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Il. Abstract

As the next generation of nuclear reprocessing technologies edge toward industrial readiness,
concerted efforts are needed to ensure their safety, predictability, robustness, and economic
viability. Organic ligands are critical to the selectivity of nuclear reprocessing, current focus is on
ligands and processes that can remove long-lived radiotoxic actinides. Amides and diamides are
promising ligand classes for the removal of actinides due to their selectivity for the f-block
elements, with N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA) a popular monoamide for the
extraction of uranium devoid of plutonium to overcome plutonium proliferation concerns. DEHiBA
is of interest to the GANEX 1st cycle process, a replacement technology to PUREX, overcoming a
number of weaknesses faced by this mature industrial process. Whilst tri-n-butyl phosphate (TBP)
is the ligand employed in the PUREX process, TBP has other uses outside of the nuclear industry,
these other uses improve the economic viability of TBP, whereas specialised ligands for nuclear
reprocessing like DEHiBA are more novel with limited demand at present, resulting in high costs

and thus creates a barrier to research.

This work utilises industry 4.0 (the integration of artificial intelligence and automation for
manufacture, otherwise referred to as smart manufacturing) to efficiently optimise the
manufacture of DEHiBA, focussing on cost reduction, sustainability improvements and production
throughput. Ultimately reducing a cost barrier to research and implementation of this ligand for
industrial application. Specifically, the methodology utilises flow chemistry, automation, online
analysis, and machine-learning algorithms to automate the optimisation of chemical space, this
methodology is also applicable to other relevant ligands like the diamides or variations of DEHiBA.

Four synthetic routes were optimised in this work with litres of crude DEHiBA manufacture
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accessible for <£65 per litre at the time of publishing with a throughput of 15 kg L-1 h-1, with other
synthetic conditions capable of >70 kg L-1 h-1. A purification route for the crude DEHiBA was
devised and optimised to yield a product purity >99.9% in just two steps with a yield of 97% from
start to end. The complete manufacture platform therefore requires at a minimum four pumps,
one tubular reactor, two continuous stirred tank reactors and two coalescing separators to achieve

this via two telescoped operations to yield pure DEHiBA on demand with >97% yield.

DEHiBA manufactured in this work was verified for its uranium extraction performance against
literature and commercial sources, demonstrating comparable performance for the extraction of
uranium(VI). The extraction of uranium(VI) was further investigated with DEHiBA, varying the
ligand concentration and purity, the ratio of organic to aqueous phase and nitric acid concentration
for the extraction of 0.10 M uranyl nitrate, demonstrating optimal performance with 5 M nitric acid
and at least 10% extraction efficiency improvements when using 1.5 M DEHiBA instead of the
typical 1.0 M DEHiBA associated with the GANEX process. A range of organic : aqueous phase ratios
were also compared to see how the throughput of uranium affects the extraction efficiency of
uranium(VI), identifying minimal extraction efficiency losses (5%) in exchange for a four-fold
increase in throughput when using 1.5 M DEHiBA and 5 M nitric acid. These studies support the
process intensification of uranium(VI) extraction with DEHiBA, comparing extraction efficiency
and uranium throughput. Throughout these studies, temperature was identified to be an
overlooked variable in the literature that requires future attention due to its influence on the

exothermic extraction of uranium.
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Chapter 1: Literature Review

As the nuclear industry enters a renaissance where the world looks to it for solutions to the
climate crisis, the sustainability of nuclear fission must be ensured and improved. Although
nuclear energy has a low carbon footprint,! the fuel, uranium is a finite resource that should be
managed and recycled to maximise its energy potential and minimise this threat to the long-term
viability of this technology.? Hydrometallurgical nuclear reprocessing offers a solution to improve
the sustainability and extend the supply of nuclear fuel.3-> Nuclear reprocessing is at present
practiced on the industrial scale most notably in France, however the current technology, PUREX
(Plutonium Uranium Reduction Extraction) is outdated and cost-intensive extracting both
uranium and plutonium inciting proliferation concerns. Replacement and complementary
reprocessing technologies have been under development for decades to ensure their robustness
prior to industrial implementation.”-14 These next generation technologies primarily utilise
organic ligands as extractants to selectively partition radionuclides from the irradiated nuclear
fuel. These processes facilitate the selective recycling of elements primarily the actinides and
lanthanides for reuse,” with the possibility of fabricating more nuclear fuel, and in the future the

recovery of rare elements like the platinum group metals may be feasible to further extend
supply.1>

The organic ligands destined for next generation nuclear reprocessing have undergone
thorough testing to ensure their effectiveness and suitability but are yet to be economically viable,
an issue that surrounds nuclear reprocessing.1® However, the literature does not focus on the
synthesis and purification of these ligands at any significant scale and to our knowledge there was
no literature describing and comparing synthetic routes to these ligands let alone optimising the
manufacture of these high value research materials before this project began. This gap in the

literature has the potential to limit the appeal and uptake of these technologies on an industrial
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scale. The exploitation of flow chemistry to synthesise these ligands on demand in addition to the
identification of multiple routes and conditions for their manufacture will enable cheaper and

wider access to these ligands aiding to overcome cost barriers to research in this field.

1.1. Nuclear Reprocessing

The UK has declared that nuclear fission will play a pivotal role in the effort to reach carbon
neutrality by 2050.17 This emphasises the importance of research and development in the nuclear
sector, with crucially improvements in the sustainability of this technology needed for long-term
deployment of nuclear fission. Nuclear fission reactors are one of the lowest carbon emitting
energy resources that mankind has to offer,18 capable of producing gigawatts of electricity daily in
a space efficient manner compared to renewables like wind turbines that require orders of
magnitude more space to achieve similar power outputs.1® Unfortunately however, nuclear fission
is financially demanding, traditionally entailing long build times and generating long-lived
radiotoxic waste.20-24 The most infamous of which is irradiated nuclear fuel (sometimes referred
to as spent/used nuclear fuel), a high-level waste (HLW) that requires careful highly specialised
management. Despite its name ‘spent’ nuclear fuel is not entirely spent, containing a large majority
of the periodic table, withholding many valuable elements that are in short supply, thus can be
valued as a resource due to its rich composition. Typical compositions contain (Figure 1) 95-96%
uranium,~1% plutonium,~0.1% minor actinides (MAs), and the remaining elements are the fission
products (FPs).2> In current commercial reactors, nuclear fuel is replaced every 18-36 months due
to the conversion of uranium-235 into fission products and transuranic elements hindering the
fuels efficiency. Of the 415 reactors globally in 2024, 10,000 metric tons of heavy metal (tHM) are

unloaded each year, all of which must be managed safely.26
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Figure 1: Typical irradiated nuclear fuel composition.2>

The management of irradiated, high-level waste is a demanding task. The UK alone had 4.56
million cubic metres in 2019 of radioactive waste (not just irradiated nuclear fuel) in interim
storage.?7.28 Any shortcuts when managing nuclear waste, particularly high-level waste could lead
to disaster. The complexity of this task is due to the extreme radiotoxic nature of the irradiated
fuel, the most immediate radiological concern with regard to the fuel is the radioactive decay of
short-lived species resulting in deadly amounts of radiation. Cesium and strontium are particularly
challenging FPs that emit beta and gamma radiation which generates significant amounts of heat.
Transuranic elements such as plutonium and the minor actinides are most troublesome over a
longer timeframe, accounting for most of the long-lived radiotoxicity, making safe, long-term
disposal challenging as thousands of years of safe storage are needed before these elements are

considered radiologically safe.2?

At present there are two primary options for the management of irradiated nuclear fuel.
Currently, the preferred method in the UK and many countries globally is direct disposal (the open
fuel cycle); here, the irradiated nuclear fuel is securely packaged and relocated to a geological

disposal facility (GDF) deep underground.30 This creates a large barrier between the waste and the
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biosphere in case of a breach in containment. However, a GDF must be able to guarantee safe
storage of the irradiated nuclear fuel until the radiotoxicity is no longer a problem. Such a
guarantee is incredibly difficult, if not impossible for roughly 200,000 years, the timespan that

irradiated nuclear fuel remains more radiotoxic than natural uranium ore (Figure 2).31
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Figure 2: Comparison of irradiated nuclear fuel radiotoxicity (Total), broken down into minor
actinide, uranium, plutonium and fission product radiotoxicity.31

Alternatively, nuclear reprocessing is a waste management option which can close the fuel cycle,
improving sustainability, and can be used in conjunction with geological disposal. Reprocessing is
the practice of partitioning the elements within irradiated nuclear fuel ready for recycle or
disposal. Reprocessing utilises irradiated nuclear fuel as an asset that holds a wealth of materials
that can be reused to generate more sustainable energy production, whilst other elements could
be fed back into the economy to improve supply chains, this would improve energy and resource
security, a topic of great interest at present, whilst opening avenues for nuclear medicines like
targeted alpha therapy, instead of viewing irradiated nuclear fuel as a waste. To generate more

sustainable energy and maximise the energy potential of uranium fissionable and fissile actinides
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from irradiated fuel can be reused and fabricated back into nuclear fuel (although this does have
many challenges). By recycling uranium, nuclear fission via uranium-235 will be feasible for future
generations as without this uranium is a finite resource. In addition to the sustainability that
reprocessing offers, the long-term radiotoxicity of irradiated nuclear fuel can be reduced for safer

waste management, minimising waste volumes destined for the GDF and hence the cost of the GDF.
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Figure 3: A simple illustration of the back end open and closed fuel cycles.
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Despite reprocessing improving sustainability and extending the supply of resources, it is a
more complex task compared to direct disposal, adding cost to nuclear programs and increasing
risk.32 In France it is estimated that reprocessing increases the cost of nuclear energy by around
5.5% compared to direct disposal (year 2000), although this is sensitive to the cost of fresh
uranium ore for fuel manufacture.33 Despite this cost burden France continues to reprocess and
recycle its nuclear fuel with plans to continue this into the future. The selective extraction of
elements from irradiated nuclear oxide fuel, has historically been achieved via liquid-liquid
extractions. Here the irradiated nuclear fuel is dissolved in an aqueous nitric acid phase, this is
then contacted with an organic phase comprised of a water immiscible solvent and an extractant
such as an organic chelator to partition specific elements into the organic phase. The current
industrial standard for reprocessing globally is the PUREX (Plutonium Uranium Reduction
Extraction) process, a mature technology that has been used industrially since the late 1950s.34
This process enables both plutonium and uranium to be recovered from the irradiated nuclear fuel,

largely reducing the long-term toxicity of this waste (Figure 4).3>3¢ The removal of these
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radionuclides from the irradiated nuclear fuel reduces the volume of HLW destined for a GDF by
~80%, a reduction in radiotoxicity by ~90%, and a lower heat output from the waste.3738 A GDF is
still essential for the highly active raffinate (HAR) waste stream from PUREX or other reprocessing
technologies containing residual radionuclides like the MAs. Ultimately, reprocessing via PUREX
results in a reduction of the storage cost for a GDF by 75%.3839 However, advanced reprocessing
technologies like i-SANEX (innovative selective actinide extraction), AMSEL (americium selective
separation) and GANEX (grouped actinide extraction) can reduced the burden on GDFs further via
removal of a greater number of actinides/long-lived radionuclides, lowering the radiotoxicity and

thus the required safe storage time of the waste destined for a GDF (Figure 4).12.13.40-44
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Figure 4: A comparison of the radiotoxicity of irradiated nuclear fuel /high level waste with and
without different reprocessing technologies, illustrating which radionuclides are removed.*>

In comparison to reprocessing, GDFs are immature technologies and there are no fully

operational sites in existence today, therefore costs can only be estimated and likely an
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underestimate.30 Continued research to improve the PUREX process (Figure 5) and make
reprocessing more appealing is ongoing and has been for decades. These new processes are
referred to as advanced partitioning technologies (PTs) or next generation reprocessing
flowsheets/technologies. Most of these PTs have been developed to remove more of the long-lived
radionuclides from the irradiated nuclear fuel than PUREX currently offers, with focus on the MAs,
namely americium. This feat would remove all the transuranic elements from irradiated nuclear
fuel reducing the safe storage time of HLW to a more predictable and manageable figure in the
hundreds of years. The underpinning goal of research into these technologies is to develop
functional processes that are robust, well understood and economically viable. Without this,
implementation on the industrial scale is insurmountable, especially due to the potential hazards
involved. Efforts to minimise the complexity of these processes is continuous, with constant
refinement of ligands to improve separation factors between extracted radionuclides and

minimise the number of ligands used in the process.
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Figure 5: A simple illustration of the PUREX process.

As mentioned, organic ligands are fundamental to the success of hydrometallurgical PTs. The
ligands used in nuclear reprocessing are referred to as extractants because they selectively chelate
to certain species in irradiated nuclear fuel by exploiting their affinity toward different ions.4¢ This

process typically takes place via a liquid-liquid extraction, whereby the irradiated nuclear fuel is
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dissolved in nitric acid before it is contacted with the organic (sometimes referred to as solvent)
phase containing an extractant (Figure 5). PUREX employs the ligand tri-n-butyl phosphate (TBP)
(Figure 6) to selectively chelate to ions in the +IV and +VI oxidation state, so uranium and

plutonium are extracted, partitioning them to the organic phase for subsequent isolation.4’
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Figure 6: The chemical structure of tri-n-butyl phosphate (TBP).

TBP and nitrate ions typically form the following organic soluble complexes: [Pu(NO3)4-2TBP]
and [UO2(NOs3)2-2TBP] (Figure 7), as these complexes are soluble in the organic phase, the
plutonium and uranium are partitioned/extracted from the irradiated nuclear fuel in the aqueous
phase.*8 By recycling uranium and plutonium, further exploitation of the energy potential from
these materials is possible, thus expanding the lifetime of this energy dense resource.* The next
generation of PTs in development use novel, specialised ligands to facilitate the extraction of
trivalent f-block elements from irradiated nuclear fuel where the PUREX process targets hexa- and
tetravalent f-block elements. For these ligands to be successful they must be effective at extracting
specific nuclides, yet economically viable if the process is to succeed. If not, then the PT will likely

be infeasible with cost barriers to research, industrial scale-up and implementation.
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Figure 7: Two-dimensional complexation structures of TBP and NO3 to uranium and plutonium.

One way to improve the economic viability of these ligands is through synthetic optimisation.
Any metric can be optimised for a given reaction such as cost, purity, yield and throughput.>? Often,
however, the optimisation of one process metric negatively impacts another. For example if the
kinetics of a reaction are slow then maximising throughput will likely hinder yield or cost metrics.
Therefore, optimisation often requires a balance of process metrics to find an overall optimum.>1-
53 A simple way to reduce product cost would be to find conditions that minimise cost per mole of
product formed, however this could lead to lengthy reaction times and unwanted by-products, this
could be avoidable by optimising multiple objectives and sacrificing some cost or assessing other
synthetic routes. Prior to this work there was little to no literature investigating the synthetic
optimisation of the promising ligands for nuclear reprocessing. Any literature that mentions the
synthesis of these ligands typically details unrefined small scale reaction conditions to make small

volumes of these ligands for testing purposes.>4-56

As reprocessing is already an expensive area within the nuclear industry, whilst being a niche
area of the chemical industry, there are few chemical vendors for these highly capable molecules.
The specialised nature of these materials means that applications outside this field are limited and
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thus supply is low, whereas TBP has a demand outside of nuclear reprocessing with uses in
emulsions, paints and adhesives, thus is a lower cost chemical commodity due to global demand.>”
This limits the amount of research into these ligands, especially volume intensive pilot plant
testing, whilst negatively impacting the economics of a next generation reprocessing facility.
Further research into the synthesis of such molecules hopes to remove cost barriers to research
with these important ligands whilst potentially making reprocessing of nuclear waste a more

appealing route globally.

1.1.1. Disadvantages of Current PUREX Practices

Current reprocessing practices via PUREX are imperfect with ample opportunity to improve on

this process by overcoming various disadvantages faced such as:>8

e Higher proliferation risks than direct disposal due to isolation of plutonium.>?

e Increased risk of radiation exposure to workers and the environment compared to direct
disposal especially the highly active raffinate.

e Larger volumes of intermediate and low-level wastes.0

o Non-CHON (purely carbon, hydrogen, oxygen, nitrogen containing) ligand so is not
completely incinerable adding to waste volumes.

e Higher costs than those predicted for direct disposal.
e Degradation of TBP to hazardous and interfering materials.6!
e Redoxreliant process adding complexity.

For an advanced PT to supplant PUREX these technologies should address as many of these
disadvantages as possible without compromising the advantages of PUREX that include the use of
a single ligand, and maintaining or improving separation factors and distribution ratios achieved
by PUREX. All these metrics are a fine balance and slight reductions in metrics like distribution

ratio may be acceptable if other disadvantages are overcome.
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One way to manage the proliferation risk posed by PUREX is to recycle plutonium into nuclear
fuel, otherwise known as mixed-oxide (MOX) fuel as per the French closed fuel cycle.62 Plutonium
recycling reduces the volume of plutonium in storage but can add risk if the plutonium needs to be
transported between secure facilities. Unfortunately, MOX fuel is not interchangeable with regular
uranium dioxide fuel so manufacturing plants and reactors require modifications to accommodate
MOX. A major challenge and cost when manufacturing MOX fuel is the automation required due to
the higher radiation levels. These challenges are major driving forces behind the choice to store
plutonium instead of recycling it. To overcome these problems, coextraction of plutonium with
other elements like uranium or the MAs can be adopted. The COEX (an adaptation of the PUREX
process but uranium and plutonium are coextracted and coprecipitated) process is an example of
a reprocessing technology similar to PUREX but instead isolates uranium with plutonium.6364
Looking further forward, the GANEX (Grouped Actinide Extraction) processes are advanced PTs

that enable the coextraction of plutonium with the MAs.65

Though PUREX vastly reduces the volume of HLW destined for a GDF, this process increases the
volume of other radioactive wastes.®® These wastes, although less radiotoxic than irradiated
nuclear fuel or the HAR still require specialist disposal which incurs other complexities, risks, and
costs, often requiring disposal through immobilisation within cement,¢ a material notorious for
its negative environmental impact,%’ therefore, this negatively impacts the carbon footprint of
nuclear energy. It is difficult to overcome the generation of other radioactive waste with advanced
PTs, however most attempt to minimise secondary wastes by using completely incinerable, CHON
ligands. As carbon, hydrogen, oxygen, and nitrogen (CHON) are completely incinerable elements,
whereas phosphorous is not, disposal of TBP is challenging and is considered a secondary waste.
The GANEX process has developed processes that utilise completely incinerable ligands, even

replacing TBP with a CHON based ligand, N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA). Where
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most advanced PTs build on the PUREX process and therefore still employ TBP in the first cycle
GANEX is independent of PUREX (Figure 8). Figure 8 illustrates the advanced reprocessing
technologies that are detailed in the SACSESS report,” detailing the hydrochemical and pyro
reprocessing technologies that are promising for use on irradiated nuclear fuel. PUREX is the first
step to many of the advanced hydrochemical PTs, which then treat the aqueous raffinate from the
PUREX process containing the FPs and MAs. There are a couple of alternative hydrochemical
processes that do not rely on PUREX, those being GANEX and ARTIST. These alternative
technologies replace TBP with CHON based ligands, minimising secondary waste volumes due to

their complete incinerability.
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The economic viability of reprocessing is a major drawback of this technology and often leads
to open fuel cycle policies. Several studies have assessed the financial impact of reprocessing by
estimating the cost of both the open and closed fuel cycles.®®-72 many factors and estimations are
taken account in these studies, yet most conclude the open fuel cycle to be more cost effective
despite the uncertain costs associated with a GDF and the wealth of material in used nuclear fuel

that could improve the economics of nuclear reprocessing. This is due to the closed fuel cycle
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requiring more steps, the continuous research that spans over decades, bespoke highly
sophisticated and secure facilities, and tonnes of resources to achieve this feat of chemistry and
engineering. To top this off, the need for a GDF still exists with the PUREX process and most PTs
due to the HAR and secondary wastes, likely including decommissioning of the reprocessing
facility. Unfortunately, for most nations, the cost and added complexity/risk outweighs the
sustainability therefore, an open fuel cycle is adopted. Despite this, fissionable materials are finite
resources and there will come a time when nuclear fission becomes unfeasible without recycling,
therefore work is needed to improve uptake of this technology and the economic viability of the

closed fuel cycle.

Unlike geological disposal, reprocessing is a mature technology that has received real-world
experience, research and improvements over decades, resulting in improved understanding of the
technology and proof of concept with the potential for cost reductions with iterative or next
generation reprocessing facilities.#>72 GDFs on the other hand are first of a kind technology,
therefore costs are estimations with large errors. As with any first of a kind technology,
complications are common and are likely to escalate the cost of these megastructures. Therefore,

itis likely unfair to dismiss reprocessing as a waste management solution due to economics alone.

The radiotoxicity/composition of the HAR from PUREX is the focus of improvement for most
PTs, as once this waste is vitrified it remains highly radiotoxic for over 100,000 years (Figure 4),
an incomprehensible amount of time for civilisation.”> The HAR comprises of mostly fission
products (FPs and Mas), the FPs are less problematic, most have relatively short half-lives and
account for most of the early-stage radioactivity and heat generation, whereas the MAs have longer
half-lives causing most of the long-term radiotoxicity. Therefore, by partitioning and then
transmutating the MAs, the safe storage time for the remainder of the waste reduces to ~1,000

years or less (Figure 4).31 Removal of the MAs requires ligands with an affinity to trivalent f-block
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elements due to this being the preferred oxidation states of americium and curium. To add
complication the majority of the lanthanides are trivalent, thus are typically extracted alongside
americium and curium.’477 Caesium-137 and strontium-90 are two of the long lived FPs that
largely account for the remainder of the safe storage time after the MAs have been removed,
therefore, the selective removal of these isotopes would further reduce the safe storage time
although the current focus in this field lies in MA removal.”® In summary the removal of all long-
lived radionuclides from the HAR is possible with advanced PTs and promises to deliver a more

realistic and manageable timeframe for the storage of HLW.

It is clear why the removal of long-lived radionuclides from irradiated nuclear fuel has been a
primary driver behind the development of advanced PTs over the last 30+ years.11 Many options
have been developed over that time to overcome the weaknesses of the PUREX process, with work
continuing to improve these processes for the next generation of nuclear reprocessing facilities to
adopt. These technologies can work alongside PUREX to further improve reprocessing and make
use of existing facilities, or can replace PUREX entirely working with entirely CHON ligands such
as the GANEX process (Figure 8). To date these advanced PTs are not deemed industrially ready,
with more hot tests required for some processes however further literature is needed to optimise
and understand these processes to prepare the required hot tests. Of course, the risk and cost of
hot tests is restrictive, however a base understanding of simplified and mock systems in

preparation of such tests is paramount and beneficial to all in the field.

1.1.2. Advanced Partitioning Technologies

Partitioning is the chemical separation of elements.3! in a nuclear context this mostly focuses

on the separation of actinides from FPs. To achieve this, a majority of PTs act as additional steps
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after PUREX to partition the MAs from the PUREX HAR. Whilst others like GANEX remove the need
for PUREX and TBP. It is envisioned that PTs will not work alone, after the waste has been
partitioned the long-lived species will be transmuted, potentially in advanced fission reactors in
an effort to reach net zero carbon. For this to be successful, it is imperative that elements with large
absorption cross-sections are not extracted with these fuels, such as curium and lanthanides like

gadolinium as this will negatively impact transmutation in fast reactors.”9-81

Transmutation is the conversion of one element into another,82 thus converting long-lived
radionuclides into less concerning species with shorter half-lives.83 Transmutation of these long-
lived actinides can be achieved in advanced nuclear reactors, enabling further exploitation of the
untapped energy potential in uranium, thus improving nuclear sustainability. Whereas, any long-
lived radioisotopes unsuitable for fission, such as curium, can be transmuted by irradiation in
accelerator driven systems.8 The introduction of partitioning and transmutation (P&T) aims to
reduce environmental concerns with nuclear power, improve sustainability, and public perception

of nuclear waste, paving the road to new nuclear builds to support a cleaner future.

PTs can be grouped as hydrochemical (hydrometallurgical) processes like PUREX suited for
oxide fuels, or pyrochemical (electrometallurgical) processes suited for metal fuels (Figure 8).”
The European Commission has funded numerous projects over the decades to assess the
methodology, progress, and technological readiness of these processes through projects such as

PATRICIA, GENIORS and SACSESS. This review focusses on hydrochemical processes.

