation Procedure

A biphasic mixture of water (2000 cm?3) and ethyl ethanoate (1200 cm?3) was prepared and the layers
were separated. 2000 cm3 of the aqueous phase and 950 cm? of the ethyl ethanoate phase were
combined and 50g [Ciomim][DilOP] was added, to form the water / 5 wt% [Ciomim][DilOP] + ethyl
ethanoate solvent system. The 10 wt% [C1omim][DilOP] solvent system was prepared from 2000
cm? of the above water phase, 900 cm? of ethyl ethanoate phase and 100g of [C1omim][DilOP]. The
CPC machine was filled with the stationary phase (ethyl ethanoate + 5 wt% or 10 wt%
[C1omim][DilOP]). The rotation rate was set to 400 RPM (5% phase) or 450 RPM (10% hase) at 30 °C
(5% phase) or 40 °C (10% phase). The mobile phase (water saturated with ethyl ethanoate) was
pumped into the CPC machine at 8.0 cm?® min™ (spider valve = position Al and VICI valve = position
B). For 4 hours until the reading on the detector had stabilised. A solution of 0.50 g lysozyme and
0.020 g cytochrome C was in 40 cm? of mobile phase was prepared and loaded into the container
for Spider valve position C. The MP flow rate was reduced to 5.0 cm® min™* and 20 cm? of sample
was loaded into the CPC machine (spider valve = position C1, for 4.0 minutes), then the spider valve
was set to position Al for 100 minutes. The separated cytochrome C fraction was collected from
100-130 minutes (spider valve = position A4), and the lysozyme was collected from 130-200 minutes
(spider valve = position A2). The separation was stopper after 250 minutes. The chromatogram is
shown in Figure 12.
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Figure 9. The chromatogram of 0.0125 g of Cytochrome C (410 nm) and 0.20 g of lysozyme (280
nm) using a 10.0 wt% [C1o0mim][DilOP] dissolved in water saturated ethyl ethanoate (900 cm?3,
stationary phase) and of ethyl ethanoate saturated water (2000 cm3, mobile phase) solvent

system. The chromatogram was run at 450 RPM and 40 °C with cytochrome C measured at 410 nm
and lysozyme measured at 280nm, with a baseline recorded at 350 nm.

Two separations were performed using the 5 wt% and 10 wt% [Ciomim][DilOP] containing mixtures
of water and ethyl ethanoate, with water as the mobile phase and ethyl ethanoate / [C1omim][DilOP]
as the stationary phase. For the 5% [Ciomim][DilOP] solvent system, only a partial separation was
obtained, but with the 10% [Ciomim][DilOP] solvent system, a complete protein separation
occurred. The 10 wt% [C1omim][DilOP] separation is shown in Figure 9. This provides a proof of
concept that protein separations are feasible using water / microemulsion solvent systems.
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Gas Line Design for the NMR Study of Ethane and Ethylene Absorption

Background

The motivation for a greener and more sustainable method of gaseous separations for chemical
companies is increasing, with the progression being aided by a societal, environmental and
economical drive. Ethylene and propylene are some of the largest produced organic chemicals,
showing it has a large global demand. Both ethylene and propene are precursors to produce a
variety of products such as; fluorinated ethylene propylene (FEP) tubing, lubricants, prosthetics ()
and is used for catalysis. (>3

The most common method for the separation of gaseous olefin/paraffin mixtures is cryogenic
distillation. ) It is used to separate chemicals with very low boiling points (e.g. propylene/propane
mixture). However, as with its success, is the disadvantage of having a costly process due to the
sheer size of the distillation columns, a large energy output ) and environmental costs. /) The
environmental and economic problems arise due to the difficulty of separating olefin/paraffin
samples where the physical properties are so close to one another, as listed in table 1. ) The search
for alternative separation processes led to the interest of using ionic liquids (ILs) as separating
agents for olefin/paraffin gas separation.

Table 1 - Comparison of the properties of ethylene and ethane

Ethane (C:Hs) Ethylene (C2H.)

H H H H
H—iH =

Structure H H H H
Hybridization sp’ sp?
Molar mass / g mol? 30.1 28.1
Melting Point / °C -183 -169
Boiling Point / °C -89.0 -104
Density / Kg m 1.36 1.18
H-C-C Bond Angle /° 110 122
C-C bond length / pm 154 133
C-H bond length / pm 110 108



Objectives

The group’s focus is to develop strategies for the separation of ethylene and propylene from their
saturated counterparts using absorbents based in ionic liquids (ILs) and deep eutectic solvents (DES)
rather than the energetically demanding cryogenic distillation used in industry. The assembly of a
moderate pressure gas line will enable the safe use of gases such as ethylene and ethane to be
manipulated using various techniques such as gas chromatography and phase equilibria studies, and
moderate pressure proton NMR in particular to help identify the molecular structures involved in
the absorption of ethane and ethylene.

Our goal is to determine if moderate pressure NMR can help in the determination of the critical
molecular interactions involved in the absorption of ethane, ethylene, propane and propylene in ILs
and DES.

Progress to date

During this studentship, | have looked into olefin/paraffin gas separations with ionic liquids using
moderate pressure proton NMR @9 as well as other methods such as supported liquid membranes
(SLMs) (1011 and metal organic framework adsorbents (MOFs).(1213) |t has been reported that SLMs
seem to not be suitable for scale up in industry due to their permeation performance deteriorating
with evaporation of the liquid membrane and the MOFs studied (*3) generally have a sensitivity to
water, reducing their ability to adsorb targeted gases. lonic liquids, however, present great
potential and several advantages specific to gas separations due to their general low volatility and
their “designer-solvent” properties.

From all the hydrocarbon gases, acetylene is the most commonly studied gas for targeted separation
with ionic liquids using moderate pressure proton NMR. 413 For acetylene/ethylene mixtures, it
was shown that more basic anions allowed for a greater solubility in acetylene. The reason for this
was demonstrated by NMR, showing an enhanced acid-base interaction between the acidic proton
of acetylene and a basic anion of the IL.

A well-designed gas line (Figure 1) is fundamental for the investigation of these gaseous
olefin/paraffin separations. Specifically, this line was designed to assist in complex gas absorption
studies through moderate pressure NMR, headspace gas chromatography and measurement of
phase equilibria via a moderate pressure reactor.
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Figure 1 - Gas line designed for olefin/paraffin separation studies

Conclusions

lonic liquids can be used as effective absorbents for hydrocarbon gaseous separations. The ability
to tailor ILs to acquire specific properties is an advantage over using previously studied techniques
such as SLMs and MOFs. Moderate pressure proton NMR has shown to be effective at identifying
the molecular structures that are involved in the absorption of gaseous mixtures, particularly
acetylene/ethylene. This opens up the opportunity to develop strategies for the separation of
olefins such as ethylene and propylene from their saturated counterparts using absorbents based
in ionic liquids and deep eutectic solvents.

Future work

Further work to be conducted is the extensive testing of the gas line and investigation of
ethylene/ethane absorption using ionic liquids, analysed by moderate pressure proton NMR and
gas chromatography.
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Encounter complexes in Frustrated Lewis Pairs

Background

Frustrated Lewis pairs (FLPs) are combinations of Lewis acids and Lewis bases which are sterically
prevented from the formation of a typical Lewis acid-base adduct.! A typical example is the
combination  of  tris(tert-butyl)phosphine  (P(‘Bu);s) as the Lewis base and
tris(pentafluorophenyl)borane (BCF) as the Lewis acid. The phosphorus and boron centres in the
two molecules provide highly catalytically active Lewis acidic and basic sites. The closeness of these
reactive sites leads to remarkable reactivity, most notably in the activation of hydrogen and other
small molecules.? This has led to the development of metal-free catalytic hydrogenations, which are
extremely attractive due to the high cost, toxicity and sustainability of transition metals such as
palladium and platinum.3

The H; activation by FLPs would be expected to follow trimolecular reaction kinetics as there are
three species involved; the Lewis acid, Lewis base and H,. However, kinetic studies suggest that the
reaction of an FLP solution with H; is bimolecular. This has given rise to the pre-organisational effect
which is the idea that pre-arranged acid-base encounter complexes must be present in the solution.*

Conventional 1D NMR spectra of FLP solutions has failed to provide evidence for the encounter
complex formation. However, previous work by the group demonstrated the presence of an
encounter complex in a model FLP solution in benzene through neutron scattering studies and
structure refinement with EPSR. The FLP used was P(‘Bu)s and BCF and the formation of the
encounter complex confirmed using P:--B correlation analysis. Approximately 5% of the dissolved
FLP components remained associated to the encounter complex, in accordance with DFT results.
The group then revealed how the population of encounter complexes of FLP can be enhanced using
ionic  liquids. The selected ionic liquid was  1-decyl-3-methy limidazolium
bis(trifluoromethanesulfonyl)imide, [Ciomim][NTf;], which generated NMR signals of the FLP
encounter complex consisting of over 20% of the dissolved components. These results indicate that
ionic liquids can stabilise encounter complexes, resulting in a higher level of association and longer
lifetime. This leads to greater catalytic activity in comparison to other traditional solvents like
benzene. The FLP in the ionic liquid solution retained its ability to split hydrogen.®

Furthermore, previous work has shown that dissolving a sterically-hindered phosphine in ionic
liquids with strongly Lewis acidic borenium cations are capable of H2 splitting.