Research into hydrochemical PTs has exploited and tested the selectivity of countless ligand
classes such as: carbamoyl methyl phosphine oxides (CMPOs), carbamoyl methyl phosphonates
(CMPs), phosphine oxides, phosphates, amides, and diamides (Figure 9) amongst others to

advance nuclear reprocessing.8>
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Figure 9: Commonly researched ligand structures for the partitioning of irradiated nuclear fuel

Figure 10 highlights a number of successful ligands identified for advanced PTs as described in
the SACSESS report from 2015 (Figure 10). This report also showcases the various PT flowsheets
that have been developed globally with potential operating conditions and their technology
readiness levels (Figure 8).714 Not all the ligands detailed are entirely CHON, with some still
containing phosphorous, whilst others are sulfonated,86-88 therefore there are continued efforts to
identify CHON conforming replacement ligands.8%20 As noted, many of the PTs developed build on
the existing PUREX process however, GANEX has been developed an alternative technology that
first extracts uranium, then the transuranics are coextracted. The replacement of TBP with DEHiBA
allows the whole process to be CHON compliant, whilst improving proliferation resistance of this
process and alleviating the reliance on redox chemistry. Thus GANEX, overcomes some of the
disadvantages associated with PUREX, however lower distribution ratios for uranium and

increased technetium uptake has been observed.41.91-93
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Figure 10: Examples of the diverse range of successful ligands described in the SACSESS report.”

Figure 10 highlights a range of molecules that are largely carbon, hydrogen, nitrogen, and
oxygen, those that contain phosphorous and sulfur provided unrivalled performance at the time of
publishing in 2015.7 This collection of ligands is small in comparison to the candidates that have
been tested for nuclear reprocessing,>594-9¢ with structure playing a pivotal role in controlling the
selectivity of these ligands. With many of the successful ligands revolving around an amide bond,
this project aims to explore, optimise and compare amide bond formation methodologies on a

specific molecule of interest than can be applied to the other ligands.
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Following on from the SACSESS project, GENIORS aimed to identify PTs with the least
weaknesses to prioritise development, hot testing and implementation. Four priorities were

identified to achieve this:%7

e The behaviour of fission products in these systems

e Radiolytic stability of ligands and any impact of degradation products on the process

e Process related issues such as kinetics, loading, and third phase formation

e Interface between the separation processes with the dissolution and the conversion
Most hydrochemical PTs that extract the trivalent actinides such as americium and curium, rely

on a three-step approach:°8

1) Uranium (and sometimes plutonium) extraction from irradiated nuclear fuel. Here monoxide

ligands such as TBP and monoamides offer good selectivity for this extraction.

2) The coextraction of trivalent lanthanides and actinides. Here di- or tridentate ligands like

diamides and CMPOs offer excellent extraction for trivalent f-block elements.

3) Separation of the trivalent actinides from the lanthanides, here soft donor ligands are used

to selectively extract the actinides free of the lanthanides.?®

It must be said that PTs are not always three-step processes and although a process may be
three overarching steps, each step requires a multitude of stages such as forward extraction,
scrubbing, stripping and purification, therefore each of these steps is highly complex and refined.
These advanced PTs are still under rigorous investigation to ensure robustness, understanding,
and success if industrialised. Test results have been promising for many of these processes
especially EURO-GANEX and iSANEX with >99.9% separation of the trivalent actinides from the

lanthanides.40,100-104
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In summary P&T technologies do not eliminate the need for a GDF, instead GDFs can be smaller
as the volume of HLW is dramatically reduced, minimising GDF costs whilst maximising the energy
potential and wealth in irradiated nuclear fuel. P&T also reduces the environmental concerns
associated with the final disposal of HLW by shortening the safe storage time of this waste
dramatically.195 In the future PTs may allow near complete recyclability of irradiated nuclear fuel,
supplying diminished natural resources back into the global economy, however for now, the focus

lies with removing the long-lived radionuclides.

1.2. Extractant Ligands

Choice of ligand(s) is the major difference between the various hydrochemical PTs in
development.100 Whilst PUREX uses TBP, other PTs rely on alternative ligands (Figure 9 and
Figure 10) for their success, with research into novel extractant ligands a key driving force behind
the next generation of PTs. These organic ligands preferentially extract ionic species from the
irradiated nuclear fuel depending on their chemical and steric structure. Common motifs include
amides/diamides, organophosphorus and hybrid ligands, although more complex structures exist
with pyridine and triazole motifs.8> A key characteristic of most is their oxygen donor sites that
facilitate chelation to hard metal ions in solution.8> Oxygen is crucial to the effectiveness of these
ligands because actinides are oxophilic, therefore the extraction can selectively partition actinides.
The oxophilicity of f-block elements comes from the high charge density (hard nature) of these
elements.10¢ This strong interaction between oxygen and f-block elements supports the hard-soft
acid-base principle.107-110 By exploiting this property, the f-block elements can be separated from

the less charge dense transition metals.

45



The early actinides are renowned for existing in a diverse range of oxidation states, for example,
neptunium can range from +III to +VII, this can be tuned via the nitric acid concentration or by
redox chemistry for many of the actinides.!'l Manipulation of the acid concentration is often
exploited to avoid extracting unwanted species and enables stripping of nuclides from the organic
phase. When irradiated nuclear fuel is dissolved in concentrated nitric acid uranium exists as UQ22*
whilst plutonium exists as Pu#*.112 For the MAs, neptunium commonly exists as NpOz* and
Np02%+,113 whilst americium and curium often exist as Am3* and Cm3* respectively.114115
Lanthanides are also preferential to the +3 oxidation state adding complexity to the selective
extraction of americium and curium using oxidation state alone. The trivalent actinides are difficult
to extract with monodentate ligands, therefore bi- and tridentate ligands have become the focus
for trivalent actinide extraction.116-118 Nitrogen donor ligands have become increasingly popular
for the separation of trivalent lanthanides and actinides as their similarity of oxidation state makes
separation difficult with a single ligand system. To overcome this, aqueous based ligands (ligands
designed to only dissolve in aqueous media not the typical kerosene based organic phases) with
nitrogen donor atoms have been developed such as SO3-Ph-BTP (sulfonated bis triazinyl pyridine,
Figure 11) to exploit the difference in charge density between the lanthanides and actinides, with

softer nitrogen donor atoms favouring the softer actinides for selective stripping.119.120

SO3Na SO3Na

SO3Na SO3N3

Figure 11: Chemical structure of SO3-Ph-BTP (sulfonated bis triazinyl pyridine)
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Organophosphorus ligands like phosphates (TBP) were one of the first extractants
implemented for the reprocessing of irradiated nuclear fuel. They are advantageous due to their
ability to preferentially extract actinides over lanthanides and FPs.8> This is usually because these
ligands are monodentate so chelate to MO22+ and M#* species. The most notorious extractant in
this industry is TBP, which succeeded due to the desirable properties that it exhibited for
partitioning uranium and plutonium from irradiated nuclear fuel to produce nuclear weapons at
the time. These properties include good radiolytic, thermal and chemical stability, low toxicity, low

flammability and good extraction efficiency and separation factors for uranium and plutonium.121

Nevertheless, TBP has its drawbacks, such as its relatively high solubility in the aqueous
phase,122 and troublesome degradation products produced by hydrolysis or radiolysis leading to
dibutyl phosphate and monobutyl phosphate. These degradation products are toxic and add
complexity to the stripping stages when present,123.124 they therefore reduce the overall extraction
efficiency whilst increasing the tendency toward third phase formation. To overcome these
limitations various organophosphorus ligands have been developed and tested for nuclear
reprocessing.8> Such chemistries include phosphine oxides, other phosphates and CMPOs. This
review does not discuss organophosphorus ligands in detail as many organophosphorus ligands
have been tested and this is not the target for this project. Many organophosphorus ligands
demonstrate great promise, but all have the same limitation, their inability to completely
incinerate after use, generating secondary contaminated waste. This disadvantage adds more
steps and costs to reprocessing which can be overcome by use of entirely CHON containing

molecules.
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Figure 12: Chemical structures of TBP, and its troublesome degradation products dibutyl
phosphate and monobutyl phosphate

In 1960, T. H. Sidall suggested N,N-dialkylamides as replacement extractants for TBP,12> due to
improvements over TBP as most were less soluble in the aqueous phase, less prone to hydrolysis,
radiolysis, and oxidation. Despite these findings, Sidall was keen not to move away from
organophosphorus ligands and published his findings on CMPs.126 These hybrid ligands had their
own degradation problems but were capable of extracting the trivalent actinides, proving the
effectiveness of the amide group at chelating to the actinides and the affinity of bidentate ligands

for trivalent species.127

Amide-based ligands such as the monoamides, diglycolamides, and malonamides have proven
to be effective extractants, overcoming limitations faced by organophosphorus ligands.128 The
ligands in question are entirely CHON containing, therefore are entirely incinerable whilst also
providing other favourable properties for nuclear reprocessing. Due to the prevalence of amide-
based ligands among advanced PTs it is incredibly likely that the following ligands will see

industrial use in the future.

1.2.1. Monoamides: Extractants for Hexavalent and Tetravalent
Species

Although chemically simple, monoamides are highly effective ligands for the extraction of tetra-
and hexavalent species like uranium and plutonium,129-131 this extraction can be tailored via the

structure of the alkyl groups to achieve desired separation factors. DEHiBA, N,N-di(2-
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ethylhexyl)isobutyramide (Figure 13) is a specialised monoamide ligand used in step 1 of the
GANEX process for the selective extraction of uranium.!32-135 The GANEX process recovers 99.9%
uranium at a high purity, then coextraction of the transuranic elements ensues via more complex
multidentate ligands. The initial separation of uranium simplifies any future transmutation of
these materials and reduces proliferation risks.10 Alternatively, DEHiBA has received recent

attention in the US for high assay low enriched uranium (HALEU), removing reliance on Russia for

T

Figure 13: Chemical structure of N,N-di(2-ethylhexyl)isobutyramide, DEHiBA

valuable resources.91.92

As DEHiBA extracts uranium, GANEX has the potential to replace PUREX entirely, alternatively
N,N-di(2-ethylhexyl)butyramide DEHBA can be used to extract uranium and plutonium due to its
marginal difference in structure, if plutonium extraction is desirable. As these monoamides are
compatible with nitric acid, whilst providing a good resistance to radiolysis and hydrolysis they
are well suited for nuclear reprocessing.13¢ DEHiBA’s selectivity toward uranium is reliant on the
oxygen donor atom but is heavily influenced by its alkyl groups. Modification of the branched
isobutyl group to a linear butyl group, DEHBA, reduces the separation factor between uranium and
plutonium facilitating the extraction of uranium and plutonium. Additionally, DEHBA
demonstrates improved extraction efficiency for uranium compared to the more branched
DEHiIBA as it is less hindered.137.138 As the extraction efficiency for uranium decreases when
switching from DEHBA to DEHiBA so too does the extraction efficiency for plutonium, but to a
greater extent, therefore, DEHiBA is more selective toward uranium alone making it the ligand of

choice for GANEX.
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DEHiBA addresses and overcomes many of the flaws with TBP, these include: TBPs inability to
incinerate at end of life leading to large volumes of secondary low-level radioactive waste, the
generation of degradation products that decrease the stripping efficiency of TBP, and third phase
formation at high metal loading. These advantages make DEHiBA an attractive alternative, yet a
strong driving force is necessary for the nuclear industry to adopt such a change as new facilities
will be needed for this process and a multitude of hot testing is likely needed. It is imperative that
work in the area of partitioning continues to support and promote this advancement in nuclear
waste management. The simplicity of DEHiBA’s structure is improves its chemical stability but also
improves feasibility for large-scale, low-cost manufacture. This helps drive down the cost of

nuclear reprocessing.

Due to the diverse structures of monoamides that have been tested and are available (Figure
14) it is unlikely that all reprocessing facilities in the future will adopt monoamides, or even the
same monoamide.13® However, the core synthetic step will be the amide bond formation,
combining a carbonyl group typically with a bulky secondary amine, especially as many promising
amide ligands have limited functional groups aside from the amide bond. The structure will likely
be dictated by the process chosen and aims of the fuel cycle, for example GANEX opts to use
DEHiBA due to the requirement to selectively extract only uranium in the first step. Whereas some
nations/organisations may prefer DEHBA or alternative monoamides due to specific benefits. It is
likely that monoamides will be employed in future industrial reprocessing, with specific interest
from CEA, similar empirical formulae to DEHiBA can be expected as these medium length alkyl
chains (6-8 carbons) have proven most effective in testing.140 Alternatively, DEHBA and DHOA,
(N,N-dihexyloctanamide) are direct replacements for TBP, offering improvements over TBP whilst

still extracting both uranium and plutonium and may be preferred in some cases.*l These
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promising monoamide replacements for TBP also show potential for neptunium recovery further

adding to the benefits that these extractants offer.142

Figure 14: Chemical structures of a variety of monoamides that have been tested for nuclear
reprocessing, emphasising the diversity of alkyl groups

The synthesis of DEHiBA and the other monoamide ligands is relatively simple, this is likely why
there is little literature on the synthesis of this otherwise thoroughly investigated extractant.
Remarkably, there is no literature optimising the synthesis of these monoamide ligands despite
the limited availability and relatively high cost of these research materials. Instead, the
publications that synthesise these molecules opt to enlist highly reactive (acyl chloride), costly
reagents due to their effectiveness at achieving high yields and ease of purification on a small
scale.130 Despite these reagents being readily available on a small scale they are less accessible on
a large scale and provide avoidable storage and handling risks in large quantities.143 Specifically
the reagents mentioned are acyl chlorides (Scheme 1), often derivatised from carboxylic acids.
Not all publications use the acyl chloride, however the majority of the literature refers to
procedures that use an acyl chloride starting material.>>142-145 Acyl chlorides are more expensive
than their respective carboxylic acid logically, generate toxic waste gases, and are prone to fast
paced exothermic reactions.146-148 [f the an acyl chloride is necessary to synthesise tonnes of
ligands it may be more appropriate to synthesise the acyl chloride in situ via a chlorinating agent
such as thionyl chloride (SOCIz), which is another highly reactive and toxic reagent (Scheme 1).
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Although this synthetic route often leads to high product yields, the production of toxic hydrogen
chloride and sulphur oxide gases plus challenging anhydrous conditions are essential increasing
process complexity and cost. Of course, this route is common practice in the pharmaceutical
industry, and is even used in large scale pharmaceutical manufacture,4® however alternative
routes are possible and should be compared instead of defaulting to a route, especially when
manufacturing any significant volume of ligand.150-156 With the technology available today this task
can be automated via high throughput screening, although there is a significant cost/equipment

barrier to this.157.158
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Scheme 1: A commonly published synthetic route to monoamides via an acyl chloride, with an
example chlorination step included

There is a plethora of literature describing synthetic routes to amides, with new methodologies
published annually. These novel methods often aim to improve environmental metrics and
efficiency compared to traditional methods overcoming the need for stoichiometric activating
agents that are not atom uneconomical and could be applicable to ligands like DEHiBA.154 The main
uncertainty with moving to these new techniques is that most published methods synthesise
secondary amides using primary amines whereas amides of interest to PTs are typically tertiary
using more hindered (branched) secondary amines so may not be applicable.155 An example of this
incompatibility is highlighted by CDI (carbonyl diimidazole), a highly effective activating agent that
has been widely used for amide synthesis.150 To its detriment CDI is typically used for secondary
amide synthesis as CDI alone struggles to mediate the synthesis of bulky tertiary amides. The
literature generally suggests that CDI is ineffective toward bulky secondary amines unless the

amine is first combined with CDI and iodomethane.159160
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In conclusion, monoamides are promising ligands destined for deployment in industrial
reprocessing, a good understanding of their properties has been established where DEHiBA is of
most interest to a uranium only extraction such as GANEX 1st cycle or for HALEU. However, more
literature is needed to better guide the synthesis of these tertiary amides, providing options and
comparison of possible synthetic routes for researchers to pursue and guide estimations of cost
for ligands used in economic evaluations of nuclear reprocessing. A host of synthetic routes also
provides backup routes in the event that the chosen route becomes unviable due to supply chain
shortcomings. Further research into the synthesis of these molecules can reduce barriers to
research and the cost of these high cost research materials aiding the transition toward

deployment of advanced PTs.

1.2.2. DEHiBA: The Selective Extraction of Uranium(VI)

Whilst DEHiBA has received continued interest for decades for its selective extraction of
uranium which has led to the development of the GANEX flowsheet.?2131 Many process variables
have been investigated using DEHiBA to extract uranium(VI) throughout the literature, however
it can be difficult to compare extractions due to the number of relevant variables: type/structure
of ligand, ligand concentration, metal (uranium) concentration, nitric acid concentration, phase
(SA) ratio, and temperature. The difference in uranium/metal concentration between publications
often makes comparison between extraction studies challenging,161.162 with no publications
investigating all variables (to our knowledge) and few investigating more than three of these
variables. The investigation of all variables would lead to hundreds if not thousands of conditions
to be explored when changing one variable at a time to optimise the extraction of uranium(VI).
Generally, however trends for each variable can be understood and largely predicted, particularly
when using 1.0-6.0 M nitric acid concentrations, a commonly investigated variable. Therefore,

models are commonly employed to predict these extractions due to good fundamental
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understanding and published data.?2135The investigation of temperature and SA ratio has however
seen little investigation despite the significant influence of temperature on the exothermic
extraction and the ability to influence operational throughput respectively.?4163 Few publications
acknowledge the need to understand the influence of temperature on the extraction of species like
uranium, despite the potential consequences of incomplete extraction or coextraction of nuclides.
As for throughput, many publications solely investigate a 1:1 SA ratio which is likely sub-optimal
in terms of loading the organic phase although the concentration of each phase can be tailored to

account for this to some extent.

The majority of accessible data for the extraction of uranium with DEHiBA focuses on lab-scale
batch extractions, however many variables have not been investigated in the available literature,
potentially resulting in under optimised processes. It would be beneficial to see more of these
variables screened and optimised in the literature, not only for DEHiBA but other ligands of

interest to better inform the development of processes in the future.

G. B. Hall et al. recently published uranium extraction data using 1.5 M DEHiBA to extract
varying concentrations of uranium from 0.1 M up to 1.25 M across 0.1-6.0 M nitric acid
concentration. This work aimed to intensify the process of extracting uranium for the purpose of
HALEU recovery in the United States. Although 1.5 M DEHiBA has been previously investigated in
the literature, uranium concentrations have been very low, often using tracer concentrations and
not quoting specific concentrations. These investigations used 1.5 M DEHiBA solutions to
maximise uranium(VI) loading of the organic phase, demonstrating benefits in terms of the
extraction efficiency over 1.0 M DEHiBA, 125138164 finding no issues with third phase formation. The
publication mentions potential viscosity restraints for the organic phase but does not provide
quantifiable data, only potential problems.16> Despite the aim to maximise uranium loading in the

organic phase, SA ratio was not investigated. Lower SA ratios (using a greater volume of aqueous
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phase) would likely achieve higher uranium loading of the organic phase avoiding such high
aqueous uranium concentrations that likely have high aqueous viscosity, causing handling or
process issues. Additionally, this study refers to loss of performance with elevated temperature,®*
but does not reference the temperature for these extractions, it would be beneficial and interesting
to measure these extractions across a range of realistic temperatures, for example 15-40 °C, in
addition to monitoring the temperature of the system to see how exothermic these extractions are

and whether uranium concentration affects this.
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Figure 15: Distribution ratios for uranium(VI) across a range of uranium(VI) and nitric acid
concentrations using 1.5 M DEHiBA at a 1:1 SA ratio, taken from G. B. Hall et al.??
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1.2.3. Diamides: Targeting the Selective Extraction of Transuranic
Elements

As monoamides typically favour chelation to tetra- and hexavalent metal ions, additional ligands
and steps are needed to completely remove all the actinides, particularly curium and americium
that typically exist in the trivalent state.166 EURO-GANEX is one of the promising steps after GANEX
1st cycle for the extraction of plutonium, neptunium, americium, and curium via diamides with 2
or 3 oxygen donor atoms (Figure 16) facilitating chelation to a range of oxidation states including
trivalent species. As previously mentioned, aqueous holdback/stripping agents are required to

avoid the extraction of unwanted species like zirconium and the lanthanides with the actinides.120
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Figure 16: The chemical structure of a malonamide¢7 (left) and a diglycolamide68 (right)
Diamide ligands, most notably malonamides and diglycolamides (DGAs) have generated a lot of
attention for their extraction properties in the nuclear reprocessing community (Figure 16).85
Malonamides are bidentate ligands that have shown promise for the extraction of trivalent f-block
elements and plutonium.16® Their success is largely down to their ability to avoid third phase

formation in most solvents and in the presence of nitric acid a common issue faced by many ligands

that must be avoided in a reprocessing facility.170

N,N’-Dimethyl-N,N’-dioctylhexylethoxymalonamide (DMDOHEMA) is a ligand used in the
EURO-GANEX process to reduce third phase formation whilst increasing Pu loading via its
bidentate nature. The ether backbone group largely increases the complexity of DMDOHEMAs
synthesis, yet it plays a pivotal role in the organic solubility and resistance to third phase

formation.171
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Figure 17: The chemical structure of N,N-Dimethyl-N,N’-dioctylhexylethoxymalonamide
(DMDOHEMA)

Diglycolamides emerged in the 1990s as another promising diamide extractant technology.172
These tridentate ligands became renowned for their powerful ability to extract trivalent f-block
elements, a crucial discovery for the recovery of americium. Diglycolamides offer better
distribution ratios than malonamides for trivalent actinides whilst their tridentate nature reduces
the number of ligands per metal ion. The use of malonamides in conjunction with diglycolamides
provides an excellent framework for transuranic extraction, as seen in the EURO-GANEX process
where N,N,N’,N’-tetra-n-octyl diglycolamide (TODGA, Figure 18) and DMDOHEMA work hand in
hand. Although multi-ligand processes can achieve desired process outcomes, the complexity of
the overall process escalates over time due to radiation effects on the ligands producing a
multitude of degradation products that may have unfavourable interactions. This results in a
concentration reduction of the desired ligands which need monitoring and adjusting to maintain
performance and selective extraction. Therefore, a simpler system is desirable and constant

research aims to achieve this.
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Figure 18: Chemical Structure of N,N,N’,N’-tetra-n-octyl diglycolamide (TODGA)

Diglycolamides are effective extractants for trivalent actinides and lanthanides in preference to
other metal ions such as the transition metals in irradiated nuclear fuel. This is due to their
tridentate nature and the hard-soft acid base concept as previously described.108-110 Similar to the

monoamides the diamides extraction properties are highly dependent on the chains bound to the
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amine groups of the amide. This has been extensively tested and verified by altering these chains
from straight alkyl, to branched alkyl, through to aryl groups.173174 To summarise, bulkier,
sterically hindered ligands demonstrate reduced complexation ability, compared to shorter chains
that provide more effective chelation, and so, higher distribution ratios. Despite this,
diglycolamides with short alkyl chains have higher aqueous solubility and are more prone to third
phase formation, therefore a balance between short and long alkyl chains is needed to be optimum.
Aryl groups were not found to be as suitable, therefore, the most promising diglycolamide was
identified as TODGA (Figure 18) as the medium length alkyl groups provide well balanced

properties.

Nevertheless, TODGA is not a perfect ligand, foremost it has reduced extraction efficiency to
improve its solubility, however there are other diglycolamides of interest that are utilised across
different advanced PTs. Two of which have modified alkyl groups, whilst the other possess a
slightly modified backbone (Figure 19). The first to mention is TEDGA, N,N,N’N’-tetraethyl
diglycolamide, a water soluble diglycolamide used as a ‘hold-back’ reagent for similar motivations
to SO3-Ph-BTBP however in this case preferentially chelating to the lanthanides not the trivalent
actinides. TEDGA is used in the EXAm (extraction of americium) process and is present in the
aqueous phase to hinder the extraction of unwanted lanthanides into the organic phase for
selective americium extraction, beneficially this hold back reagent is CHON compliant however the
organic extractants are not.”3 Alternatively, T2ZEHDGA, N,N,N’,N’-tetra-2-ethylhexyl diglycolamide
is a similar ligand to TODGA empirically but with branched alkyl chains adding further steric
hinderance.l’3 T2EHDGA is under consideration for use in the ALSEP (actinide-lanthanide
separation) process as an alternative TODGA exhibiting similar overall performance with some
loss in extraction efficiency and the need for a phase modifier to avoid third phase formation.175.176

Although TEDGA and T2EHDGA are structurally different to TODGA their synthesis will be very
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similar to the synthesis of TODGA revolving around the necessary amide bond formations.
Therefore, by optimising the synthesis of TODGA the optimal reaction conditions and workup will
likely be similar. Recent literature has shown an interest in diglycolamides with modified
backbones, a common example is 2-(2-(dioctylamino)-2-oxoethoxy)-N,N-dioctylpropanamide
(TWE21), however more extensive modifications have also been investigated such as the
replacement of the ether linkage with a nitrogen, and a “rigidified glycolamide”.17”7? TWE21 is
another potential alternative to TODGA that possesses an extra methyl on its backbone and could
see use in the iISANEX and EURO-GANEX processes as a replacement for TODGA.71465 The extra
methyl group influences the basicity of the central oxygen atom whilst modifying the steric
interaction of this molecule with ionic species, both of which are known to impact a the ligands
performance. Igbal et al.177 found that the increased basicity of the central oxygen atom from the
methyl group in TWE21 did not make up for the more challenging steric constraint, resulting in a

poorer performance compared to TODGA.
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Figure 19: The chemical structures of TODGA, T2ZEHDA, TEDGA and TWE21
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In summary, a whole host of interesting ligands for the partitioning of irradiated nuclear fuel
have been identified and efforts continue to improve on the current state of the art to alleviate
problems faced by current flowsheets. Many of these ligands show promise and offer highly
desirable properties for reprocessing, however, most of these technologies rely on ligand
combinations for actinide-lanthanide partitioning, increasing the complexity and cost of
reprocessing. The future of reprocessing will likely see the simplification of PTs by reducing the
number of ligands used. However, any successful ligands must meet many demands whilst being
economically viable, therefore the synthesis of promising ligands requires more attention and
optimisation. As amides and diamides are very popular groups of ligands it is imperative that their
synthesis is investigated to ensure their viability. The next section introduces the topic of amide
synthesis, a transformation that is crucial to the success of this work and of extreme importance

to the chemical industry.

1.3. Amide Bond Formations

Amide bonds are abundant in everyday life, forming the DNA upon which life relies, to the
pharmaceuticals, medicines, and vaccines that we rely upon. Amide bond formations are essential
in both the natural and synthetic world, and yet we still have not mastered this ‘simple’
transformation, relying on atom inefficient processes to achieve a task so common in nature.
Finding a general “green” method to amide bonds that avoids the use of additional, stoichiometric
reagents that do not contribute to the final product mass is of great importance to pharmaceutical

and specialty chemical manufacturers and has been for well over a decade.150.155178
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Scheme 2: The retrosynthesis of a tertiary amide

Carboxylic acids (Scheme 2) are often used by process chemists as a starting material for amide
synthesis due to their abundance and low cost, in addition to being more benign than other
functional groups like anhydrides and acyl chlorides which may be commercially available but are
typically more expensive. Such functionalities are often derived from the carboxylic acid, hence the
increased cost, yet the need for activating agents with the carboxylic acids can outweigh the

benefits of using these materials.

In addition to a carboxylic acid, the corresponding amine is also required, unfortunately the
transformation does not progress upon the combination of these raw materials alone. Instead, the

combination results in a proton shift from the carboxylic acid to the amine (Scheme 3).154

0 0
R + Ao &)
JJ\OH HoN* R = RJJ\O@ " HNTR
pKa ~4-5 pKa ~10-11
Scheme 3: Salting upon combination of a carboxylic acid and primary amine

Consequently, this salting hinders nucleophilic attack from the amine, requiring the need to
overcome a high energy barrier to achieve amide bond formation. Instead of forcing this direct
amidation with high temperatures and pressures that can degrade organic materials, synthetic
chemists more commonly exploit stoichiometric coupling reagents. These reagents lower the
energy barrier by generating a reactive intermediate prior to amide bond formation and are

discussed in more detail later in this section (Scheme 4).
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Scheme 4: Activation of a generalised carboxylic acid via a coupling reagent, followed by a
nucleophilic substitution from the amine, removing the good leaving group

The reagents listed in Table 1 are examples of common coupling reagents, employed to enhance
the reactivity of carboxylic acids, generating an activated intermediate susceptible to nucleophilic
attack, resulting in a subsequent reaction like amination to yield an amide bond (Scheme 4);
Ultimately, this transformation is at the expense of a stoichiometric reagent that does not
contribute to the mass of the final product resulting in increased waste volumes and further waste
when purifying the product. Coupling reagents are often highly reactive towards water, for some
the reagent is simply deactivated, whereas for others the reaction is vicious adding safety

considerations and challenges when working with large volumes of these materials.

Table 1: A comparison of molecular weights for common coupling agents highlighting the atom
efficiency when employing each. (see list of abbreviations for compound names.)

Coupling Molecular weight
Reagent (g/mol)
Phosgene 99

SOCI2 119
(cod), 127
EDC.HCI 155

CDI 162
DCC 206
Triphosgene 297

T3P® 318

HATU 380
PyBOP 520
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Thionyl chloride and oxalyl chloride are excellent chlorinating reagents that have seen use for
decades, however upon exposure to water the reaction is vigorous and releases toxic gases. The
danger and toxicity of coupling reagents is understandable from the previous statement alone,
however, their ability to cross link amino acids and interfere with DNA should not be
underestimated. These properties make it difficult to work with these reagents, especially on the

large scale. Not to mention the wasteful nature of these reagents due to their poor atom efficiency.

Without a good leaving group the conversion of carboxylic aids to amides requires a high energy
barrier to be overcome. To overcome this energy barrier, high temperatures (for organic
chemistry) and/or catalysis are alternative methodologies to coupling reagents (Scheme 5). Other
reaction pathways to amide bonds can be found in the literature. However, these methods are often
immature with niche applications, thus are yet to replace coupling reagents as a general approach

to amide bond formations.155179-183
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Scheme 5: Examples of amide bond formation reactions. A modified figure from T. Sheppard et
al 155
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In 2007 the ACS Green Chemistry Institute Pharmaceutical Roundtable (GCIPR) voted “amide
bond formations avoiding poor atom economy reagents” as a high priority challenge that needs
addressing.184 Since 2007 research has continued globally to develop greener strategies for amide
synthesis, most of which focus on catalytic methods. Despite its sustainable reputation, catalysis
does not ensure that the reaction will be greener or cleaner. This has been highlighted by Sheppard
et al.1>> who identified and discussed the advantages and disadvantages of catalytic amide bond
formations. This paper included process mass intensity (PMI) data for various amidation methods
in the literature to compare the green credentials of various routes, finding that current catalytic
techniques do not yet meet all the requirements to replace coupling reagents and can often be
more wasteful. It is often desirable for reactions to feature low PMI, whilst providing high product
yields with high purity and retrievability using affordable, cost friendly reagents that do not
possess risks that infringe on safety especially when large scale production is required. In 2018,
11 years on from the ACS GCIPR meeting and publication a follow up paper was published,8> this
time involving more pharmaceutical companies and again green issues in the industry were
discussed and assessed. Unsurprisingly, cleaner amide synthesis was again a top requirement, this
time titled “General methods for catalytic/sustainable amide synthesis”. This further reinforces
that since the initial publication in 2007 the scientific community has yet to find an all-purpose,
atom efficient route to the amide bond, hence the reliance on stoichiometric coupling reagents

remains prevalent in the chemical industry.

Dunetz et al.18¢ further emphasised the reliance on coupling reagents by publishing a review on
large scale amide bond formations in the pharmaceutical industry. This review showcases the
abundance of coupling reagents that are used on the large scale whilst discussing the pros and cons

from an industrial perspective.
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The popularity of EDC, 1-ethyl-3-(3'-dimethylaminopropyl)-carbodiimide hydrochloride is
highlighted as the coupling reagent of choice for amide synthesis (Figure 20). This carbodiimide,
EDC and its corresponding urea by-product, EDU (1-ethyl-3-(3’-dimethylaminopropyl)-urea) are
considerably more soluble than other popular carbodiimides such as DCC
(N,N’-dicyclohexylcarbodiimide) and DIC (N,N’-diisopropylcarbodiimide) providing much of its
success. Of all the reagents described in Figure 20 boric acid and the boronic acids are the only
catalytic reagents listed. As previously mentioned, catalytic amidations are a relatively immature
technology that often lacks general applicability. However, with more time and research, catalytic
methods may start to displace the dominance of stoichiometric reagents, alas for now reagents like

EDC, thionyl chloride, and CDI are here to stay.
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Figure 20: A modified figure displaying the popularity of coupling reagents used for amide bond
formations on the industrial scale.18¢ See the reference for the full names of these coupling
reagents. Costs were mostly taken from Merck/Sigma Aldrich in 2022 although some could not
be found the volume or weight costs were then calculated as a cost per mole.
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Carbodiimides like EDC are so effective because they are prone to nucleophilic attack from a
wide range of carboxylic acid containing target molecules to yield an activated ester, otherwise
known as the 0-acylisourea.18” This reactive intermediate then has three options, it can undergo
nucleophilic attack from the amine to yield the amide. This process eliminates the urea by-product
EDU. Alternatively, another carboxylic acid can attack the reactive intermediate to yield the
corresponding anhydride which is still susceptible to nucleophilic attack from the amine,
regenerating the carboxylic acid and forming the amide but consuming an equivalent of coupling
reagent. Disadvantageously, the O-acylisourea can rearrange via an acyl shift to yield the
unreactive N-acylurea by-product, as indicated in Figure 21, consequently this consumes the
carboxylic acid and coupling reagent. These three routes are illustrated in Figure 21 for benzoic
acid and a general secondary amine, illustrating general pathways by which EDC and other

carbodiimides like DCC can follow.
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Figure 21: Three reaction pathways for amide synthesis using EDC, benzoic acid, and a general

amine.

EDC is advantageous when it comes to product purification as both EDC and EDU are highly

water soluble and can be removed via a simple water wash. This is often true for the N-acylurea

by-product; hence the crude product can be mostly purified with relative ease. However, other

carbodiimides like DCC, the urea by-product, DCU (N,N-dicyclohexylurea) is insoluble in most

organic solvents, therefore reactions result in precipitation and frequently require filtration to

remove this by-product, this adds further cost and process steps/complications reinforcing the

preference for EDC over other carbodiimides.
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Chlorinating agents are another widely used coupling reagent in academia and industry for the
generation of acyl chlorides that can then react with an amine to yield the amide (

Rl .R? o
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R” “OH R™ >l 22
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Scheme 6). Thionyl chloride and oxalyl chloride are two popular chlorination agents being
somewhat safer than alternatives like phosgene and triphosgene that are more difficult to handle
especially on the large scale adding an often avoidable risk. Though it should be noted that these
reagents are all heavily toxic and release toxic gases when making and using them, therefore are
harmful reagents to the environment. These reagents still see widespread use and popularity
because of their exceptional compatibility and ability to achieve high product yields in a short time
with ease of purification. As chemistry moves toward net zero, alternatives will be needed and
these reagents may be phased out, therefore it is essential that significant investment in

generalised, green methodologies for amide bond formation are pursued and identified.
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Scheme 6: Generalised chlorination of a carboxylic acid and subsequent amination to yield an
amide.

The Schotten-Bauman reaction (Scheme 7) is commonly practiced for amide synthesis and has
been used to synthesise amide containing ligands like TODGA.188 Here, an aqueous base such as
sodium hydroxide is employed to mop up the eliminated HCI. Alternatively, organic bases like
triethylamine can be employed avoiding the use of an aqueous phase, proving to be a popular
methodology for the synthesis of amides like DEHiBA.54 As most of the publications that synthesise
extractants for nuclear reprocessing require small quantities of these molecules for testing, acyl
chloride is often the starting material of choice due to availability and robustness of these
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reactions.188 This avoids the more challenging chlorination step and achieves a good yield in a
single step. Alternatively early publications that discuss the synthesis of diglycolamides start with
the cyclic anhydrides whilst later publications use a chlorinating agent to generate the acyl
chloride. To our knowledge ligands for nuclear reprocessing have not yet been synthesised
without the use of a coupling reagent or an activated starting material. As these ligands are
chemically simple (despite the use of secondary amines), in comparison to active pharmaceutical
ingredients (APIs), an effort should be made for these amides to be synthesised via alternative,

cleaner routes, reducing the cost of manufacture and environmental burden prior to scale-up.
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Scheme 7: Generalised tertiary amide bond formation via the Schotten-Baumann reaction.

It should be mentioned that enzymatic amidation reactions are reported in the literature,8 and
even used in for large-scale manufacture of amide bonds by giants like Pfizer.1°0 However, these
enzymes are typically highly specialised and limited in their substrate scope, often requiring days
for reactions to complete, this makes them unlikely candidates for the synthesis of ligands like
DEHiBA and TODGA without targeted research to identify a suitable enzyme. Beneficially however,
when a suitable enzyme is identified the synthetic process is highly efficient and selective which is

beneficial for complicated and typically highly selective pharmaceutical synthesis.

The screening of amide bond transformations is often vital to find suitable reagents compatible
with the desired starting materials. This process is typically time consuming, labour intensive and
wasteful, however automated solid and liquid handlers paired with well plates allows dozens of
batch reactions and conditions to be screened with minimal interaction, speeding up the screening

process prior to the optimisation and comparison of promising synthetic routes.158191-196
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Unfortunately however, there is a significant cost barrier to this equipment hindering access to
this powerful resource. Self-optimising flow reactors offer the capability to screen multiple
synthetic routes at once, by exploring and optimising multiple continuous and discrete
variables,197 however this is more complex than an automated batch system with more limitations.
These limitations include incompatibility with non-homogenous reactions, limited solvent
screening and an inability to perform reactions simultaneously. Additionally, each solution must
be prepared likely by a human and as some solutions are unstable degradation over the course of
the campaign can lead to bias. A simpler option is the individual screening and optimisation of
synthetic routes in continuous flow using self-optimising flow reactors. The data from each

synthetic route can then be compared to identify an optimum route and conditions.156

1.4. Flow Chemistry

Over recent years the organic chemist’s toolkit has improved and diversified with influence
from industry 3.0 and 4.0.198-200 One of the most significant changes has been the development of
continuous flow chemistry, especially small scale flow reactors for lab-scale research
purposes.189.190 Batch chemistry in glass vessels has long been the primary option for chemists
when synthesising and purifying target materials, however, flow chemistry provides ample and
new opportunities especially automation and process intensification.201-206 Despite many
considering flow chemistry as a replacement to traditional batch chemistry, the reality is more
complex and flow chemistry should be considered a complementary technique to conventional
batch chemistry as not all chemistry is suited for continuous flow.297 Flow chemistry is the act of
flowing reagents as a continuous stream, this can take place through various media such as

reactors and separators to achieve chemical transformations or purifications respectively. The

70



development of lab-scale flow equipment enables more efficient process development to take this.
This can minimise waste volumes , and the ease of scalability means that little R&D is required to
transition a lab-scale flow reaction to a larger flow platform so long as the flow path and heat
transfer does not change significantly.208209 The term flow reactor encompasses both continuous
stirred tank reactors (CSTRs) and plug flow reactors (PFRs, Figure 22) such as tubular, plate, and

microfluidics.210-213
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Figure 22: illustrations of typical continuous stirred tank reactor,?14 and a plug flow reactor.215

Plug flow reactors are beneficial for high throughput reaction optimisation due to their
compatibility with automation and ability to reach steady state quickly with certainty when
changing reaction conditions, minimising waste volumes which can be essential when using costly
materials.216 Comparatively, CSTRs have broader residence time distributions than PFRs (Figure
23) which can lead to cross contamination between reaction conditions and longer wait times for
steady state which extends the overall optimisation time whilst consuming more material than an
automated optimisation in a PFR.217 Advantageously CSTRs can handle solids better than PFRs and
provide better mixing, which can be needed when performing liquid-liquid extractions in
continuous flow or for multiphasic reactions like the Schotten-Baumann reaction.218 Qverall PFRs
are well suited to research where small scale, high throughput experimentation is of great

importance, offering greater experimental throughput whilst using less material per experiment
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which can save on reagent costs which could be essential when using costly reagents and
intermediates. To further reduce this cost, slug flow can be adopted removing diffusion across the
reactor and thus the need to wait for steady state, although this adds complexity to the setup and

sampling for online or offline analysis.216.219

— CSTR
PFR

Tracer Concentration

Time
Figure 23: Typical residence time distribution of a CSTR and a PFR, reproduced from N. Kapur220

Despite the advantages that continuous flow chemistry offers, batch reactors and processes
have been standard practice at both the small and large scale for decades. This is mostly due to
their robustness and operational ease, yet batch chemistry carries limitations, most notably the
level of control over the reaction and difficulties with process intensification. PFRs possess smaller
dimensions for enhanced control over the reaction, such as better mixing, and enhanced heat
transfer.221.222 These offerings can enhance product quality and reaction efficiency by hindering
unwanted side reactions.??23 A major benefit of PFRs is the excellent heat transfer properties,
requiring reduced energy input to heat or cool solutions, further reducing operational costs.224-227
Thus solutions can be evenly heated or cooled for enhanced process control ensuring quality
control. Additionally, when heated reaction solutions are exposed to ambient conditions they

equilibrate quickly to the surrounding temperature unless insulated.224 This can be used to quench

72



reactions quickly, aids to control of exothermic runaway reactions and reduces safety concerns of

hot effluents.

PFRs are popular due to their narrow temperature profiles across the reaction mixture in
combination with enhanced mixing, facilitating the ability to avoid unwanted reaction pathways,
minimising the formation of by-products or degradation products.228 Additionally, flow chemistry
supports the safer use of toxic reagents, pressurised reactions, and gases as reagents with relative
ease.224229 The hazard of using dangerous and toxic reagents or intermediates can be heavily
reduced due to small reaction volumes without limiting product volumes,23° additionally,
hazardous and sensitive intermediates can be telescoped allowing a secondary chemical

transformation to take place removing the need to isolate and handle dangerous materials.231

Flow chemistry opens the door to new possibilities for new and old chemistry allowing access
to novel process windows and cost savings that can be achieved via improved energy efficiency
when heating or cooling solutions, simpler purifications due to reduced by-products, higher
yields/purity or select starting material consumption. These are prime examples why flow
chemistry is becoming extremely attractive in both academia and industry with giants like BASF,

AstraZeneca, and Pfizer transitioning chemistry into continuous flow as early as the discovery

stage.209.232-237

Despite the potential advantages of flow chemistry, not all chemistry is suited for continuous
flow, and does not always provide advantages over batch chemistry. A review by Hartman et al.238
discusses the merits of batch and flow chemistry, finding that reaction performance when using
flow does not necessarily exceed batch, plus developing a process in flow is often more time-
consuming and requires a more specialist skillset and equipment.207.238 Flow chemistry does

however offer an easier route to scale-up compared to batch chemistry due to better mixing of
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reagents and even temperature profiles across the reactions. Alternatively reactions can be scaled
out and product can be generated continuously.ll5 Further limitations for continuous flow
typically include an incompatibility with solids and precipitate formation, therefore starting
materials must be soluble prior to the reaction, following this the reaction mixture should remain
in the liquid phase to avoid problems.24 Not all reactors and pumps are incompatible with solids,
for example nanoparticle synthesis and catalysis are accessible in flow, however these chemistries

are particularly prone to reactor fouling.238

To its benefit, flow chemistry is compatible with automation and high throughput
experimentation for both reaction screening and optimisation.23° This allows a large number of
reaction conditions to be investigated in a short amount of time or continuously without the need
for human interaction.24? Traditional reaction screening and optimisation is a long, expensive and
tedious process in batch when performed manually. The long process of repeatedly weighing out
material for each reaction vessel can be mostly avoided in flow where several reservoirs can be
used for hundreds of experiments. This can further enhance the reproducibility of these reactions
reducing human error from repeated weighing, although degradation or precipitation of stock

solutions can be problematic and should be monitored.

Flow chemistry is therefore a complementary technology to batch chemistry, allowing suitable
chemistry to be investigated in novel ways, facilitating process intensification to improve process
metrics. Yet continuous flow is not compatible with all chemistries and may not offer benefits over
batch chemistry, particularly for reactions with slow kinetics or liquid-solid systems that can be
better suited to batch chemistry. To summarise, flow chemistry can be a powerful synthetic tool
when used under the correct circumstances, facilitating process intensification via access to novel

process windows, but is not a replacement technology.241.242
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1.4.1. Self-Optimising Flow Platforms

The integration of automation (industry 3.0) with flow chemistry has become popular for
chemical synthesis over recent years.z43244 To expand and improve on this, the inclusion of
machine learning (industry 4.0) with automated flow chemistry has seen the rise of self-optimising
flow reactors/platforms capable of optimising single and multi-step synthesis.24> These
machine-learning driven platforms can locate optimum conditions for a given reaction in minimal
time and experiments compared to traditional one variable at a time synthetic optimisation.z46
Automated chemical optimisation via self-optimising flow platforms is typically more accessible
than published automated batch platforms that employ robotic liquid and solid handlers used for
automated library synthesis only requiring pumps and temperature controllers capable of
communicating with a computer and the ability to code.?47-249 The use of machine learning
algorithms to optimise objectives is an efficient advancement over statistically driven Design of
Experiments (DoE) capable of solving more complex problems and identifying global optima.250
DoE has been used in abundance to optimise many reaction steps but it does not enable complete
autonomy.251.252 To complete the automation loop self-optimising flow platforms require a form of
inline/online analytics for process monitoring and the quantification of experimental outcomes,
this adds complexity and cost to these setups depending on the analysis however a simple UV-Vis
spectrometer can be sufficient. A whole host of process analytics have been used in combination
with flow such as infrared (IR) spectroscopy, UV-Vis spectroscopy, high performance liquid
chromatography (HPLC), benchtop NMR spectroscopy, gas chromatography (GC), and mass

spectrometry.243,253-256
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Figure 24: A simple self-optimising flow reactor setup where the pump and reactor temperature
are controlled by the optimisation algorithm via a feedback loop.

As flow chemistry is so well suited to automation plus the ability to conduct chemical
manufacture in an economic and sustainable manner, especially with lab-scale flow equipment,
there is no wonder why reaction optimisation in continuous flow has received great
interest.233.257.258 Continuous flow enables temperature, residence time, pressure, reactant
concentration, and equivalency to be accurately controlled with ease, reducing error and
improving repeatability. With such a range of variables that can be optimised the task becomes
very complex and time consuming for a human. Machine-learning algorithms such as SNOBFIT
(Stable Noisy Optimisation by Branch and FIT),25° BOAEI (Bayesian Optimisation with Adaptive
Expected Improvement),?0 and TS-EMO (Thompson sampling efficient multi-objective
optimisation) provide efficient solutions to this complex task, allowing multiple variables to be
changed at once where a human could only change one to understand the impact of that
variable.261 These algorithms are not discussed in detail here (see references for further detail),
but are able to find global or local optima for a given objective. Whilst SNOBFIT an BOAEI work
towards the optimisation of a single objective such as yield or purity, TS-EMO can optimise
multiple objectives simultaneously. Typically, multi-objective algorithms are employed for

conflicting objectives such as product throughput/space-time yield (STY) and reaction mass
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efficiency (RME). If a reaction has slow kinetics these objectives usually compete.156197 The
algorithm optimises each objective individually as well as the conditions in between where a
trade-off between the two objectives is met. As both objectives cannot be optimised under the
same conditions, a trade-off curve is identified, otherwise known as the Pareto front (Figure
25).262 The Pareto front contains a host of promising conditions from which the ‘best’ can be
chosen for scale-up subjective to which objective is more favourable alongside any other process

metrics of interest such as cost or yield.
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Figure 25: A depiction of the Pareto front for two given objectives.262

Examples of self-optimising flow chemistry are demonstrated throughout the literature, mostly
focussing on the synthesis of molecules and a recent focus on telescoping chemical
transformations, again mostly the synthesis steps.156:228,243,245,255,260,263-266 Crucially the success of
these platforms has been demonstrated through the optimisation of synthetic steps to the
industrially relevant Osimertinib (AZD9291) using the SNOBFIT algorithm.24> Other successes
include nanoparticle synthesis,2¢7 Claisen condensation reactions,26¢ and SnAr transformations>3
to name a few. Overall, a high level of success has been achieved with these reactors, where
optimum reaction conditions are identifiable in minimal experiments compared to traditional
approaches. However, these case-studies typically focus on the front end of chemical manufacture

achieving a crude product with exceptional process metrics without obtaining a pure product
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which is usually required. The purification of organic material can be complex, with many options
and variables to be optimised. The development of methodologies for lab-scale purification
optimisations is a logical progression for self-optimising flow platforms. Lab scale
purification/separation equipment is available and has been applied to purifications in continuous

flow, however the optimisation of such processes has seen limited interest in the literature.268-274

This area of research is applicable to real world problems where it can cut down on costs and
labour so that chemists can focus on more pressing problems instead of monotonous manual tasks
that can be achieved through automation. As the nuclear reprocessing field focuses on testing the
performance of ligands and flowsheets, the cost-effective large-scale manufacture of ligands to
achieve this requires more attention. The application of self-optimising flow platforms is a
promising route and methodology to achieve this task in a resource, time, and cost-effective

manner.

1.5. Summary

This literature review introduces the benefits and challenges faced by the next generation of
nuclear reprocessing flowsheets that can extend the supply of energy dense materials and rare
earth metals. The industrial uptake of such processes is cost intensive, firstly requiring highly
tailored processes and ligands to selectively extract target nuclides from a hostile environment in
a safe and predictable manner. The ligands in question are constantly under development and
testing, but a few of these are highly likely to be implemented in a future reprocessing facility.
There are limited suppliers for these high value research materials and with little to no demand
outside of the nuclear industry the cost to purchase these materials can be limiting with many

publications choosing to manufacture the materials themselves, albeit on a small gram scale.
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Large-scale testing of these ligands is necessary to ensure scalability of these processes, therefore
access to large volumes of ligands is required but can be a barrier to research due to high costs and
unoptimized synthetic routes to these ligands in the literature. The development, optimisation,
and publication of different routes to these molecules of interest would alleviate this barrier to
research, allowing researchers to further the technology readiness level of flowsheets like GANEX

as well as optimise these processes and future processes.