The work in June at the ISIS facility in Oxfordshire, using the instrument SANDALS (the Small Angle
Neutron Diffractometer for Amorphous and Liquid Samples) investigated the interaction between Lewis



acidic and basic centres in the traditional FLP P(*Bu)s/BCF. Previous work by the group investigated
the interaction of this FLP in the ionic liquid [Ciomim][NTf].> This time, the ionic liquid [Comim][NTf;]
was used as it has a shorter chain length than [Ciomim][NTf,]. This leads to lower viscosity and
[Comim][NTf;] can be used in neutron scattering whereas the chain length in [Ci1omim][NTf;] is too
long to be used in neutron scattering as it can’t be accurately modelled.

The work in July at the Diamond Light Source facility in Oxfordshire used P 1s and Cl 1s near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy with fluorescence detection to study a range
of encounter complexes in solution. P 1s edge and Cl 1s edge NEXAFS spectroscopy are very effective
methods for probing chemical bonding, in particular when electron transfer is involved, as is the
case for Lewis acid-base interactions.

Objective of this work

The goal is for the work at ISIS to provide a crucial insight into the encounter complexes which form
in FLP systems and potentially elucidate the reason for enhanced stability of FLP encounter
complexes in ILs. Results from NEXAFS spectroscopy should help determine the nature of the
interaction between the FLP components in various solvents. This will help to spectroscopically
characterise the electronic structure of the encounter complexes. Furthermore, to understand, how
the properties of the encounter complexes relate to FLP reactivity through a combination of
experimental and computational results. This will aid the design of FLPs and optimisation of catalytic
reactions.

Progress to date

| commenced the summer placement by preparing the samples for the upcoming trip to ISIS. The
chemicals required were BCF, P(*Bu)s and the ionic liquid [Comim][NTf;] which | synthesised. The
deuteration lab at Diamond prepared the deuterated version of the ionic liquid. Table 1 shows the
samples that were run at ISIS, highlighted in green. The other half of the samples will be run in
October. The deuteration lab will prepare the deuterated phosphine.

H-P('Bu); | BCF H-P('Bu)s | D-P('Bu); | D-P(*Bu)s | H & D- H & D-
+ BCF + BCF P(*Bu)s P(*Bu)s +
BCF

H = protonated D= deuterated

Table 1 -Samples for experiments at ISIS facility, highlighted in green are the samples that have
been run.



After ISIS, a week was spent to prepare the samples for the experiments at Diamond. The samples
that were run at Diamond are shown in Figure 1. The results from these samples will enable
investigation into the nature of the interaction between the FLP components in various solvents. It
will suggest how the properties of the encounter complexes relate to FLP reactivity which will aid
the design of FLPs and optimise catalytic reactions.
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O\ t \@ / 3 O\ /880 O\ /Psss
Be—P(BU)g N 5 ¢
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: . .
Bcat Psss P(‘Bu)s NTf, BcatP_. oTf Trimesityl phosphine P66614C1
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P(‘Bu)3 BCF [C,mim] [NTf ] [C,,mim] [NTf ]

Figure 1: Samples run at Diamond Light Source.

Other samples prepared for Diamond were BcatCl, BcatPssso OTf and the ionic liquids [Ccmim][FAP]
and [C;mim][B(CN)a4].

Analysis of the results will be in collaboration with Dr. Kevin Lovelock at the University of Reading.

Conclusions and future work

In conclusion, the summer placement has involved preparing samples for the two trips to the ISIS
facility and Diamond Light Source in Oxfordshire. Synthetic work was carried out before these trips
to prepare the samples required. In October there will be a trip to ISIS to finish running the other
half of the samples and then the results will be analysed. The results from the NEXAFS experiments
in Diamond will be analysed in collaboration with Dr. Kevin Lovelock from the University of Reading.



- + - +
+ - + -

Other future work involves investigating catalytic systems with known FLPs from literature to test
their ability to activate hydrogen. The goal would be to apply these catalytic systems to supported
ionic liquid phase (SILP) catalysis.
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Production of Alkyl Levulinates using Hybrid Organic-Inorganic materials
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Background

As a consequence of the depletion of fossil fuel resources and the further increasing requirement
of fossil fuel derived energy in todays evolving society, it is essential to investigate and develop
alternative methods of producing fuels, such as biofuels. Biofuels are environmentally benign and
economically feasible as an alternative to fossil fuel derived fuels (such as petrol and diesel). There
are many advantageous prospects of using biofuels, for example they can be considered carbon
dioxide neutral (i.e. the biomass utilised such as plants respire to convert carbon dioxide to oxygen),
provide a sustainable source of energy and can be produced from non-consumable biomass,
therefore eliminating competition with the food-chain [1]. The optimisation of biofuels is essential
in order to provide more efficient, cost effective and greener energy.

The addition of fuel additives is very beneficial when blended to biofuels. The fuel additive under
investigation is Butyl Levulinate which has been found to have similar physical properties to
petrol/diesel as well as having advantageous properties such as; high oxygen content, low water
solubility, high-octane number, low toxicity, improved flow properties and reduces soot formation
in engines [1]. The reaction to produce butyl levulinate is as follows (figure 1 and 2); Furfuryl alcohol
reacts with n-butanol to form furfuryl butyl ether which then forms either the butyl levulinate or
the 5,5-dibutoxy-2-pentanone which the consequently forms the butyl levulinate (fuel additive).
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‘ / “oH
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+ Ho TN

n-Butanol
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o
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n-butyl levulinate

Figure 1 - Reaction pathway for the production of Butyl Levulinate using
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Figure 2 - Typical Reaction Profile

Figure 2 shows the typical reaction profile for the production of butyl levulinate and the reaction
conditions are as follows; 1.15 mol of furfuryl alcohol, 0.05 mol n-butanol, 0.1g catalyst at 110°C in
glass tube reactor with constant magnetic stirring at 1100 RPM.

Furfuryl alcohol is an advantageous feedstock in this process as it is inexpensive with an abundance
of it in the chemical market, it does not compete with the food-chain, it is 100% atom economical
and the products can be easily separated. It is produced from the hydrogenation of furfural which
is produced from the hydrolysis and dehydration of the xylan found in lignocellulose.

The reaction requires the presence of an acid catalyst. Inexpensive and efficient mineral acids can
be utilised for this reaction, however it has been found that they are extremely corrosive and
therefore require neutralisation. Additionally, they are difficult to recycle and cause great damage
to the environment. The ‘greener’ alternative to mineral acids is ionic liquids due to their low

volatility and high thermal stability. lonic liquids can be defined as compounds with melting points
bellow 100°C consisting entirely of ions.

Operation of industrial scale production of alkyl levulinates from furfuryl alcohol currently takes
place in China. However, the catalyst used by the factory is the corrosive mineral acid, hydrochloric
acid which requires neutralisation thus producing salts. Furthermore, only a moderate yield is
produced due to approximately 25% of the furfuryl alcohol being lost in uncontrolled polymerisation
and during purification of the product. Further research indicates figures of furfuryl alcohol
conversion ranging from 10-99% and selectivity to methyl levulinate from 1-98%. The homogeneous
nature of these reactions also meant that the recovery of the ionic liquid was tedious.

Previous literature states that the DTP (H3PW12040) in the solid state is a strong Bronsted acid than
the conventional HX,HY and H-ZSM5 zeolites. Polyoxometalate materials have interchangeable

redox behaviours and also have the ability to act as electron reservoirs and donors whilst maintain
their structure [2].