DEHiBA has been identified as a molecule of great interest to the research community whilst
being a simpler ligand with minimal steps for manufacture. Recent attention from the United States
further demonstrates the relevance of this material and need for further research into its
manufacture and performance testing. Currently it is unknown what effect impurities will have on
the extraction of uranium or other radionuclides therefore the testing of DEHiBA from differing
synthetic routes will aid to understand the effect of potential degradation products or impurities.
There are many variables that can be optimised for the extraction of elements from irradiated
nuclear fuel with major factors being type/structure of ligand, ligand concentration, metal
(uranium) concentration, nitric acid concentration, phase (SA) ratio, and temperature. Although
the type/structure of ligand is commonly compared throughout the literature, other variables,
particularly ligand and metal concentration, SA ratio, and temperature receive lesser attention.
The optimisation of these variables can maximise throughput reducing operational time ensuring
irradiated fuel that can be reprocessed in a timely manner, whilst increasing extraction efficiency,

minimising the number of extraction stages and thus capital and operational cost.

Although DEHiBA has been identified for this work, more complex ligands like TODGA are of
great interest and require similar research and optimisation. The methodologies employed in this
work are applicable to various other ligands, so long as each step is broken down individually and

not telescoped, it is possible to optimise a telescoped flow platform, however more advanced
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methodologies will likely be needed for such multi-step, telescoped reaction optimisations.
Nevertheless it is possible through these methodologies to optimise the manufacture of other
ligands, including more complex structures by investigating the efficient manufacture of DEHiBA

allowing specialised ligands to be tested more thoroughly by reducing a cost barrier to research.

1.6. Project Motivations

As the nuclear industry enters a new era where the world looks to it for a solution to the climate
crisis, the sustainability of nuclear fission must be ensured. Although nuclear energy has a low
carbon footprint, the fuel, uranium is a finite resource. This is a threat that impacts the long-term
viability of this technology. Nuclear reprocessing and recycling offer a solution to improve the
sustainability and extend the supply of nuclear fuel.l: 2 Nuclear reprocessing is practiced on the
industrial scale, however the current technology is old, expensive, and deemed unfeasible by most
nations. Replacement and complimentary reprocessing technologies have been under
development for decades to ensure their robustness prior to industrial implementation.3 These
technologies primarily utilise organic ligand extractants to selectively partition nuclear fuel. This
enables the selective recycling of elements for reuse as more nuclear fuel, in the future the recovery

of other rare, less radioactive elements like Iridium may be feasible to further extend supply.

These organic ligands have undergone thorough testing to ensure their effectiveness and
suitability but have not yet been deemed economically viable. The literature is sparse with specific
synthetic routes to these ligands and to our knowledge there is no literature describing and
comparing suitable synthetic routes to these ligands. Furthermore, the synthetic optimisation of
these ligands to reduce their cost is yet to be published. This gap in the literature may well limit
the appeal and uptake of these technologies.
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The implementation of flow chemistry to synthesise these ligands in addition to the
identification of multiple routes and conditions for their manufacture will enable cheaper and

wider access to these ligands.

1.7. Project Aims & Objectives

This project aims to identify an efficient process/methodology for the manufacture of organic
ligands for use in advanced nuclear reprocessing, specifically focussing on the synthesis and
subsequent purification of N,N-(di-2-ethylhexyl)isobutyramide (DEHiBA). This involves the
exploration, optimisation, and evaluation of synthetic and purification routes, using industry 4.0
optimisation techniques to identify a highly efficient and scalable process. Specifically, the project
employs automated flow reactor platforms for the optimisation of chemical transformations via
machine-learning algorithms to efficiently optimise key process metrics and identify promising

reaction conditions for continuous on-demand manufacture.

Subsequently, DEHiBA from these optimisations will be tested for the forward extraction of
uranium and verified against commercially sourced DEHiBA and the available literature data. The
suitability of the optimised manufacture routes will be assessed here ensuring that starting
materials, impurities and degradation products do not hinder the forward extraction of uranium,
ensuring DEHiBA can be manufactured via these routes. To expand on the available literature data,
variables like SA ratio, nitric acid concentration, and ligand concentration will be investigated for

a more efficient extraction of uranium(VI).
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1.8. Thesis Overview

The results chapters of this thesis are in the order: DEHiBA synthesis optimisation, continuous
DEHiBA purification optimisation, and then performance testing of DEHiBA, benchmarking against
literature data by extracting uranium(VI) from aqueous media. The work in these chapters was
not completed in that order due to equipment development needed for the purification in flow
optimisations. The synthesis chapter was first completed, next purification studies began in batch
of differing crude products that were available from the synthetic optimisations, this generated
enough purified DEHiBA for uranium extraction studies to begin, finally the purification of DEHiBA
was optimised in continuous flow. During the uranium extraction work the bulb for the UV-Vis
spectrometer deteriorated and halted repeats and further optimisation work that was planned. A
new bulb could not be sourced as the supplier would not ship to the UK, instead a different UV-Vis
spectrometer was purchased, however this arrived too late into my PhD studies and no further
work was completed or analysed with this new spectrometer. The inability to analyse the
extraction experiments meant that work then began on the continuous purification optimisations.
Thus, these chapters are not in chronological order and the uranium extraction chapter does not

use purified DEHiBA from the continuous purification optimisation chapter.

Repeatability was ensured for the continuous flow optimisation chapters prior to any
optimisation, this ensured reliability of the data as sampling/analysis only occurred when steady
state had been achieved. This was done using random experimental conditions and analysing via
online HPLC and offline GC-FID where applicable. Experiments were repeated in randomised
orders and a range of wait times/reactor volumes to determine when steady state had been
achieved. Process metrics quoted were highly reproducible due to the exceptional control that
continuous flow has over the reaction or purification. Following the optimisation promising

conditions were repeated along with random experimental conditions to ensure reliability, all of
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which were highly repeatable to the significant figures quoted, plus HPLC and GC-FID analysis

were found to be in agreement with one another.
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Chapter 2: A Self-Optimised Approach to Synthesising DEHiBA for
Advanced Nuclear Reprocessing, Exploiting the Power of Machine-

Learning

Thomas Shaw, Adam D. Clayton, Ricardo Labes, Thomas M. Dixon, Sarah Boyall, Oliver . Kershaw,

Richard A. Bourne and Bruce C. Hanson

2.1 Abstract

In an effort to advance the development of hydrometallurgical reprocessing of used nuclear fuel
across the globe, this work sets out to explore and identify an optimised cost-effective pathway to
synthesise the ligand DEHiBA (N,N-di-(2-ethylhexyl)isobutyramide). Currently, very few chemical
suppliers stock and distribute this specialist ligand, designed for the purpose of selective uranium
chelation and extraction from nuclear fuel. The high cost of DEHiIBA therefore restricts access to
essential large-scale testing of this promising ligand designed to advance nuclear reprocessing.
This work utilises an automated flow reactor platform for the efficient optimisation of four
synthetic routes to DEHiBA. These optimisations focus on optimising cost, reagent efficiency, yield
and productivity target functions by exploiting the power of machine-learning algorithms for rapid
process development. Ultimately, we have identified an efficient and cost-effective solvent-free
route to DEHiBA from isobutyric anhydride and di-2-ethylhexylamine for <£100 (current prices)
per litre of DEHiIBA in reagent costs enabling affordable access to litres of this material for
subsequent testing. The exothermic nature of this reaction proved that a tubular flow reactor
mitigated this safety risk, whilst also continuously producing crude DEHiBA with yields up to
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99+% at a purity of 76% and a process mass intensity of 1.29 g g-1 with conditions also capable of
productivities around 75 kg L-1 h-1, all whilst maintaining a high level of process control with outlet

temperatures not exceeding 35 °C.

2.2 Introduction

The demand for nuclear energy has surged in recent years due to a global drive toward
sustainability. In line with this, the UK government stated in its 2020 energy white paper that
nuclear energy would play a key role in decarbonising Britain over the next 30 years,! which has
resulted in multi-billion pound investments in large nuclear reactors at Hinkley and Sizewell. The
recent rise in interest towards nuclear fission as a means to not only decarbonise power, but other,
“more difficult to decarbonise industries”,2* brings the question of how sustainable is nuclear
fission as a whole? The clean energy benefits and low carbon emissions associated with energy
production from nuclear power is indisputable.> ¢ Yet, an open fuel cycle remains popular for most,
despite its unsustainable nature.’-° To improve the sustainability of nuclear fission the appropriate
management of used nuclear fuel is vital for nuclear fission to be sustainable for future generations
over a long time-frame. Currently, two overarching routes exist for the management of used
nuclear fuel: direct disposal in geological facilities, and nuclear reprocessing/recycle.19 For nuclear
fission to be truly sustainable, the employment of a closed fuel cycle that avoids wasting this
valuable resource, rich in elements from across the periodic table, is critical.10-13 Yet, at present,
few reprocessing facilities are in operation and these only employ the limited, but mature PUREX
(Plutonium Uranium Reduction EXtraction) process for the selective extraction of uranium and
plutonium.14-17 This selective extraction is achieved through a series of liquid-liquid extractions

and is governed by the ligand tri-n-butyl phosphate (TBP).18-20
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The selectivity of hydrometallurgical reprocessing is defined by organic ligands like TBP, due to
their affinity for chelation of specific metal ions.21 22 To enhance the capability of nuclear
reprocessing, researchers have developed and tested a host of different ligands over a series of
decades.23-26 Dialkylamide and diamide ligands are two successful groups of ligands for the
removal of long-lived radionuclides such as the actinides, with the dialkylamide, DEHiBA
(N,N-di-(2-ethylhexyl)isobutyramide) proving to be an ideal replacement for TBP.11.27-29 DEHiBA
offers improved selectively for uranium and does not extract plutonium,3%-32 thus enhances
proliferation resistance for processes that employ DEHiBA like the GANEX (Grouped Actinide
Extraction) process.33 34 Notably, the GANEX second cycle flowsheets employ more complex
ligands like the diamides to facilitate transuranic extraction downstream.35-37 Recent publications
from Hall et al. highlight the continued interest and relevance of DEHiIBA for the selective
extraction of uranium, their research focussing on process intensification of uranium extraction,

ensuring performance under various conditions.38 39

The specialist nature of DEHiBA makes it a high-cost research material with limited suppliers.
This is not only detrimental to the economics of advanced reprocessing, but also restricts access
to research in this field, in particular large-scale performance testing that is necessary to further
the technology readiness level. A less costly approach is to synthesise ligands like DEHiBA in-house
using procedures outlined in the available literature,#? with Thiollet and Musikas being frequently
referenced.#l This approach employs isobutyryl chloride (iBCl), triethylamine, and
di-(2-ethylhexyl)amine (DiEHA) to yield DEHiBA, via an effective method in a lab environment.
Unfortunately, iBCl is currently more costly than alternative materials such as isobutyric acid
(iBA), whilst also being highly toxic, halogenated, and violently reacting with water, thus being
unfavourable for scale-up. These issues are avoidable through alternative synthetic pathways

(Figure 26). An ideal manufacture process for DEHiBA would minimise the use of toxic/hazardous
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reagents, avoid halogenated reagents and solvents whilst minimising process mass intensity (PMI)
in order to reduce safety concerns and reduce environmental impact. Desirably one condition
would grant minimum reagent cost, with little trade-off between productivity and reaction mass
efficiency (RME), finally a high yield with minimal by-products will reduce downstream

purification costs.
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Figure 26: Four synthetic pathways to DEHiBA, (a-f) are the different routes that have been
investigated in this work, where routes (c-e) represent one synthetic pathway but with different
solvent systems.

To identify the optimum route and conditions to DEHiBA, each process will be optimised and
compared in this work. Traditionally this can take months if not years to find an optimised solution
depending on the chemistry and objectives chosen. However, recent advances at the interface
between chemistry, chemical engineering and computer science has led to the development of
platforms capable of rapid process development and optimisation.#2-48 The emergence and success
of these technologies has been largely driven and adopted by academia with the chemical industry
to save valuable time and money needed for chemical development.49-51 Self-optimising flow
reactors that utilise machine-learning algorithms in conjunction with online/inline analysis and a
feedback loop are one of these technologies that has gained considerable interest of late.#7.52 These
advanced chemical reactors, automatically adjust operating conditions depending on the reaction

outcome in order to optimise reaction performance.5258 As traditional process optimisation
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campaigns are renowned for being research and labour intensive, the utilisation of these more
efficient, machine learning driven technologies (Figure 27), enables the reduction of chemical
consumption, labour, risk, and optimisation time-lines.>3 5% 60 Furthermore, a continuous flow
process facilitates continuous manufacture with enhanced process control, offering high product

throughput with the beneficial ease of real-time process monitoring.4”
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Figure 27: An illustration of a self-optimising flow reactor platform for the automated process
optimisation of chemical reactions.

In this work we have employed self-optimising flow reactor platforms to optimise key process
metrics of the four synthetic pathways to DEHiBA. This data has enabled identification of the best
performing route for the large-scale manufacture of DEHiBA in continuous flow. Tubular flow was
utilised for its ease of access to more expansive operating windows such as pressures over 200 bar
and temperatures well in excess of typical boiling points when compared to batch chemistry.®1 This
facilitated process intensification of each route and enhanced reaction kinetic understanding, all
whilst enhancing process control and safety by minimising reaction volumes for controlling
exothermic reactions. Batch chemistry was used as a screening tool to ensure reaction feasibility
and suitability in continuous flow and was not optimised in this work. This work focussed on
identifying the most cost effective, reagent efficient conditions that are suitable for large-scale

continuous manufacture. The productivity of each process is of importance and has been optimised
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in this work, here Pareto fronts have been identified to understand any trade-offs between process
metrics for each route.52 This is particularly important if there is a trade-off between cost or
reagent efficiency and productivity, therefore Pareto fronts aid the identification of conditions that
balance these metrics and enhance the understanding of each route, supporting the decision
making process for scale up. A combination of single- and multi-objective optimisation algorithms
have been exploited to optimise product yield, reaction mass efficiency (RME), space-time yield
(STY), and reagent cost per moles of DEHiBA produced. A range of high performing reaction
conditions across the four synthetic pathways have been identified in this work to inform key
decisions for an optimised synthesis of DEHiBA prior to scale-up of DEHiBA in the future. This
work further validates the power of self-optimising flow platforms by identifying a scalable, high-
performance route to DEHiBA, a specialist ligand for advanced nuclear reprocessing, via the rapid

optimisation of four synthetic pathways.

2.3 Experimental

2.3.1 Chemicals

All of the following commercially available compounds were purchased and used without
further purification. N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA; >99%) was purchased from
Technocomm Ltd. Di-(2-ethylhexyl)amine (DiEHA, 99%), isobutyric acid (iBA; 99+%) and
triethylamine (99%) were purchased from Acros Organics. 4-dimethylaminopyridine (DMAP;
99%), acetonitrile (MeCN; HPLC grade), N,N-dimethylformamide (DMF; Extra Pure), hexane (97%)
and chloroform (99+%) were purchased from Fisher Scientific Ltd. Isobutyric anhydride
(iBAnhydride, 99%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCI;
99%), and isobutyryl chloride (iBCl; 97%) were purchased from Fluorochem. Biphenyl (99+%)

was purchased from Merck Life Science UK Ltd.

113



Reagent costs were acquired as of March 2022 and can be found in Table S1.

2.3.2 The Self-Optimising Flow Reactor Platform

The flow platform is illustrated in Figure 28 where reagents were pumped using JASCO PU-
2080 dual piston HPLC pumps and flow paths were mixed using Swagelok SS-100-3 tee-pieces.
Reactors of desired volumes were made from either PFA, PTFE or 316 stainless steel (SS) tubing
(1/16" OD, 1.59 mm ID for PFA and PTFE and 1/32” ID for SS tubing), supplied by Polyflon
Technology Ltd and Cole Parmer, these were fitted to a cylindrical aluminium block and heated via
a Eurotherm 3200 temperature controller. Sampling was achieved using a VICI Valco EUDA-CI4W
sample loop (4-port) with 0.5-0.06 pL injection volume. Reactions were maintained under fixed
back pressures using Upchurch Scientific back pressure regulators (100/250 psi), whilst route (e)
employed the Tescom™ 26-1762-22 control pressure regulator to achieve a pressure of 210 bar.
Quantitative analysis was performed on an Agilent 1260 Infinity II series HPLC instrument fitted
with an Agilent Poroshell 120 EC-C18 reverse phase column (5 cm length, 4.6 mm ID and 2.7 pym
particle size). The HPLC method can be found in Chapter 6, Section 1 (HPLC and GC-FID Methods)
experimental section. The automated platform was controlled using a custom written MATLAB
program, the optimisation algorithms were also written and implemented in MATLAB. Calibration

curves (Figure S5) were obtained to quantify the analysis using biphenyl as the internal standard.

MATLAB was used to control pump flow rates, reactor temperature and sampling. For each
iteration the reactor was allowed to stabilize at the desired operating temperature; the pumps
were set to the required flow rates and left for three reactor volumes to reach steady state; then
finally, the sampling valve was triggered alongside HPLC analysis. To minimize the duration and
material consumption per iteration: (i) pump flow rates were reduced to a minimum during the

heating/cooling of the reactor; (ii) initial LHC experiments were sorted in order of increasing
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temperature; (iii) sequential LHC experiments were started whilst analysis of the previous
experiment was running. Responses for each objective were calculated from HPLC chromatograms
and used to inform the optimisation algorithm of the reactions’ outcome and generate the next set

of reaction conditions.
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Figure 28: (Top) This illustrates the flow reactor setups for the self-optimisation of the solvated
routes (a-d), where a reaction concentration of 0.01 M (DiEHA in the reactor) was maintained. All
reagents in black text are used in all setups, whilst the colour coded reagents refer to the setups
for each specific route as defined in Figure 26: Four synthetic pathways to DEHiBA, (a-f) are the
different routes that have been investigated in this work, where routes (c-e) represent one
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synthetic pathway but with different solvent systems. and the dashed boxes atop the setups.
(Bottom) The solvent-free routes (e) and (f) were set up as illustrated, utilising solvent dilution
pumps to enable quantitative online analysis.

2.4 Results and Discussion

2.4.1 Overview of Optimisations and Comparisons

This work compares routes (a-f) using the process metrics Yield, RME, STY, and reagent cost
throughout. It is improbable that one route and condition will provide the lowest cost whilst
maximising yield, RME, and STY, therefore conditions that minimise trade-offs between key
process metrics are optimal for scale-up. This section provides an overview of how each route has
been optimised, whilst the parameter bounds for each optimisation are detailed in Chapter 6.1.
The solvated routes (a-d) were optimised at 0.01 mol dm-3 of DEHiBA to minimise chemical
consumption and facilitate fair comparison between routes due to the effect of concentration on
STY, a concentration limitation with route (b) defined the reaction concentration for (a-d). In
Figure 29, the minimum residence time was limited to 0.5 minutes for ease of STY comparison
between routes (a-d). Maximum/minimum theoretical limits for each route are defined in the 2D

metric comparison plots.

As the ultimate driving force behind this work was to identify a cost-effective process to
synthesise DEHiBA on demand, RME was utilised as the optimisation objective to achieve this.
Simply minimising the amount of reagent used whilst maximising the amount of product meant
that the algorithm located low reagent costs per mole of DEHiBA formed, omitting changes in
reagent cost over time. The low cost of iBA added complexity to this for route (f), therefore reagent
cost was instead minimised during this optimisation. Maximising STY was another key objective

for this work due to its large role to play in the economics of a manufacture process.
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Each optimisation utilised Latin hypercube sampling to initiate the optimisation,®? following
this Bayesian optimisation was employed to maximise yield for (a-e) to ensure setup and
parameter space feasibility.8 53,63 The core optimisation for each route was facilitated by the
Thompson Sampling Efficient Multi-objective Optimisation (TSEMO) algorithm to maximise STY

and RME or reagent cost.5564-68

The discussion for each route focusses on comparing the RME, STY Pareto fronts, reagent costs,
and product yield to aid identification of optimum conditions. Comparisons of key process metrics
for the different routes are illustrated by Figure 29, whilst Figure 30 compares the RME relative
to the conditions explored for each route. STY, yield, and reagent cost, plots in the format of Figure

30 can be found in Chapter 6.1 with additional process data such as Table S2.

2.4.2 Route (a): Synthesis from Isobutyryl Chloride

The most common synthetic route to DEHiBA found in the literature employs isobutyryl
chloride (iBCl),40.41,69-71 35 a highly reactive starting material capable of yielding the product in a
single step (Figure 26). The prevalence of this route meant that route (a) was the obvious starting
point for this research. This chemistry was transitioned into continuous flow and optimised for
comparison with the other routes in this work. Concerns with the environmental footprint,
reactivity and toxicity of iBCl when considering scale-up are unfavourable. Additionally, the
demanding safeguards required could heighten the cost of this route and burden plant design
compared to alternative routes. Beneficially however, the utilisation of continuous flow here
improves process safety via enhanced process control and improved heat transfer properties,

enabling greater regulation of exothermic, runaway reactions.
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The reaction screening of route (a) was trialled in batch prior to a transition to continuous flow
to verify the suitability of the reaction. Incompatibility issues were encountered with the majority
of common laboratory solvents due to the precipitation of triethylamine hydrochloride, this forced
the adoption of chloroform to solubilise this salt and ensure homogeneity. Again, this further
reduced the desire to implement this route for large-scale manufacture due to the environmental

drawbacks of chloroform.72 73

Multiple flow setups were investigated for the optimisation of route (a) (Figure S7), however
the setup detailed in Figure 28 proved most suitable, with many conditions reaching the maximum
theoretical STY (374 g L-1 h-1) which is largely limited by the residence time range specified, and is
thus the upper limit for all three solvated routes, but falling slightly short of the maximum
theoretical RME (69.4%). The fast reaction kinetics for this route granted almost no trade-off
between RME and STY (Figure 29), whereby the data formed a right angle along a STY of 374 g L-1
h-1 and an RME of 65% (Table 2). No trade-off was observed beyond 300 g L-1 h-1, however a gain
in RME to 68% was observed around 280-300 g L-1 h-1, this equated to a reduction in reagent cost
from £37 mol! to £35 mol-! but at the loss of 70-90 g L-1 h-1. This breakthrough in RME was
achieved with sub stoichiometric equivalents of iBCl and triethylamine at 150 °C. The preference
for short residence times was clear, with product yield typically diminishing as residence time
increased, likely due to the increased exposure of iBCl to elevated temperature. Ultimately this

benefitted reaction performance due to minimal trade-off between these key process metrics.

It was observed that the minimum residence time of 0.5 minutes limited the performance of
route (a), therefore shorter residence times as low as 12 seconds were explored. This again
resulted in product yields up to 99+%, no loss in RME, and product throughputs up to 944 g L-1 h-1

(Figure S9). This further highlights the rapid reaction kinetics of route (a) even at 0.01 mol dm-3.
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These shorter residence times also provided minor performance improvements, with RMEs of

66% even at 900+ g L1 h-1, potentially due to the reduced exposure of iBCl to elevated temperature.
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Figure 29: Space-time yield and reagent cost vs reaction mass efficiency data demonstrating
Pareto fronts for the solvated routes (a) A, (b) ©, & (c) ¢, where the dashed lines indicate the
maximum theoretical limits for the respective process metrics.

Six promising reaction conditions have been identified as candidates for scale up in Table 2.

The most cost-effective condition, £35 mol-! equated to the optimum RME of 67.8%, and a STY of
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285 g L1 h'l, whilst the best STY and RME at 374 g L1 h-1 and 64.8% respectively required just
35 °C, and a slight excess of iBCl and triethylamine. The lowest cost per mole of DEHiBA for this
route was identified to be £35 mol-l. This reaction appears to be kinetically limited at 35 °C due to
the need for greater equivalents to achieve similar performance to reactions beyond 100 °C.
Whereas the final two conditions at 12 second residence times demonstrate some loss in

performance due to the short reaction time despite temperatures well in excess of 35 °C.

Table 2: Four optimum conditions identified via the Pareto fronts in Figure 29 of route (a),
whilst the last two were found to be optimal for 0.2 minute residence time conditions. The colour
coding is used for ease of comparison between the performance metrics for each route where
green illustrates better performance than red.

Residence Equivalents. Temperature Yielc_l of Reaction Spac_e-Time Cos.t of
Time (min) . C) DEHiBA Mass Ylf-)|d_ DEHIB_A
iBCl Et:N (%)  Efficiency (%) (gL'h™") (£mol’)
0.6 095 0.95 150.0 LS 68.6 285 35.0
0.5 1.19 1.15 35.0 99.9 64.8 374 37.4
0.5 1.09 1.44 355 99.2 61.4 374 36.9
0.5 1.09 1.19 70.5 98.4 64.1 371 36.9
0.2 1.12 1.08 71.0 98.8 65.6 933 36.9
0.2 1.24 1.18 124.0 99.9 63.2 944 38.5

In summary, route (a) demonstrates fast reaction kinetics at this concentration, favouring
shorter residence times with optimal temperature depending on the available equivalents of iBCl
and triethylamine (Figure 30). High yields were achieved throughout the optimisation and the
insignificant trade-off between RME and STY provided hard to beat process metrics at this
concentration, thus route (a) is a convenient and effective route for the lab scale synthesis of
DEHiBA. Nevertheless, the hazards and halogenated nature of iBCl and chloroform introduce
avoidable complications and concerns. Therefore, the following sections explore and optimise
alternative routes to identify an optimised route to DEHiBA to improve access to large-scale
reprocessing testing that is currently economically restrictive if purchasing ligands from

commercial suppliers.
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2.4.3 Route (b). The Coupling Reagent Approach: EDC.HCI
Mediated Synthesis

Coupling reagents are popular in the pharmaceutical industry for amide/peptide and ester
formations, with their highly effective and robust nature seemingly outweighing their inherent
atom inefficiency.’* This popularity is prevalent even for the large-scale manufacture of
pharmaceuticals as highlighted by Dunetz et al.’> where popular coupling reagents like thionyl
chloride, 1,1’-carbonyldiimidazole (CDI) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) are discussed and compared. The dominance of EDC.HCI for amide bond
formations in the pharmaceutical industry is largely due to its ease of purification and applicability
to a broad range of substrates. These characteristics are beneficial for the successful manufacture
of troublesome tertiary amides and may prove effective for the sterically bulky DEHiBA target in
this case. Further to these benefits, Pfizer’s’ publication discussing amide bond formations in
continuous flow,”¢ identifies EDC.HCI as one of the few coupling reagents suitable for continuous
flow. Therefore, route (b) was attempted and optimised in continuous flow to assess this
alternative route to DEHiBA that starts with isobutyric acid (iBA), a more benign and cost-effective

raw material than iBCL

Batch screening led to the adoption of acetonitrile (MeCN) as the reaction solvent due to
comparatively good product yields and the limited solubility of EDC.HCI in most organic solvents
.77 Solubility limitations with DiEHA required the inclusion of iBA to the reservoir to ensure
homogeneity of the solution due to immiscibility of DIEHA and MeCN alone. Additive screening in
batch led to the addition of 4-dimethylaminopyridine (DMAP) to the flow setup, as 5 mol% saw

product yields rise from 50% to 99+% at room temperature.

The optimisation of route (b) in continuous flow required the exploration of a wider equivalent

range to route (a), as 22 equivalents of both EDC.HCl and iBA was necessary to achieve comparable
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product yields. This inefficient reagent excess was extreme when compared to a batch setup,
whereby equimolar amounts of DiEHA, iBA and EDC.HC], yielded almost complete conversion to
DEHiBA, although a 6 hour reaction time was required. The setup also demonstrated a
requirement for temperatures >75 °C, else little or no product formation for residence times as
long as 10 minutes, whilst the best conditions showed a preference for >140 °C (Table 3). We
hypothesise that the elevated temperature required by this setup encourages the formation of
N-acylurea, an unwanted, unreactive by-product formed by the rearrangement of 0-acylisourea
(Scheme S3).78 This hypothesis was confirmed via kinetic batch studies, where an increase in

temperature led to the loss of product yield (Figure S11).

Table 3: Six optimum conditions identified via the Pareto fronts in Figure 29 of route (b).

Residence Equivalents. Temperature Yielc_i of Reaction Spac_e-Time Cos_t of
Time (min) EDC i C) DEHIBA Mass Yl_eld_ DEHIB_A
iBA (%)  Efficiency (%) (gL'h") (£mol’)

14 1.66 2.533 169 75.6 299 98.2 79.7

3.3 1.90 1.70 153 84.8 34.7 47.6 77.3

0.7 490 264 150 91.2 20.0 240 151

1.0 3.08 3.16 144 93.8 26.2 168 101

3.1 220 250 149 95.0 3313 57.1 771

3.0 250 2.10 151 96.2 32.9 60.0 83.3

Although a number of competitive yields (>90%) were achieved here in continuous flow the
typical requirement for large reagent excesses proved to be detrimental to the RME and hence
results in an increased reagent cost for this route. The best RMEs (33-35%, 59% of the theoretical
maximum) were achieved when using approximately 2 equivalents of EDC.HCl and iBA, this led to
uncompetitive reagent costs as low as £77 mol-1. These poor RME and reagent cost metrics result

in an uneconomic manufacture route with this setup.

As it was unclear why an excess of iBA and EDC.HCI is needed in continuous flow but not in
batch, further kinetic studies investigated the effect of concentration on the batch reaction. It was

observed that over a concentration range of 0.15 to 0.01 mol dm-3, a drop in yield from 99+% to
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42% was observed respectively (Figure S11). We hypothesise that this is due to the reduction in
the rate of collision between DiEHA and the activated intermediate of iBA (0O-acylisourea) as
concentration reduces, whereas the rate of rearrangement from the 0-acylisourea to N-acylurea is
unaffected by this change and remains constant at the same temperature. Therefore, as
concentration reduces, so too does the yield due to increased by-product formation. We expect
that the RME would improve if this optimisation was conducted at a greater concentration. To
improve the competitiveness of this reaction we focussed on increasing the reservoir
concentration of EDC.HCI as this largely limited the reaction concentration. The addition of bases
such as di-isopropyl ethylamine (DIPEA) resulted in a dramatic improvement in solubility of
EDC.HCI, unfortunately this led to a 60-70% reduction in reaction yield in addition to further setup
challenges. Consequently, attempts to increase the reaction concentration were abandoned and
work progressed to routes (c-f) in hope these would provide competitiveness. Ultimately, the
current flow setup limitations mean this reaction is better suited to batch chemistry if RME or

reagent cost are important process metrics.

Six conditions that exhibit the most promise for this route are detailed in Table 3. The lack of
competitiveness of this route led to the pursuit of other synthetic routes before further continued
on the optimisation of route (b) to increase the reaction concentration. The next route utilises

isobutyric anhydride directly, removing the need for EDC.HCI.

2.4.4 Routes (c) & (d). A Direct Route from Isobutyric

Anhydride - Acetonitrile and Hexane Solvated Reactions

The direct combination of DiEHA and isobutyric anhydride (iBAnhydride) for the synthesis of

DEHiBA is pursued here. Theoretically this synthetic pathway has the capability to outperform the
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reagent cost and RME of routes (a) and (b), with the added benefits that iBAnhydride is a readily
available, cost-effective reagent, with reduced hazards relative to iBCl whilst also being ideal for
continuous flow due to the enhanced heat transfer that facilitates the control of exothermic
reactions. Though it should be noted that for each equivalent of iBAnhydride consumed an

equivalent of iBA is produced, burdening the purification process.

Preliminary batch studies were limited due to the nature of the exothermic, runaway reactions.
No solubility issues were encountered unlike routes (a) and (b), opening the reaction to a range of
solvents and facilitating a quick transition of this reaction to continuous flow. The diverse solvent
compatibility of this reaction enabled the pursuit of two optimisation setups to evaluate the effect

of solvent on this chemistry.

Acetonitrile and hexane, routes (c) and (d) respectively were chosen as the solvents for this
comparison. The optimisation of route (c) showcased excellent conversion even at low equivalents
(<2), with nearly half of the 116 conditions attaining yields 290%. The best conditions for RME
and reagent cost exhibited a distinct preference for 100-130 °C, low iBAnhydride equivalents
(1.0-1.8), and longer residence times (up to seven minutes). Shorter residence times were typically
poorer yielding unless combined with greater equivalents, though this largely reduced the RME
and added cost for the price of improving productivity. Consequently, this gave rise to a significant
trade-off between RME and STY for this route, a stark contrast to route (a). In this case the cost for
improving the STY dramatically reduces the RME, for example a maximum RME of 70.4% at a STY
of 24 g L-1 h1, reduced dramatically to 45.6% for a minor increase in STY to 51 g L-1 h-lor an RME
of 26.5% to achieve a STY of 326 g L1 h'l. This trade-off was uncompetitive with route (a), as

illustrated in Figure 29, if both productivity and cost are valued as important.
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Route (c) is however the most cost-effective manufacture route to DEHiBA with reagent costs
as low as £26 mol-L. Still, a reasonable STY is necessary for continuous large-scale manufacture to

be viable. Therefore, this setup requires further optimisation before it can be scaled up.

Six of the best conditions for route (c) are defined in Table 4 covering a range of performance
metrics for a more holistic understanding of this route. The trade-off between RME and STY is
further emphasised by this data, whilst the high temperature and equivalent dependence for

improved STY is best highlighted by this data.

Table 4: Six optimum conditions identified via the Pareto fronts in Figure 29 of route (c).

Residence Equivalents. Temperature YiEIq of Reaction Spac_e-'l'lme Cos? of
Time (min) iBAnhydride (°c) DEHIBA Mass Yield ~ DEHiBA
(%) Efficiency (%) (gL h") (£mol7)
0.5 5.00 150.0
7.0 1.00 127.5
0.8 5.00 128.5
09 4.50 143.5
7.0 1.50 127.5
6.5 1.80 127.0 60.6 294 27.1
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126



the parameter space for each optimisation, finally a reduced dataset has been presented for
clarity. Whilst Figures S2-4 in Chapter 6.1 illustrate reagent cost, space-time yield and DEHiBA
yield respectively for these reactions.

The second optimisation of this synthetic pathway utilised hexane as the solvent (route (d)) to
improve process understanding in an attempt to improve the RME, STY Pareto front. Solvent often
plays a highly influential role in promoting and controlling chemical reactions,’®8% such as
influencing key process metrics like cost and purity. Therefore, the understanding of solvent effect
on a given reaction is of great interest for process optimisation and cost minimisation. In this case
the change in solvent results not only results in a shift in the conditions required to achieve the
optimum RME but also a difference in the optimum RME. Figure 30 illustrates this change, through
the difference in optimal conditions for RME whereby the reaction in hexane (route (d)) favours a
lower temperature of 70 °C to achieve the optimum RME of 62.4% for this optimisation, whereas
higher temperatures are favoured when using acetonitrile and this results in a greater RME of
70.4%. The optimisation of route (d) was completed in less than 48 hours, emphasising the power

of self-optimising flow reactor platforms by relocating process optima for a new solvent system.

Overall, routes (c) and (d) largely demonstrated similar trends for the process metrics of interest,
with the exception of the difference in temperature preference between these routes. Route (d)
did however underperform with respect to (c), potentially due to the reduced parameter space
for the optimisation of route (d), although the STY, RME Pareto front trends are in agreement
with one another (Figure S15).
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Table 5 defines six of the best performing conditions for route (d) for contrast with Table 4.
Route (c) proves to be the most promising candidate to compete with route (a), therefore further

optimisation of this route is needed to improve the productivity.
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Table 5: Six optimum conditions identified via the Pareto fronts in Figure S15 of route (d).

Residence Equivalents. Temperature Yielc_i of Reaction Spac_e-Time Cos_t of
Time (min) iBAnhydride ~ (°C) | CCHIBA _  Mass Yield ~ DEHIBA
(%) Efficiency (%) (gL h7) (£mol™)
0.7 2.50 105.0 54.2 26.5 145 58.0
24 1.35 70.5 64.9 44 4 51.6 39.0
7.0 1.21 69.7 86.8 62.4 23.2 28.4
3.7 2.15 71.5 86.8 46.5 43.8 341
7.0 1.45 69.0 90.5 59.9 242 28.6
3.9 3.00 91.5 95.8 41.7 46.5 35.6

2.4.5 Comparison of Solvated Routes (a), (b), (c) and (d)

To summarise the performance of routes (a-d), this section will briefly compare these routes.
Route (a) demonstrated near perfect performance with little to no trade-off between RME and STY
resulting in unmatched performance when considering all process metrics equally. Route (a) even
proved highly successful for 12 second residence times, producing excellent product throughput
given the concentration in addition to near perfect RME. The downfalls of route (a) arose from iBCl
as it is around 3 times the price of iBAnhydride, limiting the reagent cost to £35 mol-! whilst route
(c) was capable of £26 mol-1. Further to this the hazards of iBCl outweighed those of iBAnhydride,
these factors are of great importance when moving towards large-scale manufacture as they add
cost and risk. Unfortunately however, the large trade-off between RME and STY for route (c)
largely hinders its performance making it unfavourable to scale-up at this stage despite the low
reagent cost involved with the synthesis. In an attempt to improve this the setup of route (c) was
further optimised, the results of which led to route (e), a solvent-free synthesis that utilises the
same synthetic pathway as routes (c) and (d) but with massive gains in concentration and hence
reaction kinetics. Route (a) was not scaled up in a similar way due to the corrosive nature of the

chemistry and safety concerns with these neat materials.
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Route (b) was inspired by the pharmaceutical industry, with the hope that EDC.HCl would afford
an alternative, competitive manufacture route to DEHiBA. Unfortunately, the performance of this
route was far from competitive due to limitations of this chemistry in continuous flow and the
current setup for this optimisation. The batch synthesis of route (b) was however very reagent and
temperature efficient requiring little to no reagent excess for near complete conversion at room

temperature, although 6 hour reaction times were necessary.

2.4.6 Towards Scale-up: A Solvent-free Synthesis of Route (e)

In an effort to enhance the performance and scalability of route (c/d), process intensification
led to a productive and efficient solvent-free synthesis with close to perfect PMI, albeit
disregarding purification. The flow setup was tailored towards the optimisation via the inclusion
of solvent pumps following the reactor, a continuous manufacture platform would not need these
(Figure 28). Undoubtedly, the elimination of solvent removes an element of process control in the
form of a heat sink, however the excellent heat transfer of the tubular flow platform facilitates the
pursuit of this chemistry. This undertaking carried too much risk in a batch reactor so was
conducted in continuous flow to enable sufficient cooling after the reactor, this ensured a high level
of control over the outlet temperature of the crude product measured to be 32 °C and no runaway

reactions were observed even without solvent dilution.

Initially the optimisation of this route was confined between 1-10 minute residence times,
however this route now exhibited a preference for short residence times to achieve optimum
performance, therefore this limit was extended to 0.5 minutes part way through the optimisation.
Both these optimisations yielded excellent process metrics, demonstrating an extensive

improvement over the solvated syntheses. The shift in optimisation parameters to 0.5 minute
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residence times resulted in a STY improvement from 37.1 and 74.7 kg L1 h-1, with RMEs of 72.2%
and 72.6% respectively, plus reagent costs at £25 mol-! (Table 6), demonstrating no loss in RME
at these STYs. STY was the most notable improvement of route (e) over routes (c/d), this was
achieved due to the greater reaction concentration and the preference towards shorter reaction

times, a consequence of the concentration increase.

Table 6: Five optimum conditions for (e) identified via the Pareto fronts in Figures 31 & 32.

Residence iBAnhydride Temperature leq of Reaction Mass Spac_e-Tlme COSFOf
time (min) equivalents. (°C) DEHIBA Efficiency (%) Y'ﬁldq DEHIB_?
(%) (gL' h™) (Emol”)
0.7 1.00 147.9 921 71.9 51590 254
1.0 1.07 122.3 951 72.2 37140 25.0
0.5 1.07 149.0 95.5 72.6 74700 24.9
1.3 1.02 150.0 96.0 74.3 30090 24.5
2.7 1.00 141.9 99.3 77.5 14720 23.6

A further illustration of the enhanced performance is the optimum RME of 77.5%, this equated
to the lowest reagent cost per mole of DEHiBA at £23.60, and practically complete product
conversion, with both RME and reagent cost also close to their theoretical maxima. A 2.7 minute
residence time was however required for this, resulting in a STY of 14.7 kg L-1 h'l, a large
improvement over route (c), but a far from the optimum STY. Advantageously, the STY, RME
trade-off for route (e) presented a considerably different 2D profile to routes (c/d) (Figure 31),
due to the shift in preference to shorter residence times for optimum overall performance. This
minimised the RME loss with increasing STY, but notably the trade-off was more pronounced at
lower STY as demonstrated by Figure 30 with an RME loss of 5%. The minimisation of this trade-
off is highly desirable, facilitating an efficient, low cost, and highly productive manufacture route

to DEHiBA.
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Figure 31: Space-time yield vs reaction mass efficiency data with Pareto fronts for routes (e) o,
and (f) x, with their maximum theoretical RME limits as dashed lines.

The optimum conditions for this route were all identified above 100 °C, with roughly
1 equivalent of iBAnhydride, and a variety of relatively short residence times. These conditions
have led to process metrics that possess exceptional performance, with STY figures in the tens of
kilograms per litre per hour in comparison with the solvated routes that were only capable of
hundreds of grams per litre per hour. Finally, the RME here outperforms all other routes and

provides a low reagent cost, with single reaction conditions capable of desirable RME and STY.

The optimum RME and STY conditions were utilised in two continuous runs on the flow
platform but without dilution solvent to manufacture 5 litres of crude DEHiBA without the
presence of biphenyl. Yields were determined via an external standard to be 99.7% and 97.2% for
the optimum RME of 77.5% and STY of 74.7 kg L-1 h-! respectively throughout the 32 and 5 hour
continuous runs. The slight improvement in yield led to an improvement in other process metrics,

especially STY for the second run up to 75.8 kg L-1 h-1 however the PMIs are most noteworthy for
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these runs at 1.29 and 1.36 g g1 respectively due to the slight excess of iBAnhydride and

elimination of solvent facilitating the lessened environmental impact of this process.
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Figure 32: Reagent cost and DEHiBA yield metrics vs reaction mass efficiency comparison plots
for routes (a) A, (b) o, (e) o, and (f) x.
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2.4.7 Route (f). Solvent-free Direct Thermal Amidation

Route (f) is an alternative solvent-free route with the potential to achieve a RME of 94.4% and
costs as low as £18.80 mol-! due to the low cost of iBA, with water as the by-product of this
coupling. Therefore, this direct thermal amidation was screened and optimised in the search for
another competitive route to DEHiBA, especially as the solvent-free synthesis of route (a)
presented unnecessary risks and precipitation issues that required the omission or replacement

of triethylamine whilst not offering cost or RME improvements.

Ideally the preparation of an amide bond would proceed through the direct coupling of
carboxylic acid and amine, the only by-product being water. Unfortunately a large energy barrier
must be overcome to achieve this, such as temperatures in excess of 150 °C. Often, such
temperatures are too extreme and cause chemical degradation, thus limiting the applicability of
this methodology, therefore this route is not common- practice for the creation of amide bonds.’*
In this work the stainless steel reactor tubing was pressurised to 210 bar to access temperatures
up to 370 °C. This ensured that the reagents would not undergo a phase change to guarantee

accurate residence times and reproducibility.

Preliminary temperature screening in the continuous flow reactor identified minimal product
formation below 250 °C, whilst temperatures above 370 °C required greater reactor pressure. The
crude product from these reactions eluted at 25 °C despite reactor temperatures of up to 370 °C,
whilst the emission of gas was noted after the final BPR (back pressure regulator) and was
identified as gaseous carbon dioxide and propane, products of the degradation of iBA. Additional
signals were observed during the analysis and were confirmed to be the thermal degradation
products of DEHiBA: N-(2-ethylhexyl)isobutyramide and 3-methylheptane (Figure S$S19), the

formation of which increased with relation to increasing temperature and residence time. This
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degradation adds complexity to the purification of DEHiBA as this amide may interfere with the

extraction of uranium.

Two reactor volumes were employed for the optimisation of this route to explore a wide
residence time range between 1 and 18 minutes. A wide equivalent range (1-5) proved necessary
as the reaction demonstrated poor conversion at low iBA equivalents. Yields of up to 77.8% were
achieved, with the highest yielding conditions proving to be the most cost effective at £27.20 mol-1,
despite the need for 5 equivalents of iBA. The low reagent cost of iBA results in a lesser relationship
between RME and reagent cost, instead reagent cost reduced with increasing yield. This difference

is also due to the poorer conversions achieved by this route.

Overall, route (f) performed poorly at the shortest residence times, with the best STY conditions
requiring high equivalents of iBA and leading to poor yields, RMEs and reagent costs.
Consequently, a large trade-off between STY and the other process metrics is apparent and largely
affects the performance of this route. This chemistry demonstrates a preference for temperatures
between 330 and 370 °C, with the best yields demanding 340-350 °C, roughly 5 equivalents of iBA,
and a range of residence times between 5-13 minutes. Interestingly as the temperature neared
370 °C, lower residence times granted better yields, likely due to the reduced thermal degradation

of DEHiBA.

Table 6 defines the best conditions for route (f), highlighting the best process metrics and
conditions along the key Pareto-fronts. In conclusion, route (f) offers a reagent cost competitive
route to DEHiBA, however the additional capital for equipment, heating and safeguards require
significant consideration when comparing to other routes. Additionally, the poor STY of route (f)

compared to route (e) results in an uncompetitive manufacture route despite the low reagent cost.
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Table 7: Seven optimum conditions for (f) identified via the Pareto fronts in Figures 31 & 32.

Residence iBA Temperature Yielc! of Reaction Spac_e-Time Cos_t of
time (min) equivalents. (°C) DEHIBA mass Yield DEHIBA
(%) efficiency (%) (g L'h™") (£/mol)
1.7 5.0 366 52.3 23.8 7320 40.5
4.8 46 369 69.8 3315 3731 30.0
6.3 4.5 353 71.0 34.7 2921 294
5.5 42 348 73.7 37.4 3619 28.1
13.2 5.0 338 74.3 33.8 1378 28.5
10.6 5.0 339 75.6 34.4 1734 28.0
5.4 5.0 346 777 35.4 3495 27.2

2.5 Conclusions

This research has utilised an advanced, fast-paced approach to successfully optimise four
synthetic pathways to DEHiBA in continuous flow, whereby a favourable manufacture route to
DEHiBA has been identified for large scale manufacture. Initial optimisation work, routes (a-d),
employed solvent to control these reactions and their concentration for fair cross-comparison.
Pareto fronts for key process metrics were analysed and provided insight into the performance of
each route by highlighting optimum and scalable reaction conditions. Routes (a) and (c) were most
promising in the search for a cost-effective, scalable route to DEHiBA, whereas route (b)
underperformed in continuous flow, and the solvent choice for route (d) resulted in performance

loss compared to (c).

Due to limitations and issues with route (a), route (c) was developed into route (e) via the
mitigation of solvent, facilitated by the excellent heat transfer properties of tubular flow this
enhanced all key process metrics, yielding a very desirable manufacture route. The increased
reaction concentration and lower reagent cost of iBAnhydride in comparison to iBCl resulted in a
route capable of manufacturing DEHiBA for just £23.60 mol-! (not bulk costs), with product
throughputs up to 75.8 kg L-1 h-1. Most advantageously, the trade-off between RME and STY has
been suppressed due to the improved reaction kinetics, where only a 5% loss in RME is observed

along the Pareto front, to contrast, route (c) suffers from a 44% loss. Notably, further process
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optimisation of route (a) could improve competitiveness through base optimisation and reaction
concentration, however this was not pursued here due to the increased risk and environmental
footprint driving us away from this chemistry. The solvent-free process in route (e) has largely

aided develop a cleaner more economical well-rounded and scalable manufacture route.

Route (f) was designed and optimised as another solvent-free route to DEHiBA, possessing the
potential to be the most cost effective and atom efficient route by directly coupling iBA and DiEHA
with temperatures up to 370 °C and a pressure of 210 bar. Thermal degradation of iBA resulted in
RME losses, whilst the relatively slow reaction kinetics resulted in uncompetitive STYs with route
(e). Fortunately, the low cost of iBA afforded reagent costs as low as £27.20 mol-1, however the
requirement for relatively extreme operating conditions burdens the capital and operational cost,
whilst the degradation products from the thermal amidation add further complexity to

purification, thus scalability is less favourable.

The methodology used to optimise these routes aids to improve access to specialist chemicals
like DEHiBA to promote large-scale testing and advance the technology readiness level of advanced
nuclear reprocessing technologies like GANEX. This methodology largely reduces process
optimisation timelines and overall costs, whilst providing holistic understandings of each process
in the lead up to large-scale manufacture. The application of this approach to other promising
ligands for nuclear reprocessing will aid improve accessibility to these specialist molecules that
require large scale testing in order to advance nuclear reprocessing so that a more diverse range
of radionuclides can be recovered from used nuclear fuel in the future. In this work continuous
flow has facilitated the safe exploration of these routes, with the large datasets gathered in this
research available in Chapter 6.2 for further use by researchers, whereby alternative conditions

may be preferred for their own synthesis of DEHiBA.
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2.6 Future Work

As this work focusses on improving economic and environmental metrics for the formation of
DEHiBAs amide bond, future work should optimise the manufacture of DiEHA (di-(2-
ethylhexyl)amine) as this is the most costly starting material. Additionally, this work does not
include purification work which will add cost and complexity to the manufacture, this work is
investigated in the following chapter, Chapter 3 and provides a complete manufacture route for

DEHiBA.