MCM-41 was used as an alternative catalyst support to K-10 as it holds many advantageous
properties such as large surface area as a consequence of the regular arrangement of cylindrical
mesopores that form a one dimensional pore system. As a result of this, the MCM-41 support
catalyst performed significantly better than the respective K-10 catalyst.



Each of the components in the hybrid catalysts were separately analysed and developed in order to
fully benefit from their useful properties and potential for catalysis.

K-10 Montmorillonite clay
NMP N-methyl-2-pyrrolidone, CsHgNO
DTP dodecatungstophosphoric acid, H3PW12040

MCM-41 Mobil Composition of Matter No.41, Mesoporous Silica

Objective of this work

The aim of this research is to identify a catalyst for the production of butyl levulinate using furfuryl
alcohol as a feedstock which is fast, selective and recoverable. The catalysts were evaluated for the
catalytic activity and selectivity to butyl levulinate.

A wide-range of hybrid organic-inorganic materials based on polyoxometalates and ionic liquids
were prepared, tested and analysed. These catalysts included; [NMP][HSO4], K-10, [NMP].1 DTP,
[NMP],DTP, [NMP]sDTP, DTP/K-10, DTP/MCM-41, [NMP]; DTP/K-10, [NMP]; DTP/MCM-41.

Progress to date

Catalyst Preparation

The preparation of catalysts DTP/K-10, DTP/MCM-41 were carried out via the wet impregnation
method. This involved dissolving 0.4g DTP with methanol and slowly transferring dropwise onto
each of the respective bases, ensuring that the contents were thoroughly mixed until dry before
adding more of the DTP-methanol solution. The final solids were then dried at 120°C for 8 hours
followed by calcination at 300°C for 3 hours.

The synthesis of the [NMP]1DTP, [NMP],DTP, [NMP]sDTP catalysts were carried out by preparing
different molarity solutions of NMP in distilled water with set-amount solutions of DTP in distilled
water. The aqueous solution of DTP was added dropwise to an aqueous solution of NMP for a
duration of 10 minutes with constant stirring at 600 RPM. The mixture was then stirred at ambient
temperature for the duration of 12 hours. The resulting mixture was then transported to a rotary
evaporator for dehydration in vacuum to obtain final product.

The [NMP]:DTP/MCM-41 was prepared by making a 100 ml stock solution of 67.12 ul NMP in 100
ml of methanol ensuring that the solution is well mixed. A 10 ml sample of this stock solution was
then transferred into a round bottomed flask and suspended with 1 g of the 20 wt.% DTP/MCM-41
catalyst which had been previously made as stated above. The solution was mixed for 12 hours at
600 RPM and then placed in a rotary evaporator in order to remove the methanol present to obtain
the final product.

Catalyst Reaction

Nine catalysts (as listed above) were all reacted under the same standard conditions as follows; 0.2
ml furfuryl alcohol was reacted with 0.05 ml n-dodecane and 4.2 ml butanol in order to achieve a
1:20 ratio. 0.2g of the respective catalysts were then added to this reaction mixture which was



heated at 110°C and continuously stirred at 1100 RPM over the duration of 5 hours in a glass tube
reactor under batch conditions. The results were then analysed as follows using an Agilent Gas
Chromatographer and the selectivity’s of each respective catalyst at each hour was then
determined.

Results

The selectivity of each respective catalyst was determined using the peak areas extracted from the

gas chromatographer, the following formula was utilised.

Peak area of Butyl Levulinate

Selectivity = X 100
electivity Total Peak Area of Spectrum

The graph and table 1 depicted below illustrates the relationship between selectivity of each of the
respective catalysts over the duration of 5 hours under the standard conditions. It can be clearly
seen that the [NMP]1 DTP acquires the highest selectivity of 88.2% at 180 minutes. This is
significantly larger than the other ionic, inorganic, organic and hybrid catalysts.

The ionic liquid catalyst [NMP]HSO4] has a selectivity of approximately 50% to butyl levulinate over
the duration of 5 hours. This is comparatively lower than the results depicted in literature. For
example literature states selectivity of 98% using 0.3g of catalyst over a duration of 2 hours. This
result should be repeated to ensure validity.

Selectivity of Catalysts for the production of Butyl Levulinate

over a duration of 5 hours.
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Figure 3 - Selectivity of all catalysts prepared and analysed against
reaction time over a
duration of 5 hours



Catalyst Yield of Butyl

Levulinate (%)
[NMP][HSO4] 38.3
K-10 9.9
DTP/MCM-41 32.1
DTP/K-10 30.7
[NMP]1 DTP 65.3
[NMP], DTP 47.1
[NMP]5; DTP 47.7
[NMP]; DTP/MCM-41 34.6
[NMP]1/DTP 0.4g 58.5

Table 1 - Selectivity of each catalyst to butyl levulinate

Reaction conditions: 0.2 ml furfuryl alcohol, 4.2 ml n-butanol, 0.2g catalyst at 110°C in glass tube
reactor with constant magnetic stirring at 1100rpm for 5 hours.

As seen from the graph above, the catalyst [NMP]:DTP had a comparatively higher selectivity to
butyl levulinate than [NMP].DTP and [NMP]3DTP. Therefore, catalyst [NMP]:DTP was further
developed to catalyst [NMP];DTP/K-10 and [NMP].DTP/MCM-41 to further optimise the reaction.

Furthermore, it can be clearly seen that the DTP/MCM-41 acquires a higher selectivity to butyl
levulinate than the DTP/K-10. This may be a consequence of the hexagonal array of the
unidirectional and non-interconnecting pores that characterises the MCM-41 resulting in a
comparatively much larger surface area than to the K-10 clay.

The [NMP]:DTP/K-10 and [NMP];DTP/MCM-41 were prepared and developed obtaining smaller
selectivity values in comparison to the [NMP]yDTP. Additionally, the [NMP]:DTP produced a
relatively high percentage yield in comparison to the other catalysts.

Recyclability

The catalyst was recovered by centrifugation whilst making sure that the catalyst does not loose its
ability to catalyse the reaction. Therefore, the catalyst was recovered, washed and dried before
being used in a subsequent reaction (under the same standard conditions). The performance of each
reaction was then compared. Fresh catalyst was added to the reaction to ensure that the same
amount of catalyst was used in each run. Alternatively, the catalyst mixture was washed with
methanol and subsequently filtered and dried in an oven at 90°C for a duration of 12 hours.

The catalyst with the highest selectivity to butyl levulinate, [NMP]:DTP was further analysed to
determine its recyclability. 0.2g of the fresh catalyst was initially run and the amount recovered in
the subsequent three reactions was 0.185g, 0.183g and 0.198g respectively. The increase in yield in
the third run may have been a consequence of impurities being present within the catalyst,
therefore this must be repeated to ensure validity within the results.

The results of the recyclability of [NMP]:DTP are as follows;



Yield of Butyl Percentage Recovered at
Levulinate (%) End of Reaction (%)
Fresh Sample 43.4 95

Table 2 - Recyclability analysis of [NMP]1 DTP

Characterisations of Catalysts

The new inorganic-organic hybrid catalysts are prepared and characterised by FT-IR and XRD. Each
of the different inorganic parts of the hybrids catalysts were investigated to show their different
molecular structures.

[NMP].DTP

NMP

DTP
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Wavenumber

Figure 4 - FT-IR Data for N-methyl-2-pyrrolidone, unsupported DTP and the [NMP]:DTP Sa

The FT-IR spectrum of neat DTP shows characteristic bands for the Keggin structure from 700 to
1100 cm™. The peaks present in the spectrum at 1069 cm™, 970 cm™, 899 cm™ and 760 cm™ are
assignable respectively to the vibration of v(P-O), terminal v (W=0), corner v (W-0O-W) and edge-
sharing v(W-0-W)[3].

For the salt [NMP]:DTP the Keggin structure of DTP remains intact but with a blue shift of 1069 cm?
to 1073 cm, and a red shift from 899 cm™ to 887 cm™.