Although this work highlights the capability of self-optimising flow platforms for chemical
synthesis, DEHiBA is a simpler ligand with only one synthetic step required. Further work is
needed to simplify telescoped, multi-step synthesis in continuous flow as this can be challenging
to optimise in continuous flow, enabling ligands like TODGA to be more effectively optimised. It
should be noted that this is not necessary for the synthesis of more complex ligands like TODGA,
as each step could be optimised individually and then telescoped using optimum crude or purified
material from the step before, however this could lead to less optimal conditions than if the

telescoped synthesis was optimised.
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Chapter 3: Multi-Objective Bayesian Optimisation of Continuous
Purifications with Automated Phase Separation for On-Demand

Manufacture of DEHiBA

Thomas Shaw, Adam D. Clayton, Joseph A. Houghton, Nikil Kapur, Richard A. Bourne,* and Bruce

C. Hanson

3.1 Abstract

The optimisation of purifications has received little attention in an era of machine-learning driven
optimisation technologies that focus on synthesis, despite purifications being equally challenging
and critical. This work utilizes lab-scale continuous purification equipment to automate the mixing
and separation of phases for the purification of N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA), a
specialized ligand in demand for advanced nuclear reprocessing. Bayesian optimisation drove the
purifications via feedback from HPLC and GC-FID quantitative analysis to maximize purity and
product recovery via a weighted single objective. Batch purification screening found removal of
N,N-di-(2-ethylhexyl)amine (DiEHA) to be problematic with aqueous only extractions, adding
complexity to the purification. Three purification routes were optimized in continuous flow and
compared for their efficacy after a single extraction stage. Optimisation of both product purity and
recovery process metrics was crucial to identify optimum Pareto conditions. Product purities
>95% were attainable for all routes, but the target of >99.9% was eluded after a single extraction
in continuous flow. Product loss to the aqueous phase could be limited to <5%, but at the expense
of product purity for all routes. Ultimately, a two-step process was devised from this work,
employing a combination of water or 0.2 M nitric acid and acetonitrile to remove DIEHA and ~90%

isobutyric acid, subsequent sodium bicarbonate extraction yielded >99.9% purity.
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3.2 Introduction

Product purification is a key step in chemical manufacture, particularly for highly selective,
specialized pharmaceuticals and extractants. Whilst high purities are prioritized, other metrics like
waste reduction, sustainability, and cost are factors that can be optimized alongside purity,
attaining a similar product with a reduced impact.! Publications that optimize processes focus on
synthetic optimisation with purification optimisation escaping the spotlight.23 Purification
screening and optimisation can be time consuming and labour intensive but can be overcome via

the adoption of automation and machine-learning (Industry 4.0) for batch or flow processes.3#

Industrial batch chemistry traditionally involves discrete steps with intermittent transfer or
storage of crude products and intermediates, often necessitating downtime for cleaning and
preparation between batches.> This not only limits productivity but increases the risk of human
error and contamination.® In contrast, flow chemistry facilitates the uninterrupted flow of
reactants and products through reactors and purification equipment, resulting in constant product
output.” The nature of continuous processes boosts productivity whilst improving product quality
and consistency, with the telescoping of multiple steps into a single platform enabling robust
on-demand product manufacture.8 Despite recent advancements focusing on multi-step synthetic
optimisation,’ optimized continuous purification has garnered lesser attention.19 Traditionally
purification methods consume large volumes of solvents and aqueous phases to remove
impurities, leading to poor process sustainability and economics.1! The application of machine-
learning algorithms to chemical purifications offers the possibility to improve multiple process
metrics whilst yielding pure material.1213 Self-optimizing purification platforms explored in this
work provide opportunity to simplify and automate the optimisation of operating conditions
reducing the cost and time required to develop profitable, sustainable, and effective industrial

processes from start to end.
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Liquid-liquid extraction is well-suited for continuous flow, and the development of lab-scale
purification equipment,1# such as membrane separators and coalescing filtration,1> 16 presents
new opportunities for streamlined chemical manufacture. Access to highly capable and scalable
equipment facilitates the optimisation of process conditions in the lab before pilot-plant
operations, reducing the cost and complexity. Advantageously liquid-liquid extractions in flow can
be automated, requiring little human intervention, reduced equipment downtime, and no solid
waste disposal costs. By adapting self-optimizing flow reactor platforms to incorporate continuous
separation/purification equipment, the automated optimisation of purification routes and
conditions is increasingly feasible. AD Clayton et al.1” has demonstrated the self-optimisation of an
amine purification in continuous flow focusing on a single objective, purity, for this purification.
To develop a balanced process, the work described herein optimizes product purity and recovery

alongside sustainability, and economic process metrics.

Optimized and telescoped continuous synthesis and purification promises enhanced efficiency,
improved safety, reduced environmental impact, and greater scalability;1®8 Thus positioning
continuous processes at the forefront in advancing the modern chemical industry, driving progress

and innovation for the production of a wide range of chemical products.

The complete on demand manufacture of DEHiBA is a crucial step towards improving the
economics and accessibility to ligands for advanced nuclear reprocessing.1°-22 Therefore, as
previous work has optimized the synthesis of DEHiBA in continuous flow,22 this work aims to
achieve a fully optimized and integrated process by optimizing the purification of crude DEHiBA.
Thus, the optimized, on-demand manufacture of other ligands and chemicals can follow. The
objective for these optimisations is to produce DEHiBA with >99.9% purity, recovering maximum
product with minimal waste across the whole platform. By optimizing the purification of crude

DEHiBA (the output material from the synthetic optimisation of DEHiBA?22) for product purity and
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recovery whilst minimizing aqueous waste, this work overcomes the challenge of multi-step
process optimisation where early changes impact later steps. Ultimately, the optimum synthetic
and purification conditions can then be combined into a single platform, yielding a complete and
efficient continuous manufacture route to pure DEHIiBA on demand, granting improved
accessibility to large volumes of industrially relevant extractants with less economic burden. Key
advantages of this work is the ability to telescope the synthesis into the purification, leading to the
continuous manufacture of DEHiBA on demand. No challenges are expected from the telescoping
of these process due to the repeatability of both processes from the high level of control that

continuous flow offers.

Additionally, insights gained from this work can be used to guide the development of
purification (solvent wash) steps in nuclear reprocessing flowsheets to overcome challenges with
removing fatty amines like DiEHA (N,N-di-(2-ethylhexyl)amine) or N,N-dioctylamine, typical
degradation  products of popular amide ligands like DEHIiBA or TODGA

(N,N,N’,N’-tetraoctyldiglycolamide).23-27

3.3 Experimental

3.3.1 Chemicals and Crude Materials

All compounds were used as received. Acetonitrile (MeCN; HPLC grade), biphenyl (99%),
naphthalene (99%), sodium bicarbonate, and hexane were purchased from Fisher Scientific Ltd.
Nitric acid (68%) was purchased from VWR Chemicals. Ethyl acetate was purchased from Merck

Life Science UK Ltd. Sodium naphthalenesulfonate (99%) was purchased from Fluorochem.

Two crude DEHiBA materials from chapter 2 (Figure S31) were purified in this work, batch

work utilized the less pure (44%) DEHiBA obtained from high throughput synthetic conditions,

147



whilst the continuous flow work used purer (49%) DEHiBA from the reagent efficient synthesis.

Compositions and synthetic conditions can be found in Chapter 6.2, Figure S31.

3.3.2 Optimisation Platform and Procedure

The flow platforms are detailed individually in Chapter 6.2 and were setup as per Figure 33 for
all optimisations, only the aqueous reservoir was changed between optimisations between nitric
acid, water and sodium bicarbonate. Industrially available 2 mL fReactors (CSTRs) were used to
mix the phases whilst a 2 mL coalescing separator was employed (chosen to minimise waste
volumes whilst being large enough that phase separation can be maintained) to automate the
phase separation via conductivity measurements and a needle valve connected to a servo motor
(Figure S24 and ]. Daglish et al.1¢). The platform was controlled via a custom written MATLAB
script, where the optimisation algorithms were also written and implemented. Automated multi-
point sampling facilitated online analysis: each experiment was allowed to stabilize over a total
flow equal to eight times the volume of the entire platform to reach steady state (Figure S25); then
the sampling valve was triggered, sampling the aqueous outlet to the HPLC initializing the analysis,
after 3 minutes the sampling valve for the organic outlet was triggered, again sampling to the
HPLC.18 Steady state and the performance of the separator was confirmed by testing identical
conditions in batch and comparing to the results obtained in continuous flow for a variety of
conditions. During this time samples of the organic phase were collected and quantified via GC-FID
analysis. Process metrics were determined automatically from these chromatograms for feedback

to the optimisation algorithm to generate the next batch of conditions.
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Figure 33: The self-optimizing flow purification platform employed in this work to automate the
optimisation of purification conditions.

The concentration of DEHiBA in the aqueous and organic phases was quantified via online HPLC
analysis using internal standards to determine volume changes and thus the loss of DEHiBA.
Sodium naphthalenesulfonate (NSA) was used as the aqueous internal standard and was not found
in the organic phase post extraction. As the starting materials and by-products are not UV-active
their concentrations were quantified by GC-FID analysis, therefore organic samples were collected

at steady state and diluted for GC-FID analysis using naphthalene as the external standard.

Bayesian Optimisation with Adaptive Expected Improvement (BOAEI)18 was integrated for the
closed-loop self-optimisation of chemical purification routes, identifying global optima in minimal
experiments and thus minimal waste, time, and cost. This optimisation approach minimized
periods of inactivity due to the time cost of GC-FID analysis, by suggesting new experiments in

batches of four.

A weighted objective was used with BOAEI to target high purity, low product loss conditions

whilst avoiding excessive material consumption needed to explore the whole Pareto front, solving
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this expensive-to-evaluate optimisation with minimal experiments. The weighted objective
combines and normalizes purity and product loss metrics, favouring purities >95% and minimal
product loss. The algorithm employs a Bayesian optimisation methodology utilizing Gaussian
processes (GPs) as the surrogate models for the objective. The acquisition function uses adaptive
expected improvement to balance exploration and exploitation. The algorithm was terminated

once convergence on the optimum was realized or crude material was exhausted.

3.4 Results and Discussion

3.4.1 Purification Goals

This work sets out to optimize the purification of crude products, specifically DEHiBA in
continuous flow using Bayesian optimisation algorithms to optimize both product purity and
recovery alongside minimizing the volume of aqueous waste. Ultimately, a product purity >99.9%
isrequired but can be achieved whilst optimizing sustainability and economic process metrics. The
automated extraction/separation equipment benefits economics further by reducing time and
labor required for process optimisation. Batch purification screening was utilized to identify a

suitable purification route to optimize in continuous flow.

Preliminary purification work found the removal of DiEHA from the crude product proved
challenging with an aqueous only liquid-liquid extraction. Overcoming this challenge led to
product losses due to addition of acetonitrile to the aqueous phase, it was therefore paramount
that both product purity and recovery were maximized in this work. Although it may be possible
to achieve the desired purity in a single stage with a large volume ratio of aqueous to organic phase
or other wasteful methods, the goal is to minimize waste, risk and thereby cost so limits for volume

ratios were set for the optimisations (Table S17).
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Ideally the optimum purification route here maximizes purity and product recovery, whilst
minimizing the number of extraction stages/steps, cost, and waste. This work prioritizes
maximizing product purity and recovery using the defined weighted objective and BOAEI to
optimize a single stage/step, with minimal aqueous waste a secondary objective. This work only
uses one stage to identify ideal conditions and compare routes to simplify the optimisation and

minimize costs, but the incorporation of multiple stages and steps is calculable and can be verified.

3.4.2 Batch Purification Screening

Batch purifications were employed to screen a range of purification routes and conditions to
develop a promising system that could be transitioned into continuous flow. The crude material
used was collected from a 5-hour synthesis run using high throughput conditions identified in
previous work, to yield 72 kg L-1 h-1 DEHiBA from iBAnhydride and DiEHA.22 The composition of
the crude material before and after base extraction is quantified via GC-FID analysis (Tables 8 &
S$14), where purity is calculated using moles. The starting material has a 44% product purity with

~1% DiEHA and 55% iBA.
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Table 8: Comparison of batch purifications varying the amount of base and hexane

Purit mol% mol%
Volume Ratio and Composition y DIiEHA wrt iBA wrt

(%) DEHIiBA DEHiBA

Crude DEHIBA 44.0 2.9 125.4
11 DEHIBA : sat. NaHCO3 85.4 3.3 13.7
1:2 97.6 2.4 0.0
1:3 97.6 2.4 0.0
1:1:1 DEHIBA : hexane : sat. NaHCO3 84.1 2.3 16.6
1:1:2 97.8 2.2 0.0
11 DEHIBA : NaOH 97.5 2.6 0.0
1:2 97.7 2.4 0.0
1:3 97.7 2.4 0.0
1:1:1 DEHIBA : hexane : NaOH 83.0 2.6 17.9
1:1:2 85.8 2.2 14.4

As iBA is the major impurity, purification screening began with bases such as saturated sodium
bicarbonate and 1 M sodium hydroxide. The volume ratio of crude DEHiBA to aqueous phase was
varied for each extraction, and hexane was added as a variable to aid separation and compare
performance. Hexane improved separation in all cases, reducing the separation time, though
separation was possible without. Purifications with base targeted iBA removal, with little to no
removal of DiEHA as expected. Saturated sodium bicarbonate was selected as a cheap, relatively
benign reagent, for comparison with 1 M NaOH, a more powerful, but also more hazardous and

corrosive base with a greater pH.

1 M NaOH proved to be more volume effective, but both were only able to achieve purities
<98%. Inclusion of hexane hindered iBA extraction when using NaOH, leading to a drop in product
purity, but did not reduce product purity when using NaHCOs. Overall, the combination of NaHCO3
and hexane was most promising, offering a benign, cost-effective route, with the addition of hexane
improving phase separation reducing operational complexity. Alternative bases like methylamine,

pyridine, and ammonium hydroxide were also screened but afforded no benefit (Table S15). To
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improve purity to >99.9% a different purification route was needed to remove DiEHA and iBA,

ideally in a single step to minimize complexity and cost.

Next, DIEHA was targeted for its removal via acid extractions, this fatty amine oxidizes over time
from colourless to yellow interfering with UV-Vis analysis a technique often employed to monitor
and quantify uranium extraction.28-30 [t was therefore paramount that this material be removed to
avoid complications downstream when performance testing DEHiBA. An efficient methodology for
DiEHA removal would also support reprocessing development. 1 M sulfuric acid, 2 M nitric acid,
and saturated ammonium chloride were compared for the purification of crude DEHiBA
(Table S16). However as nitric acid is already utilized in nuclear reprocessing and to avoid
entrainment of ions like sulfate or chloride, as these are known to interfere with UV-Vis absorption
of uranium(VI),31 nitric acid is the preferred acid for this work. Nevertheless, the performance of

these acid must be assessed.

Screening of these acids alone did not achieve the desired >99.9% purity, instead achieving up
to ~76% purity via the extraction of iBA but not DiEHA. Removal of DiEHA was unexpectedly poor
and did not improve when increasing the amount of acid, likely due to the insolubility of the fatty
chains in the polar aqueous phase. Nitric acid performed best with 70-77% purities, whilst sulfuric
acid and ammonium chloride produced purities between 64-71%, both benefitting from the
inclusion of hexane, nitric acid purifications were seemingly unaffected by the presence of hexane

here. Notably, no significant benefit was gained by increasing the volume of each acid present.

To overcome this lack in performance and the poor extraction of DIEHA with acid alone,
acetonitrile (MeCN) was incorporated into the aqueous phase, hoping to aid solubilize the greasy
DiEHA and improve product purity. This study (Table S17) utilized the same acids, again with and

without hexane, incorporating equal volumes of acetonitrile whilst increasing the amount of acid.
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These extractions achieved up to 88% purity using nitric acid, MeCN and hexane, again with nitric
acid outperforming the other acids that achieved a maximum of 80% purity for sulfuric acid and
no significant improvement for ammonium chloride. For both nitric acid and sulfuric acid, lower

acid content in the aqueous phase improved DiEHA removal.

As nitric acid outperformed the other acids it proved to be most suitable for further
investigation, this time increasing the ratio of MeCN to DEHiBA (Table 9). This work highlights the
importance of the DEHiIBA to MeCN ratio for extracting DiIEHA where increased MeCN improves
extraction, but increased nitric acid hinders DiEHA extraction. Additionally, the absence of hexane
reduced the overall purity and extraction of DiEHA. Greater than 99.9% purity was achieved in a
single step for the greatest ratios explored using equal volumes of crude DEHiBA, hexane, and
nitric acid, but a large excess of MeCN (4x the volume of crude DEHiBA). These extractions
removed DiEHA and iBA without the need for base, streamlining the process potentially to a single

step, reducing process complexity.

Table 9: Comparison of batch purifications varying the amount of acid, hexane, and the
importance of acetonitrile.

. mol% o/ ;
Volume Ratio and Composition Plf,”ty DIiEHA wrt mol% I.BA
(%) DEHIBA wrt DEHiBA

1:1:1 DEHIBA : MeCN : HNO3 73.3 2.0 34.4
1:1:2 75.7 2.2 29.9
1:1:3 76.2 2.3 28.9
1:2:1 DEHIBA : MeCN : HNO3 81.0 1.0 22.5
1:3:1 86.1 0.6 15.6
1:1:2:1 DEHIBA : hexane : MeCN : HNO3 89.1 0.0 12.3
1:1:3:1 95.2 0.0 5.1
1:1:4:1 100.0 0.0 0.0
1:1:5:1 100.0 0.0 0.0

Overall, nitric acid outperformed sulfuric acid and ammonium chloride even in the presence of
acetonitrile, suggesting both nitric acid and acetonitrile facilitated the removal of iBA and DiEHA.

The combination of hexane, acetonitrile and nitric acid benefitted the purification most, with
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hexane improving purity and separation. Ultimately, an excess of acetonitrile provided the best
performance, facilitating the complete removal of DiEHA and iBA in a single step. Despite the
obvious benefits acetonitrile provides, these extractions are now more complex due to increased
solubility of DEHiBA in the aqueous phase leading to greater product losses. This added complexity
lends itself to multi-objective optimisation where the trade-off between product purity and

recovery can be minimized.

3.4.3 Continuous Flow Purifications

Following the identification of a single-step purification route in batch, focus moved to
optimizing this system in continuous flow aiming to achieve similar performance and optimize
process conditions. Ultimately, a purity >99.9% is required, whilst minimizing the loss of DEHiBA
to the aqueous phase, ideally in a single step or with minimal steps/stages, minimizing aqueous

waste and thus cost.

The same crude product was used for these purifications for fair comparison (Figure S31),
differing from the batch purifications with greater DEHiBA content and less impurity. DEHiBA
makes up 49% of this material with 50% iBA and ~1% DiEHA as a molar composition. This crude

DEHiBA was used as its synthesis was best suited for scale-up, being most cost effective.

The nitric acid optimisations utilized BOAEI to maximize purity then moved to TSEMO to
maximize purity and minimize DEHiBA loss, however TSEMO did not perform as intended,
prioritising minimal product loss avoiding high purity conditions. Therefore, BOAEI was
reintroduced, this time with the weighted objective which focused on identifying conditions of
most interest with little product loss but maximum purity to more effectively solve this
expensive-to-evaluate optimisation. BOAEI and the weighted objective were solely used for the

water and sodium bicarbonate optimisations due to the improved efficacy.
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3.4.3.1

Nitric Acid and Acetonitrile Purifications

Nitric acid concentration was reduced from 2.0 M used in batch work, to 0.2 M for the initial

purification optimisation in flow, reducing the risk associated with mixing nitric acid with organic

materials. Purity and DEHiBA loss data for this optimisation is plotted across the design space in

Figure 34, highlighting the effect of each variable. Purity benefitted most from high ratios of MeCN

to crude DEHiBA, whilst nitric acid had minimal effect on purity besides providing phase

separation, as low nitric acid ratios resulted in miscibility for certain organic, acetonitrile ratios

(dark blue markers). To contrast, minimal DEHiBA loss favoured opposite trends, favouring lower

acetonitrile to crude DEHiBA ratios, crucially increased nitric acid content hindered DEHiBA

extraction. Product loss can therefore be minimized at high purity conditions by increasing nitric

acid content.
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Figure 34: Purity and product loss across the parameter space for the optimisation with 0.2 M
nitric acid and acetonitrile.

Purity and product loss are the primary process metrics optimized in this work, however, the

amount and composition of waste is detailed in Table 10 for comparison of relative cost and

sustainability, allowing identification of balanced, yet optimum process conditions. For example,
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the most optimal condition here only produces 94% pure DEHiBA after a single stage, however
low product losses of 1.5% and comparatively low volumes of aqueous waste after a single stage
yields optimum overall performance. The target purity of >99.9% is still feasible using this
condition but would theoretically require at least three extraction stages, only losing ~5% DEHiBA
overall. In comparison, conditions that yield 97.8% or even 98.6% purity lose 8-12% DEHiBA and
>2 times the aqueous waste without achieving the desired purity in a single stage, justifying the

importance of optimizing and comparing these metrics.

Table 10: Performance metrics for the optimal conditions when using acetonitrile and 0.2 M
nitric acid to purify crude DEHiBA.

Crude : .
DEHIBA MeCN 0.2 M HNO3 MeCN:HNO3 Purity DEHiBA Aqueoqs.
Flow Rate Flow Rate - o Loss Organic
Flow Rate I~ . 1, | Flow Ratio (%) o .
(mL min") (mL min™) (mL min™) (%) Ratio
1.575 5.387 5.000 1.08 94.0 15 6.6
1.370 5.746 5.000 1.15 95.4 2.3 7.8
1.481 5.803 2.569 2.26 95.9 9.9 5.7
0.888 6.659 4.071 1.64 97.4 9.6 12.1
0.727 6.239 4.270 1.46 97.8 8.8 145
0.705 6.226 4.431 1.41 97.8 8.5 15.1
0.518 6.291 4.703 1.34 98.6 12.7 21.2

A similar optimisation was executed using 1.0 M nitric acid to understand and optimize the
influence of nitric acid concentration. Purity and DEHiBA loss comparison, Figure 35 & S33 shows
little difference between 0.2 M and 1.0 M nitric acid concentrations, with the optimum conditions
highlighted using the weighted objective function as the colourbar for the 4D plot. Thus, indicating
that the concentration of nitric acid has little effect on the purification in continuous flow for these

conditions.
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Figure 35: Comparing purity and product loss metrics for the purifications with 0.2 M and 1.0 M
nitric acid using the weighted objective (defined in the methodology) as a visual aid, indicating
the more optimal conditions.

Both nitric acid concentrations are capable of 98-99% product purity, although product losses
>9% are met above 96% purity and increase with higher purity as illustrated in Figure 35. By
operating at 94-95% purity, product losses can be limited to 1-2%. Whereas by operating at
97-98% purity 9-10% DEHiBA is lost per stage, which despite potentially requiring less extraction
stages to achieve a product purity >99.9%, overall DEHiBA losses are greater. The performance of
each condition must therefore be weighed up with the theoretical minimum number of extraction

stages to achieve >99.9% purity before identifying optimum purification conditions and route.

Further work with 0.2 M nitric acid proved this routes capability for removing greater
quantities of DiEHA, as well as removal of iBAnhydride. This is highly desirable, as in the event of
differing crude product composition from manufacture, this purification route is more than

capable, though more extraction stages may be needed to achieve the desired purity. The nature
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of this continuous process allows integration of inline and online process analytics to monitor
purity, regularly ensuring product quality with less manual intervention reducing human error
and risk. The process can therefore be understood and adjusted in real-time with this technology

to account for any process upset.

As it is unclear whether nitric acid is beneficial to the purification, the next optimisation

employed water to replace the nitric acid instead of optimizing for nitric acid concentration.

3.4.3.2 Evaluating the Need for Nitric Acid: Purifications with

Water and Acetonitrile

This purification exchanged nitric acid for deionized water, only using the weighted objective
optimisation methodology to reach an optimum in fewer experiments saving time and waste.
Visually, phase separation was less problematic with water, which advantageously is a cheaper,
less hazardous material to store and use, thereby reducing operational and disposal costs. The
water, acetonitrile waste stream offers simplified recovery and recycle of starting materials,
by-products and solvents, lending to a greener, cleaner process, avoiding concerns with nitric acid,

improving safety and sustainability whilst minimizing raw material cost.

Purity and product loss trends from this optimisation were analogous to the nitric acid
optimisations (Figure $S35), with maximum purity favouring high acetonitrile to crude DEHiBA
ratios, and seemingly independent of water. Again, the opposite was true for minimal product loss,
favouring high crude DEHiBA to acetonitrile ratios, whilst water hindered product loss. As this
optimisation explored the design space less than the nitric acid extractions, the data was modelled

using a quadratic linear regression model (Figure S36) to better understand the interactions
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between parameters and validate our understanding of this purification route. Overall, these

models confirm the influence of water content on DEHiBA loss but no influence on the purity.

The purity and product loss trade-off data for this purification route is overlaid with the data

from the 0.2 M nitric acid purifications for comparison Figure 36; Similar performance is achieved

between 94-96% purity yielding similar product losses, however maximum purity is reduced

when using water, struggling to exceed 97%. For optimal overall performance 94-95% purity

minimizes product losses to ~3% after a single extraction stage. The optimum conditions are

highlighted in Figure S37 using the weighted objective function, seemingly requiring less MeCN

compared to the nitric acid purifications.
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Figure 36: Comparing purity and product loss metrics for the purifications with water vs 0.2 M

nitric acid using the weighted objective indicating the more optimal conditions.
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Despite sustainability benefits of water over nitric acid these benefits are lessened by the
greater volume of aqueous waste for the optimal conditions (Table 11) compared to the nitric acid
purifications. For example, the optimum condition yields 94.9% product purity, losing ~3%
DEHiBA but requiring three times the aqueous volume as the optimum nitric acid condition that
produced 94% purity, losing ~1.5% DEHiBA. Again, the higher purity conditions here lose a
greater percentage of DEHiBA, especially over 96% purity. Lower volumes of aqueous waste are

possible but result in greater losses of DEHiBA so this must be assessed from a cost perspective.

Table 11: Performance metrics for the optimal conditions when using acetonitrile and water to
purify crude DEHiBA.

Crude .

DEHiBA _ MeCN ~ Water |y coN:water|  Purity DEHiBA  Adueous:

Flow Rate Flow Rate . o o Organic

Flow Rate 4 . 1. | Flow Ratio (%) Loss (%) -

(mL min"") (mL min™) (mL min™) Ratio
0.500 4.251 4.997 0.85 94.9 2.8 18.5
0.500 5.088 4.810 1.06 95.4 6.2 19.8
0.500 4.603 4.002 1.15 95.5 7.7 17.2
0.500 4.944 4.639 1.07 95.5 7.0 19.2
0.769 6.071 4.272 1.42 95.6 8.5 13.4
0.500 5.147 4.454 1.16 95.9 6.9 19.2
0.500 5.289 5.000 1.06 95.9 5.3 20.6
0.750 6.869 4.696 1.46 96.0 11.2 15.4
0.500 6.057 4.296 1.41 96.9 14.3 20.7

Purities >99.9% are possible via both routes, though require multiple extraction stages to
achieve this. Both routes performed best between 94-96% purity due to the trade-off with product
loss causing product loss to increase significantly over 95-96% purity. As these conditions require
the same number of extraction stages to achieve >99.9% purity, total product loss is important for

identifying optimal conditions.

In summary, water offers similar optimal trade-off performance between purity and product
loss to the nitric acid purifications. To its benefit water is a more favourable reagent than nitric

acid in terms of sustainability and safety. Nitric acid benefits from less aqueous waste for similar
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purity and product losses, this must be weighed up against the cost and risk of nitric acid storage
and disposal. Finally, the aqueous waste stream from the water purifications makes recycle of this
phase simpler and likely more cost effective than disposal of the nitric acid waste stream. Both
routes have benefits, particularly water being more risk averse than nitric acid, however, a cradle

to grave economic analysis is needed to identify the most optimum route.

3.4.3.3 Targeting iBA Removal: Sodium Bicarbonate and

Acetonitrile Purifications

[sobutyric acid (iBA) is the major impurity in the crude DEHiBA used, even after purification via
the other routes. Purifications with sodium bicarbonate proved successful in batch with complete
removal of iBA, but no removal of DIEHA. The addition of acetonitrile therefore hoped to yield
>99.9% purity removing both DIEHA and iBA in fewer stages with less aqueous waste. Preliminary
work with saturated sodium bicarbonate and acetonitrile proved challenging due to precipitation
and blockages when combined. The concentration of sodium bicarbonate was reduced to 0.4 M to
facilitate the mixing of this phase with acetonitrile without precipitation, the result being solubility
until a 1:3 ratio of sodium bicarbonate to acetonitrile which then prompted precipitation. This was
coded into the MATLAB optimisation code to avoid exceeding this, preventing blockages. Sodium
bicarbonate was chosen over bases like sodium hydroxide due to being less hazardous and

corrosive, plus similar solubility challenges were also faced with sodium hydroxide.

As fewer experiments were conducted during this optimisation, due to limited crude material
and a refined objective for the BOAEI algorithm, the purity data was modelled to verify the
parameter interactions for this purification. Experimental work suggests (Figure 37, a) that

sodium bicarbonate has a greater effect on product purity than water or nitric acid, promoting
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aqueous solubility of iBA, with high product purities achievable even at low acetonitrile flow rates.
The purity model, Figure S40 confirms the benefit of increased sodium bicarbonate content for
product purity. Additionally, product loss is again hindered when aqueous (base) content
increases, therefore this route is capable of high purities at low acetonitrile flow rates, reducing

the trade-off between purity and product loss.

This purification appears to better overcome the trade-off between purity and product loss
(Figure 37, a-b), benefitting from the reduced acetonitrile content due to enhanced sustainability
and lower cost even at high purity low product loss conditions. However, the reduction in
acetonitrile content results in incomplete removal of DiEHA as illustrated in four dimensions
alongside purity and product loss (Figure 37, c-d), an issue not encountered with the other
purification routes. As a result, the observed optimal conditions do not completely extract DIEHA
despite its low concentration. This is of great concern especially if the reaction yield falls during
manufacture as this route may not be able to handle an increase in DiEHA resulting in an impure

product even with multiple extraction stages.

It is possible to operate at less optimal conditions that ensure DiEHA removal, however despite
purities up to 99%, 9-10% product loss results in this route being comparable to the higher purity
nitric acid purifications (Figure 37, e-f). Additionally, this route did not grant any reduction in
aqueous waste with 0.2 M nitric acid generating less waste, though the cost for disposal of nitric
acid may outweigh this difference in volume. The most optimal condition for this purification
yields 96.9% purity with 0.7% product loss and less aqueous waste compared to the other
conditions, though DiEHA is not completely removed and may require numerous stages for
removal. Alternatively, for complete DiEHA removal 99% purity is possible but at the cost of 10%

product loss and higher volumes of aqueous waste (Table 12).
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Figure 37: Purity, product loss and DIEHA removal performance across the parameter space for
the optimisation with 0.4 M sodium bicarbonate and acetonitrile (a-c) respectively. Comparison
of these performance metrics using the weighted objective to highlight that the optimum Purities
and product losses lead to incomplete removal of DiEHA (d). The bottom plots (e-f) compare the

purity and product loss performance of this route to the other routes.
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Table 12: Performance metrics for the optimal conditions when using acetonitrile and 0.4 M
sodium bicarbonate to purify crude DEHiBA.

D(I‘.Erll-.llidBeA MeCN NaHCO; MeCN: Purity DEHIBA DIiEHA Aqueous:
Flow Rate Flow Rat1e Flow Rat1e NaHCO3; (%) Loss Removed Organic
(mL min'") (mL min™) (mL min™)| Flow Ratio (%) (%) Ratio

0.692 2.608 5.000 0.52 96.8 0.7 49.8 11.0
0.914 3.624 5.000 0.72 96.9 0.7 74.0 9.4
0.500 1.441 5.000 0.29 98.1 0.5 14.8 12.9
0.591 291 5.000 0.58 98.3 0.8 55.8 13.4
0.502 1.141 4,484 0.25 98.5 0.3 6.0 11.2
0.512 2.453 4.994 0.49 98.7 0.5 45.8 14.6
0.612 3.437 4,852 0.71 99.0 10.3 100.0 13.5
0.556 2.526 4147 0.61 99.2 2.3 50.8 12.0

Ultimately this route demonstrates promise for removing large quantities of iBA, butis let down
by the lack of DiEHA removal, leading to the question as to whether acetonitrile is required for this
step to achieve similar performance. Removal of acetonitrile from the purification would allow the
removal of iBA as demonstrated in the batch purification work, preventing the extraction of
DEHiBA, but not facilitating DIEHA removal, requiring an additional step before reaching the target

purity.

3.4.4 An Optimum Purification Route

The optimisation of these purification routes has not identified a purification route capable of
>99.9% purity in a single stage, yet all routes are capable of this target purity via multiple
extraction stages. This has escalated the importance of minimizing product loss and aqueous waste
to ensure optimal performance. By first using acetonitrile and water or 0.2 M nitric acid, the
organic phase is then contacted with sodium bicarbonate to yield >99.9% product purity (Figure
S$41) avoiding a multi-stage purification that utilizes the same route and conditions. The second
step of this route has not been optimized in this work but represents a successful proof of concept
with no DEHiBA identified in the aqueous phase, limiting DEHiBA losses to 1-3% whilst achieving
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>99.9% product purity. The purified products from the optimum purifications with water and
0.2 M nitric acid were used in batch to achieve the target purity using an equal volume of saturated

sodium bicarbonate.

Alternatively, purifying with sodium bicarbonate first, followed by an acetonitrile and water or
0.2 M nitric acid extraction to remove residual DIEHA and iBA could reduce aqueous waste and
further minimize product loss, however this would require further testing and optimisation.

Whereas the first proposed route is more readily implemented.

3.5 Conclusion

In summary, the development of lab-scale purification equipment for continuous flow, in this
case a coalescing filter, has facilitated the development of a self-optimizing continuous purification
platform that utilizes machine-learning and automation to test, develop, and optimize purification
routes prior to pilot plant. This minimizes material consumption during the development of a
suitable and optimized purification route, reducing complexity and labour. The optimisation of
purification conditions is no less important than synthetic optimisation, improving overall process

sustainability, economics and ultimately the final product.

The crude DEHiBA used in this work is required to be at least 99.9% pure, requiring removal of
iBA and DiEHA, also the degradation products of DEHiBA in nuclear reprocessing. Batch
purifications found DiEHA troublesome to remove with a purely aqueous workup, which could
cause problems for an industrial reprocessing flowsheet. This work compared three different
purification routes in continuous flow, all employing acetonitrile and an aqueous phase (nitric acid,
water, and sodium bicarbonate) to purify crude DEHiBA derived from optimum synthetic

conditions identified in previously published work. The aqueous phases included two nitric acid
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concentrations, water and 0.4 M sodium bicarbonate. All routes were capable of purities >95% up
to 99%, however the minimization of product loss became an important objective with all routes
capable of losing <3% but at the cost of purity. Sodium bicarbonate was most hindered resulting
in poor DiEHA extraction or high product losses >9%. 0.2 M nitric acid marginally outperformed
water for a single stage extraction losing less DEHiBA, 1.5% vs 3% and a third of the aqueous waste,
at the minor cost of 1% purity. Unfortunately, nitric acid adds further complications and increases

the cost of the aqueous waste compared to water adding complication to the decision.

A multi-step purification platform has been devised for the purification of crude DEHiBA that is
capable of <3% product loss and 99.9% product purity. Pure DEHiBA can be manufactured on
demand using this platform, improving accessibility to this specialized ligand for uranium

extraction.

3.6 Future Work

Next, the optimisation of a multi-stage or multi-step purification would be interesting to further
optimise the system and achieve desired purities more easily. This system was planned to be
telescoped to the synthetic continuous flow platform for the constant manufacture of purified
DEHiBA, however, time did not allow completion of this work. Additionally, other purification
routes would be investigated potentially eliminating the need for acetonitrile. The following
chapter (4) tests the performance of purified and crude DEHiBA for the extraction of uranium(VI)
to ensure the suitability of the manufacture route. Although the pure DEHiBA was not obtained
from this continuous purification platform, similar chemicals were used to purify DEHiBA, so that
the suitability of DEHiBA produced via these routes can be confirmed. Further work could work
on minimising the volume of the coalescing separator or CSTRs to reduce material consumption

further during process optimisation.
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Chapter 4: Optimising Key Process Variables for the Extraction of

Uranium with DEHiBA

Thomas Shaw, Alastair Baker, Richard A. Bourne, Bruce C. Hanson*

4.1 Abstract

Hydrometallurgical nuclear reprocessing involves the selective extraction of radionuclides from
an extremely radioactive and oxidising environment. This selectivity is controlled predominantly
by the type of ligand used, whilst the process can be further refined through variables such as
ligand (DEHiBA), nitric acid, and metal (uranium) concentration, the ratio of organic to aqueous
phase (SA ratio) and temperature. This work firstly verifies the performance of DEHiBA
manufactured via two different routes, comparing purities and how this affects the forward
extraction of 0.10 M uranyl nitrate against commercially sourced DEHiBA and literature data.
DEHiIBA concentrations of 1.00 M and 1.50 M were investigated and compared for their
performance across a range of SA ratios and nitric acid concentrations with uranium extraction
efficiencies up to 90% and 80% achievable when using 1.50 M and 1.00 M DEHiBA respectively.
Process intensification by operating at a four-fold increase in throughput of uranium led to some
loss in extraction efficiency, down to 85% and 72% respectively although not detrimental given
the increased throughput. This work highlights the influence of temperature on this extraction and

the need to assess this variable prior to pilot plant or hot tests.
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4.2 Introduction

DEHiBA (N,N-di-(2-ethylhexyl)isobutyramide) is an organic ligand specifically designed for
the selective extraction of uranium(VI) from irradiated nuclear fuel,1-3 with uses in advanced
nuclear reprocessing such as the GANEX (Grouped ActiNide EXtraction) 1st cycle process
(Figure 38),% and more recently interest for HALEU (High Assay Low Enriched Uranium)
production.>7 This completely incinerable, CHON based ligand offers a proliferation resistant
alternative process to the likes of PUREX (Plutonium, Uranium, Reduction, Extraction) which
has used tri-n-butyl phosphate (TBP)8° for decades to recover uranium and plutonium.10-17
The improved separation factor of DEHiBA facilitates the extraction of uranium devoid of
plutonium, which can then be coextracted downstream with remaining actinides (minor
actinides). These advantages paired with the supposedly less troublesome degradation

products of DEHiBA lends this ligand to being of great interest to the nuclear industry.18
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Figure 38: Simplified illustration of the GANEX 1st cycle process.

GANEX promises to revolutionise nuclear reprocessing by providing a more secure and
sustainable management option for used nuclear fuel. The initial recovery of uranium, with
options to recover the remaining valuable materials such as the actinides substantially

reduces the long-term radiotoxicity and volume of nuclear waste for disposal.1°-21 Industrial
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implementation of this technology requires concerted efforts from scientific and engineering

research to regulatory and economic planning.20.22-24

Until recently, literature investigating the extraction of uranium with DEHiBA has focussed
on using 1.00 M DEHiBA as per the GANEX 1st cycle process,2>-27 likely due to legacy
concentrations for TBP, but also viscosity limitations when loaded with uranium. However,
recent work from Pacific Northwest National Laboratory (PNNL), specifically G. B. Hall et al.®
has investigated uranium(VI) extractions with 1.50 M DEHiBA to enhance uranium loading,
improving process efficiency whilst maintaining minimal extraction of tri, tetra and

pentavalent actinides, though issues with technetium extraction were faced.

Despite global interest in DEHiBA, the technology readiness level of processes that utilise
DEHiIBA are behind that of the PUREX process and must address performance and safety
criteria for DEHiBA to be implemented for nuclear reprocessing on an industrial level.28 This
requires more published and/or in-house testing of DEHiBA with uranium and mock or
irradiated nuclear fuel. To support this, the performance of DEHiBA across a range of
conditions and equipment must be understood, however the cost of such tests is a limiting
factor,2? with access to ligands limited to those that can afford to purchase these high-cost
research materials. Such costs negatively impact advanced nuclear reprocessing flowsheets
as the economics are even less favourable than the PUREX process due to the specialised
nature and novelty.30 By achieving the necessary performance, safety and economic
requirements, the nuclear industry can move towards a future where the efficient use and
recovery of nuclear materials is balanced with the imperative of minimising environmental

impact whilst enhancing global security.
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Figure 39: Extraction performance of 1.00 M DEHiBA in a GANEX first-cycle hot test as reported
by G. Modolo, A. Geist and M. Miguirditchian. 2>

Further testing of DEHiBA is needed to better understand the compatibility and
performance of this ligand, whereby an optimised flowsheet can be implemented for the
recovery of uranium. Few pilot plant scale tests employing DEHiBA have been published,31-33
of these, the irradiated tests show promise, yielding >99.9% uranium recovery and good
separation factors when using 1.00 M DEHiBA (Figure 39). Though the literature is sparse on
research covering performance optimisation of DEHiBA for the extraction of uranium, it is
essential that the effect of parameters like DEHiBA, nitric acid, and uranium concentration,
organic (often referred to as solvent in this discipline) : aqueous phase ratio (SA ratio),
temperature and the impact of impurities is understood. This work provides greater
understanding of extraction conditions, screening DEHiBA and nitric acid concentrations
across a range of SA ratios for a simple uranium(VI) only system, aiding to underpin more

complex extractions and hot tests so that optimal process conditions can be rigorously tested.

In these studies, we have used DEHiBA manufactured in-house via two routes from
iBAnhydride (isobutyric anhydride) and the thermal amidation of iBA; (e) and (f) respectively,
as described in previous work.2? We also compare the performance to commercially sourced
DEHiBA to understand how uranium(VI) extractions with DEHiBA are affected by impurities

and starting materials (potential degradation products) to ensure performance prior to pilot
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plant extraction testing. Recent literature from PNNL,® has also been used as a benchmark to

verify the performance of our material to for the extraction of uranium(VI).

4.3 Experimental

4.3.1 Materials
Uranyl nitrate hexahydrate (UO2(NO3)2.6H20, 98-102%) was procured by ABSCO Ltd., UK, from

International Bio-Analytical Industries, Inc., Boca Raton, FL, USA. Nitric acid (>65%, Analytical
Reagent, catalogue number 20429.320) were supplied by VWR International. n-dodecane and
sodium hydroxide pellets were sourced from Sigma Aldrich. All commercially sourced materials
were used without purification. DEHIBA from routes (e) and (f) were sourced from previous

synthetic work.2?

4.3.2 DEHiBA Materials & Purities

DEHiBA was manufactured for this work via two synthetic routes detailed by T. Shaw et al.?°

referred to as routes (e) and (f) illustrated by Scheme S7.

The two crude materials, denoted as e56 and f23 were collected from a range of experimental
conditions explored over the optimisation of each route, thus contain biphenyl as the internal
standard and an array of impurities. Figures S42 & S43 detail the composition of each crude
product, although the concentration of iBA and the degradation products from route (f) have not
been determined. Purities were determined as weight percentages via gas chromatography-flame
ionization detection (GC-FID) analysis to be 56-58% DEHiBA for crude e56 and 23-24% DEHiBA

for crude f23, both containing biphenyl as the internal standard. The concentration of iBA was not
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determined due to column contamination when calibrating with the GC-FID, resulting in non-linear

calibration curves. The following purities have been determined by weight via GC-FID:

Table 13: Quantified composition of the five DEHiBA materials studied.

Material | Shorthand D?;(gg A ;(l;f; D(i(];SA iBAn(l;}(’)()il‘ide
C];‘E‘gféz) €56 56-58 40-42 0 2
CDEHiBA ) | 9 99 0 0 0
Crude® | B3 22 na 2 0
0w w0 o

These crude and purified DEHiBA materials were made to the desired concentration of DEHiBA

by dilution in n-dodecane, using the quantified mass of DEHiBA present.

4.3.3 Batch Purification of Crude e56 to Yield e99 DEHiBA

The purity of the crude (e) material taken from a combination of >99 experiments of varying
conditions when optimising route (e) was established to be 56-58% by weight and is henceforth
referred to as e56. The crude e56 product was purified in batch via liquid-liquid extraction to yield

pure DEHiBA for comparison when extracting uranium(VI).

The crude e56 (300 g) was diluted in hexane (300 mL), then saturated sodium bicarbonate
(300 mL) was added leading to a cloudy emulsion (3rd phase) that did not clear. Acetonitrile
(300 mL) was added with methylamine (10 mL) to clear the emulsion and to aid removal of

iBAnhydride. A subsequent wash with 0.1 M NaOH (300 mL) and acetonitrile (300 mL) with
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methylamine (10 mL), and then a 1:1 water : acetonitrile wash (300 mL) clarified the organic phase
yielding 160 g of 99% pure DEHiIBA (Figure S44) by mass (residual biphenyl), this purified

material is referred to as e99.

The purified material (e99) was a colourless oil, with a density measured to be 0.85 g mL-1. Mass
spectroscopy of e99 confirmed a molecular weight of 311.77 g mol-! (Figure $22). 1H and 13C NMR

(Figures S20 & S21) confirmed the purity of €99 against commercially sourced DEHiBA.

4.3.4 Batch Purification of Crude 23 to Yield f88 DEHiBA

The purity of the crude (f) material taken from a combination of >80 experiments of varying
conditions when optimising route (f) was established to be 23-24% DEHiBA by weight and is
henceforth referred to as crude f23. Degradation products like 3-methylheptane and the secondary
amide of DEHiBA (N-(2-ethylhexyl) isobutyramide) are observed at 6.4 and 7.4 minute retention

times (Figure S43) respectively from the thermal degradation of DEHiBA.

The crude 23 (100 g) was diluted in hexane (100 mL), this was then washed with 0.1 M NaOH
(2x 100 mL) with methylamine (2x 5 mL). The organic phase was then washed with acetonitrile
(2x 50 mL), to yield an organic phase comprised largely of DEHiBA and DiEHA. To purify this
material, 2.0 M nitric acid (4x 25 mL) and acetonitrile (4x 50 mL) washes led to a product purity

of 87-90% by weight (Figure S45) and is referred to as f88.
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4.3.5 Uranium(VI) Extractions, Analysis and Calibrations

Stock aqueous uranyl nitrate solutions were made to the desired concentration (typically 0.1 M)
using uranyl nitrate hexahydrate, and the respective nitric acid stock solution (2.0-6.0 M) in a

volumetric flask.

Extractions were performed by contacting the desired organic phase (crude or purified DEHiBA
in n-dodecane) with an equal volume of desired nitric acid twice, over 3 hours at ambient
conditions (15-22 °C), ensuring pre-acidification of the organic phase. The phases were then
separated via centrifugation at 2500 rpm for 2 minutes and the organic phase was then contacted
with the desired volume of uranyl nitrate solution, each extraction was mixed for an hour at a
recorded room temperature before centrifugation. The separated phases were then analysed

separately by UV-Vis spectroscopy.3

The spectrometer (FLAME-S-UV-VIS, 200-850 nm) with thermoregulator (USB-TC) was
connected to a high-power MINI deuterium tungsten halogen source with shutter (200-850 nm)
via a cuvette holder (1 cm pathlength) with solarization-resistant fibres (2 m, P400-2-SR). The
system was equilibrated for 60 minutes, a reference sample, either nitric acid or n-dodecane was
then used to collect the background for the aqueous and organic phases respectively, using an

‘integration time’ of 96 milliseconds, with 64 ‘scans to average’ the final spectrum.

Uranyl nitrate has a distinct signal between 350-500 nm, typically a multiplet of nodes.3* From
this the maximum peak height or peak area can be used to quantify the amount of uranium(VI)
present. However, the neighbouring nitric acid signal (330-400 nm) can overlap with the

uranium(VI) signal, therefore, measurements were taken above 400 nm where possible.

To calibrate the aqueous phase a 0.10 M uranyl nitrate solution in 4.0 M nitric acid was

composed, aliquots were taken and serially diluted with 4.0 M nitric acid to afford uranium(VI)
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concentrations from 0.10 to 0.01 M. The aqueous uranium(VI) calibration spectra are shown in
Figure S46, presenting three obvious peaks. Calibrations used the peak height and area as a means
of comparison and validation. Two aqueous calibration curves were generated using the peak area
between 400-440 nm, and maximum absorbance at 419 nm for Figures S47 & S48 respectively.

This was repeated for 2.0-6.0 M nitric acid concentrations.

Attempts to dissolve uranyl nitrate directly in 1.50 M DEHiBA led to three phases including
incomplete dissolution (Figure S49), leading to inaccurate uranium(VI) concentrations. Instead,
organic uranium(VI) calibrations loaded uranium(VI) into the organic phase via solvent extraction
using pre-acidified 1.50 M e99 DEHiBA in n-dodecane through contact with an equal volume of
0.10 M uranyl nitrate in 4.0 M nitric acid. The resultant aqueous phase was analysed by UV-Vis and
quantified to contain 0.011 M uranium(VI), therefore the organic phase contains 0.089 M
uranium(VI). Subsequently the organic phase was diluted in series with the 1.50 M e99 DEHiBA
solution yielding a range of uranium(VI) concentrations for the calibration (Figures S50 & S51).
UV-Vis analysis of these organic solutions resulted in more peaks and a shift in wavelength
compared to the aqueous calibration measurements (Figure $52), with the maximum absorbance

at 430 nm.