The FT-IR of neat NMP shows a peak at 1670 cm™ associated with carbonyl stretching, with a shift
in this peak to 1687 cm™ observed for [NMP]:DTP. From the FT-IR data we can determine that the



original structures of both components are retained, with shift in IR values indicating that ionic
bonds are being formed between NMP cation and the DTP anion [4].
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Figure 5 - FT-IR Data for N-methyl2-pyrrolidone DTP salts

For all the salts of [NMP]DTP we can see that the characteristic peaks associated with the Keggin
structure of DTP and the carbonyl stretching peak of NMP are present. This infers that the structure
of both components remains intact regardless of the degree of substitution.
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Figure 6 - K-10 clay supported Catalysts

From the FT-IR of pure K-10 montmorillonite clay we can see an intense band at 1019 cm
associated with Si-O out-of-plane stretching. The next most intense peak at 795 cm™ corresponds



to the platy form of disordered tridymite (form of quartz). Bands at 3626 cm™ and 1639 cm™
correspond to the stretching and bending of O-H from water present in the clay. The band at 915
cmis associated with AIAIOH bending vibration [5]. It can be noted from the spectra that DTP/K-
10 and also [NMP]1DTP/K-10 that the spectrum is highly similar to that of the support material.
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Figure 7 - MCM-41 supported DTP and [NMP]:DTP/MCM-41

Similar to the K-10 supported catalysts, the overall spectra for the supported catalysts is highly
similar to that of neat MCM-41.

Conclusions and future work

From results obtained above it can be clearly seen that the [NMP]:DTP hybrid catalyst has the
highest selectivity in comparison to the other ionic, inorganic-organic and hybrid catalysts. [NMP]1
DTP was recovered and reused for three runs. From this report a new catalyst was developed with
simple preparation of the catalyst, mild reaction conditions and superior selectivity’s.

Future Work

Optimisation of the reactions is key to produce a cleaner, sustainable and more cost effective
biofuel. The reaction can be optimised with regards to; catalyst loading, mole ratio of furfuryl
alcohol to n-butanol, speed of agitation, temperature and the effect of water on the efficiency of
the catalyst. Additionally, using different alcohols such as methanol instead of butanol. Scale-up of
the lab findings must be closely examined and the reaction scale must be increased in steps with
additional focus on safety (e.g. Chemical storage, transportation, reactors, thermal runaways etc.).
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Base Stable and Basic lonic Liquids

Background
The imidazolium cation is the most common cation in ionic liquids due to its acid stability, thermal
stability and oxidative stability.! Unfortunately, it can be extremely sensitive to base. The most acidic
position is the C2 proton which deprotonates to form a carbene (Figure 9). The instability of the C2
position in base was demonstrated in 1964 with heavy water buffers causing deuteration at the C2
position.? The acidity of this proton limits the use in base catalysed reactions. This has been
investigated by Aggarwal et. al.3 who found that [BMIM][CI] was deprotonated to form a carbene
which went on to attack the aldehyde component of a Baylis-Hillman reaction, reducing the yield.
They found that bases with pKs as low as 8 or 9 could generate a carbene.

X/NH

HSC\N)\N”R - HX HiC— " “ny—R

\-Lp ' \—/
Figure 9: Deprotonation of an imidazolium cation to form a carbene. X can be the anion or a base.

When an ionic liquid is able to catalyse a reaction, it is called a functionalised ionic liquid (FIL),
previously known as a task specific ionic liquid (TSIL).* These materials can be created due to the
tuneable properties of ionic liquids and have the potential to cut down on auxiliary stoichiometric
catalysts and prevent the formation of salts.

lonic liquids can be basic due to the presence of a Brgnsted basic (proton accepting) anion. Examples
include ionic liquids with OH",> imidazolate ([Im]’),® carboxylate,” ® amino acids® and dicyanamide
([DCAJ’)*° as anions (Figure 10).
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Figure 10: Some Brgnsted basic anions for ionic liquids.

lonic liquids with basic anions often suffer from instability. The anion is able to attack the cation to
form two neutral species as shown in Figure 9. Strong bases such as halide ions and OH" in particular
suffer from this effect.



Heterogenising ionic liquids can increase their stability and allows for simple separation of the ionic
liquid catalyst from the reaction mixture. Hydrotalcites (layered double hydroxides) are clay-like
materials with the general formula [M"1xM" x(OH)2]** (A" )x/n.mH20 where M" and M are di and tri-
valent metal ions which form the outer layers. A" is an inter-layer ion such as Cl,, (CO3)?%, (NO3) or
(SO4)* (

Figure 11).1! Hydrotalcites have found use in catalysis,*? polymer science!® and electrochemistry,
amongst other applications.'® The interlayer anions can be ion exchanged, which allows them to be

intercalated by ionic liquid ani otalcite composites.'®
y d Hydroxide Payer: TM”Lmex(OH)z]"*

‘ Interlayer anions: A"y/n

@ Water molecules

d spacing /
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Figure 11: A representation of the structure of hydrotalcite

Objective of this work

The overall aim of this project is to synthesise functionalised ionic liquids which are base stable and
basic. Basic ionic liquids will be able to act as both solvent and catalyst for reactions, which will
eliminate waste. Stability is key for catalysis as well as recovery of the ionic liquid.

Progress to date

In a previous report’ ionic liquid hydrotalcite (IL-HT) catalysts were synthesised using
[Pses14][CeSO3]x[O'Pr]1x to increase the basal spacing, hydrophobicity and basicity of hydrotalcite. An
initial test of the catalytic activity of the IL-HT catalysts was the Aldol condensation between
benzaldehyde and acetophenone under neat conditions. The initial yields were promising (45-75 %
after 1 hour) but the yields decreased significantly on the second and third use. This report details
further work on these IL-HT catalysts to allow for their successful recovery and reuse.

Table 1: Crude yield of HT and IL-HT catalysed Aldol condensation between benzaldehyde and
acetophenone using solvent.

Entry Catalyst Crude Yield / %° (&, SD)
1*Run 2" Run 3" Run

1 Hydrotalcite (HT) 30 (0) 9(0) 0(0)

2 [Pess14][CsSO3]-HT (IL-HT1) 33(1) 15(2)  2(2)

3 [Pse614][CsSO3]0.9[O'Pr]o.1-HT (IL-HT2) 35 (6) 15 (5) 0(0)

4 [Pe6614][CsSO3]0.7a[O'Prlo.2s-HT (IL-HT3) 41 (0)  8(1) 0 (0)

5 [Pe6614][C8S03]0.48[O'Prlo.so-HT (IL-HT4) 22 (4)  9(5) 0 (0)



Conditions: Benzaldehyde (0.104 g, 0.97 mmol, 1 eq.), acetophenone (0.287 g, 2.39 mmol, 2.5 eq.),
IL-HT (0.021, 20 wt. % of benzaldehyde), sulfolane (0.300 g, 1:1 (w/w) with reagents) (140 °C, stir
rate 500 RPM and time 1 h).?Obtained from *H NMR against a known mass of ethyl trifluoroacetate,
value is an average of three reactions.

Table 1 shows the results when sulfolane was used as a solvent to improve the mixing of the catalyst
with the reagents and to act as a diluent for heat, possibly protecting the catalyst from deactivation.
The crude yield of the reactions decreased compared to the neat reaction,'” probably due to the
reagents being diluted. IL-HT3 is the best performing catalyst (Table 1 entry 4) and only slight
differences in crude yield are seen between the other catalysts (Table 1 entries 1-3, 5). The yield still
decreases significantly after the first reaction. The decrease is proportionately less than in the neat
reaction!” but solvent has not had a significant effect in aiding catalyst recycling.

The reaction was then performed under a flow of nitrogen (Table 2). It was though that at the high
reaction temperature, air may be contributing to the deactivation of the catalyst. This was reported
by Climent et. al.*® who found benzaldehyde was oxidised to benzoic acid under air which then
neutralised the basic sites of hydrotalcite. The crude yield for the first reactions (Table 2) were
similar to those obtained without N> (Table 1) except for IL-HT4 (Table 2 entry 5). The crude yield of
IL-HT4 has doubled using N>. As it has the highest proportion of [O'Pr];, without the flow of N, the
catalyst may be more susceptible to deactivation, either through decomposition of the ionic liquid
or attack on the hydrotalcite structure by [O'Pr]". The flow of N, may prevent this, allowing the larger
proportion of [O'Pr] to have a positive effect on the reaction rather than a negative effect on the
catalyst’s stability. If benzaldehyde oxidation is a factor then it may be occurring more when IL-HT4
is the catalyst compared to the other IL-HTs. There is a large improvement in catalyst recycling under
a flow of Ny. A slight increase in crude yield is observed after the second reaction for IL-HT1, IL-HT2,
and IL-HT3 (Table 2 entries 2, 3, 4) but it is within or near the calculated standard deviation. IL-HT1,
IL-HT2, and IL-HT3 (Table 2 entries 2, 3, 4) have retained their activity after three reactions better
than unmodified HT. This would indicate the ionic liquid modification is important for stabilising the
hydrotalcite structure and is not just important for improving the crude yield. IL-HT4 (Table 2 entry
5) experiences a relatively large decrease in crude yield after the 3™ reaction. This is possibly due to
the high proportion of [O'Pr] in the composite causing decomposition or deactivation, despite the
extra protection provided by the flow of N, discussed above. IL-HT2, and IL-HT3 (Table 2 entries 3,
4) have best retained their catalytic ability after three reactions and do not display any final
difference in activity compared to the first reaction. Despite having lower initial crude yields than
IL-HT4 these are overall the best performing catalysts.

Table 2: Crude yield of HT and IL-HT catalysed Aldol condensation between benzaldehyde and
acetophenone using solvent and a flow of nitrogen.

Entry Catalyst Crude Yield / %2 (%, SD)
15TRun 2" Run 3™Run
1 Hydrotalcite (HT) 36 (3) 36 (3) 19 (2)
2 [Pes614][CsSO3]-HT (IL-HT1) 30(1) 44(3) 29(2)
3 [Pe6614][CsSO3]0.9[O'Prlo.1-HT (IL-HT2) 30(2) 33 (6) 20 (6)
4 [Pse614][CeSO3]0.74[O'Pr]o.26-HT (IL-HT3) 30(3) 37 (2) 30 (1)
5 [Pess14][CsSO3]0.48[0'Pr]o.s2-HT (IL-HT4) 45 (7) 38 (8) 19 (7)

Conditions: Benzaldehyde (0.102 g, 0.96 mmol, 1 eq.), acetophenone (0.288 g, 2.40 mmol, 2.5 eq.),
IL-HT (0.021, 20 wt. % of benzaldehyde), sulfolane (0.391 g, 1:1 (w/w) with reagents) (N2, 140 °C,



- + - +
+ + -

stir rate 500 RPM and time 1 h). ? Obtained from 'H NMR against a known mass of ethyl
trifluoroacetate, value is an average of three reactions.

In an attempt to obtain quantitative yields the reaction time was increased to 6 hours (Table 3).
After the first reaction IL-HT3 achieved the highest crude yield (Table 3 entry 5) whilst IL-HT4 and
HT achieved only slightly lower yields (Table 3 entries 6, 2). IL-HT1 and IL-HT2 had lower yields (Table
3 entries 3, 4). It is possible that these ionic liquids block the basic sites of hydrotalcite without
providing enough [O'Pr] to effectively catalyse the reaction. IL-HT3 (Table 3 entry 5) best maintains
its catalytic ability after three reactions but still has a large decrease in activity. The longer reaction
time appears to cause deactivation of the catalysts. It would be better to use the catalysts in shorter
reactions, sacrificing the higher vyields, if it meant that the catalysts were able to be reused
successfully.

Table 3: Crude yield of HT and IL-HT catalysed 6 hour Aldol condensation between benzaldehyde
and acetophenone using solvent and a flow of nitrogen.

Entry Catalyst Crude Yield / %2 (%, SD)
1*Run 2"9Run 3™ Run

1 None 5(0) NA NA

2 Hydrotalcite (HT) 90 (7) 70 (5) 13 (4)

3 [Pe6614][CsSO3]-HT (IL-HT1) 77(2)  39(2) 8 (3)

4 [Pess14][C8SO3]0.0[0'Pr]o.1-HT (IL-HT2) 75(5) 66 (0) 9 (5)

5 [Pe6614][C8SO3]0.7a[O'Prlo.26-HT (IL-HT3) 96 (0) 83 (0) 42 (2)

6 [Pess14][CsS0O3]0.48[0'Pr]o.s2-HT (IL-HT4) 90 (7) 71 (5) 7(2)

Conditions: Benzaldehyde (0.104 g, 0.98 mmol, 1 eq.), acetophenone (0.308 g, 2.57 mmol, 2.5 eq.),
IL-HT (0.021, 20 wt. % of benzaldehyde), sulfolane (0.407 g, 1:1 (w/w) with reagents) (N2, 140 °C,
stir rate 500 RPM and time 6 h). ? Obtained from 'H NMR against a known mass of ethyl
trifluoroacetate, value is an average of three reactions.

Conclusions and Future work

IL-HT catalysed reactions have been performed under various conditions to assess whether IL-HTs
can be recovered and reused after a reaction. Using solvent slightly improves the yield in subsequent
reactions but a low yield is still achieved after the 3™ use. A flow of N; allows IL-HT2 and IL-HT3 to
be used for a total of three 1 hour reactions without a decrease in crude yield. When the reaction
time is increased to 6 hours the IL-HTs can produce almost quantitative crude yields but experience
a large decrease in yield in subsequent reactions. A shorter reaction time may be ideal for these
catalysts. A lower yield is achieved but this allows the catalyst to be recycled.

Further work should be performed on the IL-HT catalysts to achieve quantitative yields after several
uses of the catalysts. This may involve performing reactions at lower temperatures for a longer time
to prevent catalyst deactivation. Once optimum conditions are found for high yields and good
recyclability the IL-HTs can be modified with metal nanoparticles. Hydrotalcite has already been
shown to support metal nanoparticles for hydrogenation,® transamination?® and C-C bond coupling
reactions?! amongst others. The activity may be improved using IL-HTs and it would potentially allow
the base and metal catalyst to be recovered in one material, reducing waste and saving money.
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Investigation of Pd(ll) Catalysed Oxidation Reactions

Background

Oxidation of terminal alkenes to carbonyls is a fundamental and highly useful reaction. The
industrial Wacker process of ethene to acetaldehyde utilises palladium (ll) salts as the catalysts. The
oxidation of longer chain alkenes (commonly called the Wacker-Tsuji oxidation reaction)
predominantly produces the methyl-ketone product. Anti-Markovnikov (AM) selective Wacker
oxidation to produce the aldehyde product is very also very desirable, given the utility of aldehydes,
but these catalytic systems are not well developed or efficient. As early as the mid-1980s, aldehyde
selectivity was achieved under Wacker-Tsuji conditions, however high selectivity was only achieved
for a limited range of substrates, mostly those containing bulky groups close to the alkene.

Attempts to obtain aldehyde selectivity in Wacker oxidations of unbiased alkenes included research
conducted by Feringa and co-workers. In 1986, they discovered aldehydes were the major products
of the catalytic oxidation of alk-1-enes with air using a catalyst that comprises (MeCN),Pd(NO3)CI
and CuCl; conducted in tert-butanol as the solvent (Scheme 1). This provided encouraging results
for aldehyde selectivity (2.3:1) in spite of poor yield (>20%).

[PACI(MeCN)(NO,)] o)

R/\ CUC|2

'BUOH, air, 30 °C
Scheme 1 - Feringa's reaction conditions for one of the first anti-Markovnikov oxidation reactions.

In recent years, there have been advances in this area and catalyst-controlled systems have been
developed, which have good aldehyde selectivity for a wide range of substrates. Grubbs and co-
workers developed the system illustrated in Scheme 2. In most cases, these catalyst systems involve
NOy as a key oxidant, therefore, nitrites are employed. Grubbs suggested that tert-butyl nitrite was
the highly aldehyde-selective species component which may be generated in situ. In one
experiment, Grubbs combined tert-butyl nitrite with PdCl, and CuCl, and observed significantly
increased selectivity (Figure 1, Entry 3). They reasoned that other nitrite sources may enable a more
efficient pathway to the selective catalytic species and as a result they discovered AgNO; provided
the significant improvement they were looking for (Figure 1, Entries 7 & 8). Additionally, MeNO; as
a co-solvent was found to give enhance the performance even further.



[PACIo(PhCN),] (12 mol%)
CuCl, (12 mol%)
AgNO, (6 mol%) o
R/\ _ R/v + R)J\
'BUOH/MeNO, (15:1), Oy, rt

Scheme 2 - Reaction conditions developed by Grubb and co-workers
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Figure 12 - Catalyst optimisation by Grubbs and Co-workers found that AgNO; was the most
aldehyde selective nitrite salt. Reproduced from the Reference Error! Bookmark not defined. .

Kang and co-workers modified Grubbs’ methodology to remove silver and copper salts and
developed a system which used tert-butyl nitrite, a convenient organic NOx-source, which would
replace inorganic NO;-salts as shown below in Scheme 3. This allowed for mechanistic studies based
on the Pd (ll) salt without the influence of either copper or silver. This system could achieve
aldehyde regioselectivity of up to 30:1.

[PACI,(PhCN),] (5 mol%) o

'BUONO (20 mol%)
o +
R - R R)LMe

'BUOH, O, rt
Scheme 3 - Kang’s modification of the previous Feringa and Grubbs methodologies

Aldehydes are valuable building blocks and can be used for further transformations. For example,
Muldoon and co-workers previously formed nitriles from aldehydes and alcohols using a Cu/TEMPO
catalyst and aqueous ammonia (Scheme 4). In this reaction, the aldehyde or alcohol reacts with
ammonia to form the imine and this is then oxidised to the nitrile by the catalyst. The system was
tolerant of many functional groups, with isolated yields of up to 96% being achieved,



Cu salt (10 mol%)
2,2-bipyridine (10 mol%)

R N0 TEMPO (10 mol %) . R///N
or
P NH3 (aq)’ NaOH, MeCN, Hzo
R™ OH 25-70°C, 6 - 24 hrs
open to air

Scheme 4 - The Muldoon group’s Copper/TEMPO catalysed synthesis of nitriles from aldehydes or
alcohols using aqueous ammonia and with air as the oxidant.

Since their work there have been more recent advancements. In 2015, Kim and co-workers.
developed a nitroxyl/NOx catalyst system. In the presence of a catalytic amount of 4-AcNH-TEMPO
(4-acetamido-2,2,6,6-tetramethylpiperidine-N-oxyl), NaNO,, and HNOs, aromatic benzaldehydes
bearing a variety of functional groups underwent condensation with NHsOAc and following aerobic
oxidation to produce nitriles selectively under an O, balloon. They were able to achieve up to 99%
yield of the nitrile product. This system did not utilise copper complexes, however the substrate
scope was limited to aromatic aldehydes. The use of NOx is an indication that TEMPO is oxidised to
the corresponding oxoammonium salt and this is the active 2-electron oxidant for the reaction.

4-AcNH-TEMPO (5mol %)
0 NaNO, (10 mol %)

HNO3 (20 mol % Z
H , NHOAc i ° g
R (2.4 equiv) AcOH, 50 °C, O, R

Scheme 5 - Aerobic oxidative conversion of aromatic aldehydes to nitriles using a nitroxyl/NOx
catalyst system.

N

Objective of this work

This summer project has looked at two different aspects. Firstly, can alkenes be converted to nitriles
via a cascade reaction where Pd Anti-Markovnikov type catalysts salt will carry the reaction right
through to the nitrile, when ammonia is present. Secondly, the Anti-Markovnikov catalyst systems
to-date have all been relatively similar and there is scope for improvement. Different conditions
(e.g. solvent effects) were examined to explore if catalyst efficiency could be improved.

Progress to date

The starting point of these investigations was to replicate some of the research that had previously
been conducted by the Grubbs and Kang Groups.Error! Bookmark not defined.-Eror! Bookmark not defined.
This would enable us to validate our experimental methods and compare results for future
amendments to these respective catalytic systems. With regards to making nitriles, such cascade
reactions could be carried out a few different ways. Ammonia and any required co-catalysts could
be added at the start of the alkene oxidation. The theory was that once the aldehyde was
synthesised, it could immediately be converted to the imine and then the nitrile. Unfortunately,
nitrile synthesis, from simply adding ammonium acetate to the reaction mixture at the start of the
reaction with styrene, was unsuccessful. Alternatively, ammonia and any additional catalysts could
be added to the flask once the AM Wacker oxidation reaction was complete.



In order to find the best route for nitrile synthesis, we decided to start with the corresponding
aldehyde as the starting material. This would simplify the studies and clearly demonstrate if the
catalysts could convert aldehydes to nitriles. The Grubbs system was tested initially (Table 1). The
idea was to determine whether the Pd (ll) catalyst could take the aldehyde to the nitrile. Itis evident
that the aromaticity benefits this reaction.

Table 4 - Nitrile synthesis beginning with the respective aldehyde using the Grubbs conditions as a

basis and adding ammonium acetate to the reaction mixture.

[PACIy(PhCN),] (12 mol %),

R&O AgNO, (6 mol %), CuCl, (12 mol %),NH,OAc (2.5 eq) R///N
Substrate ‘BUOH/MeNO, (15:1, 6.4 mL), rt, O, (1 atm) Nitrile
Entry Substrate Yeild (%) Time (hr)
1 Phenylacetaldehyde 0 5
2 Benzaldehyde 20 3
3 Octanal 0 25

Upon little success with non-aromatic aldehydes, the investigation turned to testing different
ammonium salts and examining the effects of altering the temperature range. The stable radical,
TEMPO, was also tested as an additive alongside different ligands. Additionally, the solvent effects
were tested with varying degrees of success (Table 2). It was found that nitrile product could only
be achieved in the presence of a TEMPO co-catalyst.

Table 5 - Exploring the conversion of phenylacetaldehyde to 2-phenylacetonitrile

[PACI(PhCN),] (12 mol %), AgNO, (6 mol %), CuCl, (12 mol %),
Ammonia source (2.5 eq), TEMPO (mol %),
Ligand, HNO3, NaNO,

o

Solvent, Temperature, O, (1 atm)

N

Phenylacetaldehyde 2-phenylacetonitrile
Entry Solvent TEMPO (mol %) Ligand HNO3; (mol%) NaNOs (mol%) Temp (deg C) Ammonia source Yeild (%) Time (hr)
1 'BuOH/MeNO; (15:1) 0 0 0 0 rt NH,Br X 2
2 'BuOH/MeNO, (15:1) 0 0 0 0 rt NH,CI X 2
3 'BuOH/MeNO, (15:1) 5 0 0 0 70 NH;OAc X 6
4 'BuOHMeNO, (15:1) 5 0 0 0 50 NH;OAc 6 12
5 'BuOH/MeNO, (15:1) 10 0 0 0 50 NH,OAc 3 19.75
6 'BuOH/MeNO, (15:1) 20 0 0 0 50 NH,OAc 2 18.75
7 'BuOH/MeNO, (15:1) 10 0 0 0 70 NH,OAc 3 6
8  'BUOH/MeNO, (15:1) 10 Bipy (10 mol%) 0 0 rt NH,OAc 9 235
9  'BuOH/MeNO; (15:1) 10 Bipy (10 mol%) 0 0 50 NH;OAc 5 23.5
10 'BUOHMeNO; (15:1) 10 Bipy (10 mol%) 0 0 50-70 NH,OAc 9 23.5
11 'BUOH/MeNO; (15:1) 0 0 20 10 50 NH4OAc X 17.5
12 MeCN 10 Bipy (10 mol%) 0 0 rt NH4OAc 8 24
13 EtOH 10 Bipy (10 mol%) 0 0 rt NH,OAc 9 24
14 HFIP 10 Bipy (10 mol%) 0 0 rt NH;OAc 1 24




Investigations, then, began using the Kang system with the addition of TEMPO while varying the
temperature and the addition of ligands. Increased the reactivity yielded a current maximum of
13% nitrile (Table 3). It can be concluded that elevated temperatures had little influence on the
reaction, and in some cases, inhibited the reaction somewhat.

Table 6 - Optimisation based on the modification of the Kang conditions

[PACI,(PhCN),] (10 mol %), BuONO (20 mol %), CuCl, (mol %),
Ammonia source (2.5 eq), TEMPO (mol %), Ligand

_0 .
X
'BUOH, Temperature, O, (1 atm) N

Phenylacetaldehyde 2-phenylacetonitrile

Entry CuCl; (mol %) TEMPO (mol %) Ligand Temp (deg C) Ammonia source Yeild (%) Time (hr)

1 0 0 0 rt NH;OAc 0 5

2 0 0 0 rt NH4Br 0 4.5
3 0 5 0 rt NH;OAc 2 72
4 0 10 0 rt NH;OAc 7 72
5 10 10 Bipy (10 mol%) rt NH;,OAc 13 24
6 10 10 Bipy (10 mol%) 70 NH;OAc 9 24

We have also looked at how the AM reaction could be improved compared to the current state-of-
the-art, and investigations turned to optimising the AM step. The reactions were limited to one
hour so the reactions couldn’t go to completion, thus the yield in that limited time frame gave a
clear comparison on the effect of changing the reaction conditions. Solvents were changed, the
addition of ligands, changing the Pd salt or utilising complexes and the use of molecular sieves were
key amendments to the Grubbs or Kang methods. None of the above increased the aldehyde
selectivity significantly. Aldehyde selective results occurred from replication of literature conditions
(Table 4, entries 1 and 2). The addition of MeNO: to the Kang reaction mixture had no greater effect
on the aldehyde selectivity (Table 4, entry 4). The MeNO; did however speed up the reaction,
achieving the same selectivity but in a third of the time. When aspects of both the Kang and Grubbs
methods were combined it was found that the reaction was faster delivered a higher yield. The
addition of molecular sieves, however, seemed to close down the system, the with appearance of
palladium black apparent in the reaction mixtures. Table 4, entries 5,6 & 7 demonstrate the similar
trends to the reactions without molecular sieves but with much lower yields.



Table 7 - Aldehyde selective anti-Markvonikov oxidation reactions, based on previous literature
conditions, combing aspects of the literature conditions and the addition of molecular sieves.

©/\ Pd salt, nitrite source, CuCl,, molecular sieves ©/\¢O
Solvent, rt, O,

Entry  Method Pd salt Nitrite source CuClz (mol %) Solvent Selectivity (aldehyde) Molecular sieves Aldehyde (%) Time (hr) Conversion (%)
1 Grubbs PdCIo(PhCN), (12 mol %)  AgNO, (6mol%) 12 tBUOH/MeNO, (15:1) 17.8 0 71 6 99
2 Kang PdCly(PhCN), (10 mol %) ‘BUONO (20mol%) 0 tBUOH 2.75 0 11 3 27
3 Hybrid PdClo(PhCN), (10 mol %) ‘BUONO (20mol%) 10 tBUOH/MeNO, (15:1) 19.5 0 39 1 50
4 Kang PdCI,(PhCN), (10 mol %) ‘BUONO (20mol%) 0 tBuOH/MeNO, (15:1) 2.75 0 11 1 18
5 Grubbs PdCIo(PhCN), (12 mol %)  AgNO, (6mol%) 12 tBUOH/MeNO, (15:1) 4.3 3A 13 1 21
6 Kang PdCI(PhCN), (10 mol %) ‘BUONO (20mol%) 0 tBuOH 15 3A 3 1 9
7 Hybrid PdCl(PhCN); (10 mol %) ‘BUONO (20mol%) 10 tBUOH/MeNO, (15:1) 3.16 3A 19 1 33

Conclusions and future work

To summarise, combining aspects of the Grubbs and Kang methods has the potential for a highly
aldehyde selective oxidation reaction. If the hybrid method was left to go to completion, after 2
hours, ca. 80% aldehyde selective method shows a promising anti-Markovnikov reaction pathway.

The future work would look to optimise this hybrid method and investigate the accessible substrate
scope. Once that is achieved, it could be implemented into step 2 in the synthesis of the nitrile.
There is still hope that a nitrile selective reaction is possible and that a one-pot two-step method
could be developed for synthesis of a nitrile from an alkene.

[PACI,(PhCN),] (10 mol %)
'BUONO (20 mol %)

CuCl, (10 mol %) 0 TEMPO, ammonia source
R/\ _ R/\7 g R/\\\N
'BUOH/MeNO, (15:1), rt, O, solvent, rt, O,
Step 1 Step 2

Scheme 6: The potential for a one-pot two-step reaction of an alkene through to the
corresponding nitrile.
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lonic Liquid Catalysts for the Glycolysis of PET

Background

There are 4 broad types of PET recycling, primary recycling is pre-consumer scrap recycling.
Secondary recycling is physical recycling, this approach first grinds the PET, then melts it before
reforming it. The heat and force exerted in this process degrades the polymer leaving it unsuitable
for many uses. Tertiary recycling is chemical recycling, the PET is recycled through chemical action,
generally through depolymerisation of PET into constituent monomers. These monomers are re-
polymerised to regenerate virgin PET. Quaternary recycling is the recovery of energy from the
material, this is usually through incineration. This project focuses on chemical recycling of PET as it
gives high quality polymers as a product. There are several methods for the depolymerisation of
PET, these methods attack the ester linkage to break down the polymer. The use of alcohols
(alcoholysis), amines (aminolysis), glycols (glycolysis), or water (hydrolysis) have previously been
successful in the depolymerisation of PET. The focus of this project is glycolysis; this occurs through
a transesterification reaction between PET and ethylene glycol, commonly catalysed by a metal
acetate, carbonate or sulfate. This reaction is attractive because the product, BHET, requires no
additional processing before being converted to PET thus is easy to incorporate into PET production.
Work utilising ionic liquids as a catalysts was investigated by H, Wang et al.>? Initially their work
utilised imidazolium halide and several acidic ionic liquids, poor yields were achieved but this
showed a new approach to the glycolysis reaction.? Q, Wang also utilised ionic liquids as catalysts,
previously H, Wang had performed this reaction using [bmim][FeCl4], the logical extension of this
was to test other transition metal salt containing ionic liquids.3>* Q, Wang found that while
[bmim][FeCls] was effective, [bmim]2[ZnCls] and [bmim]2[CoCls] were more effective, achieving
similar conversion of PET (almost 100%) but greater yields of BHET with an increase of almost 20%
over [bmim][FeCls] for both ionic liquids. Work in literature had previously used acetate ionic liquids,
however the results reported were lower and required higher temperatures and more catalyst than
those reported by H, Wang using halometallate ionic liquids.”
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(2) H.Wang, Z. Li, Y. Liu, X. Zhang, and S. Zhang, Green Chem., 2009, 11, 1568-1575.
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Objective of this work

The objective of this work is the production of bis(2-hydroxyethyl)terephthalate, a monomeric
intermediate in PET production, from the glycolysis of waste PET. To achieve this, the applications
of halometallate ionic liquids in the catalysis of the glycolysis of PET will be investigated and the use
of acetate containing ionic liquids as catalyst for the glycolysis of PET will be explored.

Progress to date

Work was carried out to repeat experiments for both [bomim][OAc] and [bmmim][OAc] as catalysts
across a range of times and temperatures, while results were collected for these reactions recent
issues with the HPLC have caused the results to fall far from previous results under the same
conditions as well as the results being far lower than would be reasonably expected. Time will be
booked on the HPLC in the immediate future along with another fresh calibration curve.

Initially testing of additives for use with [bmim]Cl focused on a few acetate salts. Sr(OAc); and KOAc
were the first tested. KOAc was seen to be ineffective on its own at 0.001 mol however Sr(OAc), was
found to be very active in this reaction at 0.0005 mol. Due to this result and the prevalence of
Zn(OAc): in industrial glycolysis reactions, it was decided to move away from the use of these salts
as the lack of activity of KOAc is likely due to the presence of the potassium ion.

To expand the data for a paper that is being written a series of experiments were performed using
a different method from my previous work, 185 °C reaction temperature, 1 hour reaction time, 0.2
g catalyst, 1 g PET and 10 g ethylene glycol. The catalysts selected for testing were KOAc, [mmim]Cl,
and [mmim]Cl with KOAc. However soon into testing it became apparent that at the high catalytic
loadings of this method KOAc was very active. This is in contrast to previous work where it was seen
that KOAc on its own was insufficient to initiate the glycolysis reaction. It has become clear that at
the catalytic loading | had used prior to these reactions the KOAc was at insufficient concentration
to initiate the reaction. Work was recently started investigating the recyclability of using 1,3-
dimethylimidazolium-2-carboxylate as a catalyst. A new batch of the carboxylate was produced but
the early results diverge greatly from known previous experiments using the same method.

Conclusions and future work

Due to issues with the HPLC most results are being rerun. However the investigation into the use of
additives with [bmim]Cl was halted as Sr(OAc). was too reactive towards the glycolysis reaction,
additionally KOAc also performs the reaction but required higher catalyst loading. The reactivity of
the additives that is required to initiate the carbene formation also means that the additive is
reactive enough to perform the transesterification reaction.

Work towards a paper will continue, specifically recycling studies using 1,3-dimethylimidazolium-2-
carboxylate.
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Background

Rising CO2 emissions, global warming, ocean acidification and a reliance on a diminishing source of
fossil fuels are all factors having a detrimental effect on the environment, making our current way
of living unsustainable.? In recent years, there has been a large emphasis on research that addresses
these issues. Global warming is a serious problem and therefore, many governmental protocols and
objectives have been put in place to tackle the issue, for example the Kyoto protocol in 1997, the
Paris protocol® published in 2015 and the Clean Power Plan (CPP)? announced by President Obama
in 2015. More recently a proposal has been signed to repeal the CPP in 2017, therefore now, more
than ever, there needs to be action.* One solution that has been proposed as a means of
relinquishing our need for fossil fuels, is to use waste CO, from processes (such as anaerobic
digestion) and convert this to fuels.

Typically, for gas conversion reactions to occur efficiently, a catalyst is required and in the case of
CO, conversion to hydrocarbon fuels, iron oxide nanoparticles have exhibited high activities.
Furthermore, in a drive to reduce the use of toxic solvents in chemical processes, ionic liquids can
be used in the preparation of this catalyst, whilst controlling the size of the nanoparticles without
the need for additional capping agents and allows for dispersion which can prevent agglomeration
of the particles. Several authors have reported that by employing this synthetic method, a multi-
action catalyst was obtained, with three different sites for conversion of CO; to hydrocarbons in the
Cs-Ci11 range.>®7
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Figure 13 — Depiction of the mulfunctional catalyst required for
conversion of CO2 to hydrocarbons



This report proposes two different possible catalyst synthesis routes that utilise these necessary
ionic liquids. The first synthesis method involves the thermal decomposition of an iron precursor in
a high temperature solution phase reaction. Once the reaction is complete, the produced iron (lll)
oxide can be separated through decantation and washed with hexane. Once fully separated, the
iron (111) oxide will then be embedded within a zeolite structure for pH control and as a solid support
for the final catalyst

The second novel method involves use of two iron precursors, already in the desired oxidation
states, heated while stirring in the presence of a specifically chosen ionic liquid and requires less
energy than previously reported syntheses. Through varying the ionic liquid utilised as the reaction
solvent it is hoped we can achieve the capping capabilities of the previous reaction without the need
for additional reagents.

Characterisation will be carried out at each stage of the process by a variety of methods: Nuclear
Magnetic Resonance (NMR) Spectroscopy, Powder X-Ray Diffraction (PXRD), Temperature
Programme Reduction (TPR), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Brunauer-Emmett-Teller (BET) Surface Area analysis and so on.

Objective of this work

The overall aim of this project is to develop a reproducible method of synthesising a nanocatalyst
for conversion of CO; to sustainable fuels. Synthesis and use of different ionic liquids in the
preparation of the Fes04 catalyst will be carried out, as well as varying the zeolite support used,
characterisation and finally high pressure testing under reaction conditions. A control will also be
prepared in order to compare the novel catalyst with a conventional method.

Progress to date

The precipitation method involves first adding hydrated iron chlorides to a diluted solution of
hydrochloric acid. Following this stage, dropwise addition of a precipitating agent results in the
formation of a black precipitate of iron (Il,11l) oxide. Adequate control of the pH of the reaction
mixture allows for the formed iron (ll,11l) oxide precipitate to remain in solution at around pH 10.
Due to the magnetic nature of the produced iron (I1,1ll) oxide nanoparticles, commonly referred to
as ‘Magnetite’, separation can be achieved through the use of a strong neodymium magnet.

Initially the precipitation method, as described above, was undertaken to be used as a comparison
to the catalyst synthesised using both ionic liquid methods. This was successfully achieved, creating
3 different samples of high sodium, low sodium and no sodium content. These samples were then
studied under XRD analysis as shown in Figure 2. The Scherrer calculator was used to find the
average particle size which was 6.3 nm. Initially the samples were attempted to be pelleted at
30MPa and sieved to 20-40 meshes. However this was only achieved with one sample due to the
zeolite powder being too fine for the presses. More of this sample was produced and tested against
simple ball-milling to combine the iron oxide nanoparticles and zeolite. After analysis it was found
that ball-milling method compared to pelleting and sieving made to difference to nanoparticle size
or surface area.
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Figure 2 - XRD analysis of each precipitation method embedded on zeolite support.

Temperature-programmed reduction (TPR) is a widely used tool for the characterization of metal
oxides dispersed on a support, in this case iron oxide on a zeolite support. The TPR method yields
guantitative information of the reducibility of the oxide’s surface, as well as the heterogeneity of
the reducible surface.

TPR analysis has been carried out on each method of iron oxide synthesis in order to compare and
contrast the reducibility of each catalyst. The TPR analysis for each type of precipitation method is
shown in Figure 3 below.
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Figure 3 - showing TPR analysis for each precipitation method.

From this analysis we can construct table 1 to determine at which temperatures each sample
reduces.



Table 1- Showing temperatures at which iron oxide reduces at each stage

Fes0a4 FeO Fe

No Sodium 347°C 588°C
High Sodium 288°C 497°C
Low Sodium 300°C 474°C

Method 1 involving 1 iron precursor was investigated. This synthesis involved 1 ml of iron precursor
Fe(CO)s being added to a 100 ml round bottom flask containing 25ml of ionic-liquid [Bmim][BF4] and
1.9ml of Oleic Acid. Stabilizing agents were added in the following quantities; Oleylamine (0.3ml)
and Hexadecanediol (2.7g). The reagent mixture is heated to 280::C over a period of 2 hours then
kept at constant temperature for a further hour and stirred vigorously using a magnetic stirrer. The
newly formed dark black solution was then washed 3 times with 25ml of Dichloromethane (DCM)
and allowed to stand over a neodymium magnet for 30 mins. The black ferrous fluid is pulled out of
suspension and the remaining solvent layer decanted.

The Ferrous liquid is once again washed with methanol and decanted. The wet black solid is then
dried in an oil bath at 50::C under vacuum for 24 hours. Solid Iron oxide can then be extracted. The
balanced symbol equation for the reaction is shown below:

IL1, AT
3Fe(C0)5 —) 3 Fe+5C0 =P Fe O
+H,0, -5 CO 3 4

The sample was then ball milled with zeolite on a 1:1 mass ratio. The XRD analysis of this sample is
shown in Figure 3 below.
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Figure 4 - XRD analysis of method 1 with additives on zeolite support.



The average particle size was found to be 6.3nm. TPR analysis was also undertaken for this sample,
this analysis is shown in Figure 5.
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Figure 5 - showing TPR analysis for Method 1 with additives.

From this analysis it is concluded that the Fez04 particles reduce to FeO at 360°C and further reduce
to Fe at 510°C.

Method 2, a method being developed by Queens University Belfast has also successfully produced
iron oxide nanoparticles. It has been tested with and without NH3, the later giving a yield of 70.8%.
The isolation of this solid has been fully optimised with the washing of water and ethanol and
repeated centrifuging and suction filtering with hopes of higher yields of both methods being
established currently. Both have undergone calcination at 420°C under nitrogen. PXRD analysis of
before and after calcination is shown in Figure 6 and Figure 7 below.
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Figure 6 - XRD analysis of method 2 without NH3 addition before and after calcination
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Figure 7 - XRD analysis of Method 2 with NHs before and after calcination.

Investigation is underway on pH control of both with and without ammonia to optimise the
morphology of the catalyst produced. TPR analysis was carried out on each sample before and after

calcination, this is shown in Figure 8 and Figure 9.
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Figure 8 - TPR analysis of Method 2 with and without NH3 before calcination.



After Calcination
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Figure 9 - TPR analysis of Method 2 with and without ammonia after calcination.

From this Table 2 can be presented showing the different reduction temperatures of each sample.

Table 2- Showing reduction temperatures of method 2 samples with and without
NH3s before and after calcination.

Before Calcination | After Calcination
FeO Fe FeO Fe

Without NH3 | 410°C 693°C 416°C 663°C
With NHs 385°C 510°C 425°C ??

An overall comparison of each sample is shown in Figure 10 and from this is can be concluded that
the catalysts that have been prepared using ionic liquid synthesis show a higher reducibility to those

synthesised using the precipitation method.
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Figure 10 - Comparison of each TPR analysis for each sample.

Conclusions and future work

In conclusion the precipitation method as described above has been successfully reproduced from
literature and used as a comparison for the new methods introduced using ionic liquids. The method
proposed by Wang et al. has been successfully prepared and compared with the novel method
proposed herein at QUB. Method 2 proposed at QUB has been optimised producing much higher
yields of >70% and is also a much less energy intensive method of producing the iron oxide
nanoparticles. After TPR analysis it has been found that both ionic liquid methods show higher
reducibility than the conventional precipitation method with method 2 reducing at higher
temperatures than that of method 1.

Future work will include the testing the activity of the catalyst in producing hydrocarbons of chain
length Cs-C11 will be shown by use of a reactor for hydrogenation of CO; which is connected to a Gas
Chromatograph (GC) with a specific column for detection of olefins in this chain length range.
Recycling of the ionic liquid used in method 2 will also be attempted to achieve a more
environmentally friendly synthesis. The pH of the reaction in method 2 will be closely monitored to
optimise the morphology of the catalyst produced.
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