4.3.6 Working with Open Sources of Ionising Radiation:

Uranium

All work with radioactive substances at the University of Leeds is carried out under a strict
management protocol to ensure compliance with health, safety, and environmental legislation. In
the human body, this ionization can cause adverse health effects such as the induction of cancer.
The risk of an adverse health effect is related to the level of exposure to radiation, and the risks

are, therefore, controlled by limiting the exposure of workers to radiation. Radiation workers have
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to complete radiation safety training, log risk assessments, order and confirm the receipt of

sources, record the usage of sources, and log radioactive waste disposal.

Only individuals holding a valid University of Leeds Radiation Work Permit are permitted to
handle unsealed radioactive substances. The University’s permits for radiation work, issued under
the Environmental Permitting Regulations 2010, specify that ‘Best Available Techniques’ must be
used to minimize the radiological impact of discharges on people and the environment.
Contamination control techniques are used to minimize the creation and spread of contamination,

as follows:

Careful dispensing and handling of materials to minimize the risk of contamination.

Immediate disposal of contaminated material: tips, syringes, etc.

Containment of any samples created in a secondary container.

Storage or disposal of any stocks and samples not in use as soon as practicable.

Radiation monitors are used to identify contaminated areas or equipment.

Equipment like pumps that comes in to contact with alpha emitting materials risks being
contaminated and confined to the ‘hot’ lab if it cannot be decontaminated. For this reason HPLC
pumps and other flow equipment used in the other chapters were not used for this work and the
majority of the work was carried out using traditional batch chemistry and one variable at a time

optimisation.
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4.4 Results and Discussion

To understand and compare the performance of DEHiBA manufactured via routes (e) and (f),
crude and purified DEHiBA materials (e56, €99, f23, and f88) were investigated to determine the
effect of impurities on the extraction of uranium(VI). Commercially sourced DEHiBA was used as
a benchmark material for comparison. The extraction of uranium(VI) can be tailored and
optimised via a number of variables such as: type/structure of ligand, ligand concentration, metal
(uranium) concentration, nitric acid concentration, phase or SA ratio, and temperature. This work
employs 0.10 M uranyl nitrate as a model system where DEHiBA concentration, SA ratio and nitric
acid concentration were screened to provide insight for the development of industrial processes.
This work found temperature to be highly influential on the extraction as mentioned in the
literature,3> and aims to highlight the importance of this process metric that can be overlooked.
Only the forward extraction has been studied in this work, though the impurities may influence
the back extraction (stripping) or extraction of other nuclides which will need to be investigated

in future work.

4.4.1 Performance Testing of Crude and Purified DEHiBA for

the Forward Extraction of Uranium(VI)

In this work DEHiBA of various purities and compositions (Table 13) has been tested for the
extraction of uranium(VI), with focus on varying the DEHiBA concentration to understand how
impurities affect the forward extraction of uranium(VI) from 0.10 M uranyl nitrate in 4.0 M nitric
acid using a 1:1 SA ratio. Initial screening compared 1.50 M DEHiBA solutions of €99, crude e56,
f88, and commercial DEHiBA (CD) at 15 °C (Table S21), finding comparable distribution ratios

(Du) around 8 even for the crude material (Figure 40). Initial measurements however, found crude
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e56 to extract more uranium(VI), with a 9.3 Du (Figure S53), but was found to be due to
interference from oxidised DiEHA absorbing between 410-430 nm due to its yellow appearance,
increasing the organic absorbance (Figure S54). Similarity of the aqueous phase measurements
(Figure S55) for the extractions with crude and purified DEHiBA gave confidence of similar
performance with an expected Du of ~8 for all. Therefore, the UV-Vis methodology was modified
for the crude e56 organic measurements, where the background was taken using the crude
material before contact with uranium. Additionally, extractions with 1.50 M crude e56led toa 10%
volume redistribution where the aqueous phase increased in volume, likely due to phase transfer
of isobutyric acid. These findings highlight the added complexity when using crude DEHiBA due to
the interference of impurities, whereby DiEHA interferes with UV-Vis analysis, and the solubility
of isobutyric acid (and potentially other materials) in both phases not only changes the SA ratio,
but also has the potential to chelate to uranium(VI) or other nuclides, which could unknowingly
contaminate waste or product streams. As these impurities are potential degradation products of

DEHiBA any impact that these could impose on the process must be understood.

Although the purified (e99 & f88) and crude (e56) DEHiBA materials demonstrated similar
uranium(VI) extraction performance to one another (Du ~8), this differed from the distribution
ratio of 6.2 published by G.B. Hall et al.® when using the same concentration of uranium(VI) and
nitric acid at the same SA ratio, notably the temperature of this extraction was not referenced but
was later confirmed to be around 25 °C by the author. Comparable performance was achieved at
22 °C with 1.50 M €99, this time a Du of 6.3 was measured. This exemplifies the exothermic nature
of this extraction as described by P. Pathak et al.3* emphasising the need to understand how these

extractions perform across a range of temperatures.

The concentration effect of DEHiBA was investigated for crude (e56 and f23) and purified (e99

and f88) DEHiBA materials (Figure 40), typically ranging between 0.75 M up to 1.50 M, these were
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contacted with an equal volume of 0.10 M uranyl nitrate solutions in 4.0 M nitric acid to understand
how the concentration and purity of DEHiBA affects the extraction of uranium(VI) and whether
any benefits from increasing the concentration of DEHiBA plateau. Crude f23 was only investigated
at a concentration of 0.33 M due to its low purity (restricting access to high concentrations) and
the formation of three liquid phases following contact with aqueous uranyl nitrate, the colouration
of this material also increased the organic UV-Vis absorbance making extractions with this
material highly unfavourable to work with so was not investigated further. Organic and aqueous

UV-Vis measurements can be found in Figures S54-S62.
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Figure 40: The effect of DEHiBA concentration on the distribution ratio of uranium(VI)
comparing €99, crude e56, f88, and crude 24 solutions when using an equal volume of 0.1 M
uranyl nitrate in 4.0 M nitric acid. The hollow triangle experiment at 1.25 M DEHiBA was
conducted at 22 °C whilst all other experiments took place at 15 °C.
Overall, uranium(VI) extraction reduces as DEHiBA concentration reduces, in a non-linear

fashion. Instead the majority of datapoints fit to a second order polynomial equation despite

differences in purity, facilitating prediction of uranium(VI) extraction efficiency for varying
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DEHiBA concentrations when using an equal volume of 0.10 M uranyl nitrate in 4.0 M nitric acid
at 15 °C. This implies that impurities like isobutyric acid and di-(2-ethylhexyl)amine (DiEHA) have
little if any effect on the forward extraction of uranium(VI) at these conditions. The majority of
these experiments took place at 15 °C, however the extraction with 1.25 M crude e56 DEHiBA took
place at 22 °C due to the difference in ambient temperature, as the other extractions with crude
e56 demonstrate similar extraction performance for uranium(VI), it is most likely that this drop in
performance is due to the increase in temperature hindering the exothermic extraction.3> Over-
quantification of uranium(VI) in the organic crude e56 phase was only observed when using
1.50 M DEHiBA as a greater concentration of DiEHA is present, therefore the accumulation of
degradation products such as DiIEHA without suitable purification could add complications with

analysis, especially given the difficulty to remove fatty amines via liquid-liquid extraction.

The reduction in extraction performance at lower DEHiIBA concentrations was expected due to
lesser moles of available ligand for chelation. However, the non-linear relationship (Figure 40)
means that the ratio of DEHiBA to uranium(VI) reduces from ~16:1 when using 1.50 M DEHiBA,
down to 11:1 when using 0.75 M DEHiBA (Table S21). From this data alone it is unclear why the
ratio of DEHiIBA to uranium is not constant with varying DEHiBA concentrations. This could be
influenced by the amount of free ligand from nitric acid adduct formation. However, it does mean
that higher DEHiBA concentrations have more ‘free’ DEHiBA so can accommodate higher uranium

loadings by increasing the SA ratio.

To expand the explored DEHiBA concentration range, 2.00 M and 2.73 M (neat DEHiBA) €99
DEHiBA solutions were contacted with an equal volume of 0.10 M uranyl nitrate in 4.0 M nitric
acid, although these extractions were contacted at 22 °C not 15 °C again due to the difference in
ambient temperature, making comparison difficult (Table S21 and Figure S63). The 2.00 M

DEHiBA solution extracted a significantly greater amount of uranium(VI) than 1.50 M DEHiBA with
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a Du of 11.6 vs ~8. This did not follow the second order polynomial curve from Figure 40, most
likely due to the increased temperature. Therefore, further work is required to repeat this
extraction at 15 °C to ascertain whether the second order polynomial equation continues when
using 2.00 M DEHiBA, as additional factors may restrict the extraction of uranium(VI) at higher
DEHiIBA concentrations. The extraction with neat DEHiBA resulted in reduced performance
compared to the 2.00 M DEHiBA with a Du of 9.8, potentially due to the absence of dodecane and
the increased viscosity of the organic phase (as observed during manipulation), however
inspection of the organic UV-Vis measurement suggests increased uranium(VI) extraction due to
greater absorbance (Figure S56). The reduced Du was deduced to be a result of the aqueous UV-Vis
measurement (Figure S57), where an overall shift in wavelength is observed compared to the
other extractions, leading to a poorer mass balance and over-quantification of the uranium(VI)
concentration. It is unclear as to why the aqueous phase was affected, however the actual Dy is
expected to be greater than the 2.00 M DEHiBA extraction based on the organic UV-Vis

measurement (Figure $56).

The ability to predict uranium(VI) extraction performance across a range of temperatures, SA
ratios, nitric acid, DEHiBA and uranium concentrations supports the optimisation and operation
of a next generation reprocessing facility. The understanding that typical degradation products do
not hinder the forward extraction of uranium for the conditions tested in this work reinforces the
robustness of these materials and extraction conditions. Further work is needed exploring a range
of temperatures for these extractions to predict performance alongside measuring viscosity of the
phases, prior to industrialisation due to the significant impact temperature has, as has been

highlighted here.
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4.4.2 The Impact of Nitric Acid Concentration on Uranium(VI)

Extractions with 1.50 M and 1.00 M Purified DEHiBA

The influence of nitric acid concentration was next investigated for the forward extraction of
uranium(VI) between 2.0-6.0 M nitric acid with 1.00 M and 1.50 M €99 DEHiBA due to the
relevance of these concentrations in the literature.® The extraction performance of €99 DEHiBA
was further verified against literature data published by G.B. Hall et al.¢ for the extraction of 0.10 M
uranyl nitrate in 2.0-6.0 M (1.0 M increments) nitric acid using a 1:1 SA ratio at 22 °C. Although
G.B. Hall et al.6 focussed on using 1.50 M DEHiBA, our results with 1.00 M DEHiBA are directly
compared using the same extraction conditions (Figure 41). Back extraction/stripping conditions

at lower nitric acid concentrations (0.01 M to 1.00 M) were not explored.

Extractions with 1.50 M DEHiBA demonstrate comparable performance to the data published
in the literature as illustrated in Figure 41, validating the suitability of the synthetic route (e) and
purification methodology and reagents used. Comparably, 1.00 M DEHiBA is far less efficient at
extracting uranium(VI), this is exacerbated at 5.0 M and 6.0 M nitric acid with >10% difference in
extraction efficiency. Therefore, for the extraction of 0.10 M uranyl nitrate at 22 °C, 1.50 M DEHiBA
provides better uranium(VI) loading and thus throughput, requiring fewer extraction stages to
achieve 99.9% uranium removal compared to the GANEX 1st cycle process using 1.00 M DEHiBA.
Of course, the feasibility of using 1.50 M (or other concentrations) DEHiBA relies on the suitability
of phase densities, as if a phase is too dense/viscous compatibility issues with equipment like
annular centrifugal contactors and pulsed columns will be met, as density is also dependent on the
uranium loading extraction performance may need to be limited to not exceed viscosity
limitations. Further investigation of phase densities for promising extraction conditions is needed
prior to scale-up or pilot plant testing. The temperature of the aqueous feed in a hot test or

reprocessing facility may be elevated aiding the handling of viscous phases, however this will
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reduce the extraction efficiency of the system and must be understood and balanced. Additionally,
1.00 M DEHiBA may be favoured for the management and separation of a greater number of
radionuclides, specifically technetium.® Overall, both 1.50 M and 1.00 M DEHiBA concentrations
demonstrate increased uranium(VI) extraction as nitric acid concentration increases, both tailing
off around 5.0 M nitric acid, but to a greater extent when using 1.00 M DEHiBA. Third order

polynomial equations were fitted generating good fits as per the equation used to fit the PNNL data

(Figure S68).6
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Figure 41: The effect of nitric acid concentration on the distribution ratio of uranium(VI) at 22 °C
comparing 1.50 and 1.00 M e99 DEHiBA to 1.50 M DEHiBA literature data,6 using a 1:1 SA ratio
for the extraction of 0.10 M uranium(VI).

All mass balances for these extractions were within +10% of 100% (Table S22). Interestingly,
the UV-Vis measurement of organic uranium(VI) when using >5.0 M nitric acid led to a shift in
wavelength (Figures S64 & S65), likely due to a change in the electronics of the uranium complex.
Little difference is observable for the aqueous uranium(VI) UV-Vis measurements besides
intensity (Figures S66 & S67), although the low absorbance of uranium(VI) for the 5.0 M and

6.0 M nitric acid phases may subdue any noticeable differences.
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Ultimately, 5.0 M and 6.0 M nitric acid promotes the best extraction efficiency of uranium(VI)
for both DEHiBA concentrations when using a 1:1 SA ratio, the plateau of this metric illustrates
little need to increase nitric acid concentration further. Instead, uranium loading and thus
throughput can be further optimised by exploring differing SA ratios. Higher uranium loading can
also be achieved through higher aqueous uranium concentrations, as investigated by G.B Hall et
al.® However, in the work presented here on a uranyl nitrate concentration of 0.10 M is used, and

the effect of SA ratio is investigated for improving uranium throughput.

4.4.3 Investigating Organic: Aqueous Phase Ratio to Optimise

the Extraction of Uranium(VI) with 1.50 M and 1.00 M DEHiBA

This section of work aims to understand how the SA ratio impacts the extraction efficiency of
uranium(VI) with 1.50 M and 1.00 M DEHiBA. This data can then be used to maximise extraction
efficiency and throughput or identify trade-off conditions for these objectives, aiding to inform

scale-up operations and improve process efficiency.

SA ratios from 2:1 down to 1:2 are reported in Figure 42 using 1.00 M and 1.50 M DEHIiBA,
across 2.0-6.0 M nitric acid concentrations. The majority of extractions here were conducted at
22 °C, however four of the extractions with 1.50 M DEHiBA using 3.0 M and 5.0 M nitric acid were
conducted at 15 °C, identifiable by the non-filled markers. This further highlights the influence of
temperature on this extraction, whereby the extractions at 15 °C do not follow the trend of the
22 °C extractions, over-extracting uranium(VI). This emphasises the need to investigate these
conditions across a range of temperatures. The polynomial equations for the trendlines are not
displayed due to the difference in temperatures for some of the data, the trendlines should only be

used as a visual guide.
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Figure 42: Comparing the uranium(VI) extraction performance of 1.50 M and 1.00 M €99
DEHiBA concentrations for the extraction of 0.10 M uranyl nitrate with varying nitric acid
concentration and SA ratio at 22 °C (filled ® markers) and 15 °C (empty © markers).

Similar trends are observed for both the 1.00 M and 1.50 M DEHiBA extractions, where Du
increases steadily from 2.0 M to 4.0 M nitric acid, before this trend starts to plateau, although to
different extents depending on the SA ratio used. For example, the 6.0 M nitric acid 1:2 SA ratio

with 1.00 M DEHiBA shows reduced performance compared to the same extraction but in 5.0 M
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nitric acid. This reduction in performance is less noticeable and harder to determine given the
difference in temperature when using 1.50 M DEHiBA. The Du is best at higher (2:1) SA ratios for
both DEHiBA concentrations, therefore for maximum extraction efficiency, uranium throughput
must be sacrificed and thus a trade-off between these metrics must be defined. This trade-off tends
to increase with nitric acid concentration, being most notable with 6.0 M nitric acid as the
difference between Du is greatest between the 2:1 and 1:2 SA ratio. For example, when using
1.50 M DEHiBA the difference in extraction efficiency between a 2:1 and a 1:2 SA ratio is 2.5% with
2.0 M nitric acid, increasing to ~5% with 3.0-5.0 M nitric acid, and finally 6% with 6.0 M nitric acid.
Comparatively, when using 1.00 M DEHiBA the difference in extraction efficiency increases from
3% to 6.5% to 10.7% when using 2.0 M, 4.0 M and 6.0 M nitric acid respectively. A maximum
extraction efficiency of ~90% can be achieved when using 5.0 M and 6.0 M nitric acid at a 2:1 SA
ratio with 1.50 M DEHiBA, only dropping to ~85% when using a 1:2 SA ratio, a ~5% loss in
efficiency for a four-fold increase in uranium throughput. Whereas extraction efficiency drops
from 80% down to ~70% for the same conditions when using 1.00 M DEHiBA, representing a 10%
loss, double that observed with 1.50 M DEHiBA. Ultimately, these losses are not detrimental to
performance given the increased uranium throughput, although a greater number of sequential

extraction stages is needed to attain 99.9% extraction.3¢

Overall, 5.0 M nitric acid is seemingly optimal for both DEHiBA concentrations, affording a
lesser reduction in extraction performance as the SA ratio reduces, facilitating better uranium
throughput with minimal loss to extraction efficiency. Extractions with 1.50 M DEHiBA
significantly improves extraction performance for all conditions compared to using 1.00 M
DEHiBA, with up to a 13% difference when using 4.0-6.0 M nitric acid and up to 16% when using
2.0-3.0 M nitric acid. Further visual comparison of uranium(VI) extraction performance when

using 1.50 M and 1.00 M DEHiBA is plotted in Figure S69 allowing visual comparison across four-
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dimensional space, illustrating the sheer difference in performance, yet similar trends between
datasets. The mass balances for each of these extractions is listed in Tables $23-S26, where all

extractions provided good confidence in the data, within 10% of a 100% mass balance.

From this data, the ratio of DEHiBA to uranium in each organic phase can be plotted to
understand how effectively each condition utilises DEHiBA to partition uranium(VI). In general,
higher nitric acid concentrations and lower SA ratios lead to a more effective utilisation of DEHiBA
for the chelation of uranium(VI). However, the difference in temperature for the extractions with
1.50 M DEHiBA makes interpretation of this unclear (Figure S74), thus Figure 43 only contains
the data for 1.00 M DEHiBA. Linear relationships between SA ratio and the ratio of DEHiBA to
uranium(VI) are observed for all nitric acid extractions within the SA ratios explored. Interestingly,
4.0 M and 5.0 M nitric acid conditions look to outperform extractions in 6.0 M nitric acid if lower
SA ratios were explored, this supports the comparatively reduced performance at low SA ratios
when using 6.0 M nitric acid vs 4.0 M and 5.0 M. Further investigation as to whether these linear

relationships continue towards the y-axis would be interesting in future work.
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Figure 43: The effect of SA ratio and nitric acid concentration on the ratio of DEHiBA to
uranium(VI) at 22 °C using 1.00 M €99 DEHiBA to extract 0.10 M uranyl nitrate.
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4.5 Conclusions

This work verifies the performance of DEHiBA manufactured in-house via two synthetic and
purification pathways,2° comparing the performance to that of commercial DEHiBA and available
data in the literature.® The purified DEHiBA from routes (e) and (f), €99 and 88 respectively
possessed near identical performance to commercially sourced DEHiIBA at 15 °C when using a
1.50 M DEHiBA concentration. Even crude DEHiBA from route (e) demonstrated comparable
performance to purified DEHiBA for the forward extraction of DEHIBA despite the significant
amounts of impurities like iBA. The performance of DEHiBA purified from route (e) was also found
to be near identical to that published by G. B. Hall et al.¢ when extracting an equal volume of 0.10 M
uranyl nitrate in 2.0-6.0 M nitric acid concentrations with 1.50 M DEHiBA. These investigations
validate the scalable synthetic routes proposed in previous work and purification methods devised
in this work as DEHiBA performs as expected even in the presence of impurities such as potential

degradation products.

Three variables, ligand concentration, nitric acid concentration and SA ratio, were investigated
throughout for the extraction of 0.10 M uranyl nitrate. Temperature effect was observed to be
influential on the extraction but has not yet been investigated thoroughly. Purity was also
investigated to some extent and found to have little influence if any on the forward extraction of

uranium(VI).

The concentration of DEHIBA was assessed for the purpose of process intensification to
facilitate increased uranium loading of the organic phase and understand when the benefits of
increasing DEHiBA concentration are optimal. As the proposed GANEX 1st cycle forward extraction

employs 1.00 M DEHiBA, this work investigated greater concentrations of DEHiBA (1.50 M, 2.00
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M, and 2.73 M) which resulted in increased extraction efficiency for the conditions explored. Thus,
theoretically fewer extraction stages are required for an industrial process, although the density
of the organic phase must be monitored as higher DEHIiBA concentrations can lead to

complications when loaded with large amounts of uranium(VI).

The effect of SA ratio was assessed between 2:1 and 1:2, investigating the trade-off between
extraction efficiency and uranium throughput. Lower SA ratios (1:2) only reduced extraction
efficiency marginally in comparison to the four-fold improvement in uranium throughput, from
~90% extraction efficiency down to 85% at 5.0 M nitric acid with 1.50 M DEHiBA. This provides
options for plant design where the number of extraction stages can be optimised with uranium

throughput, providing insight prior to scale-up and pilot plant demonstrations in future work.

Overall, 1.50 M DEHiBA for the extraction of 0.10 M uranyl nitrate provides superior forward
extraction performance over the suggested concentration of 1.00 M DEHiBA for the GANEX 1st
cycle forward extraction, with at least a 10% extraction efficiency increase. It should, however, be
noted that this system does not account for the added complexity of other species found in
irradiated nuclear fuel, higher uranyl nitrate concentrations and temperatures, or organic phase
density when loaded with uranium, which may better suit 1.00 M DEHiBA. However, at this stage,

with the available data 1.50 M DEHiBA outperforms 1.00 M DEHiBA without issue.

4.6 Future Work

This work highlights the temperature dependence of such extractions and the need for studies
that investigate this variable alongside the other variables mentioned and investigated here.
Additionally further work with 2.00 M DEHiBA and potentially beyond across these variables
would be of interest for process intensification as no observable issues were encountered for the

limited extractions investigated for these DEHiBA concentrations. Additionally, the investigation
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of lower SA ratios may yield valuable operating conditions, whilst density measurements for

organic phases would provide valuable insight across a range of temperatures.

The investigation of these variables at higher uranium concentrations would improve industrial
relevance and potentially uranium throughput, allowing comparison of process metrics and

densities for compatibility with equipment like annular centrifugal contactors.3”

Extraction studies with industrial process equipment is the next logical step to ensure
compatibility with equipment and to compare the effect of equipment on the extraction efficiency
relative to small scale laboratory methods and equipment. Additionally, increased complexity of
the aqueous phase, simulating the composition of used nuclear fuel through the addition of
nuclides like plutonium, will ensure DEHiBA behaves as reported and is suitable across a range of

promising process conditions.

These extractions were conducted in batch using a one variable at a time optimisation approach,
this deviates from the other work completed in this thesis due to equipment limitation in the alpha
active laboratory at the University of Leeds. In the future design of experiments or machine-
learning algorithms should be employed to optimise process conditions, aiding to explore and
understand synergistic effects between the various process variables that influence these
extractions. This work could be done in continuous flow using microfluidics and the separators
used in Chapter 3 (or smaller versions) to automate these processes, minimising material
consumption, allowing higher uranium concentrations to be investigated and improving
repeatability, however this was not achievable in this work due to the cost and time restrictions
but would be beneficial to research in this field and would aid to minimise operator dose. By
conducting these tests in small-scale continuous flow, the outlet streams could be monitored by

UV-Vis spectroscopy to further reduce analysis time and maximise the number of extraction
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conditions that can be assessed in minimal time. These setups could be used to assess temperature

dependence and any temperature increases caused by the extraction.
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Chapter 5: Overall Conclusion

The work in this project has devised and employed methodologies to optimise the synthesis and
purification of DEHiBA in continuous flow using Industry 4.0, exploiting automation and machine-
learning algorithms to efficiently achieve desirable process metrics for the manufacture of
DEHiBA. This work has utilised self-optimising flow platforms, using this technology for an
industrially relevant application in the area of nuclear reprocessing. These methodologies are time
and resource efficient, requiring minimal operator input, facilitating the efficient optimisation of
key process metrics like cost, throughput, and purity. Bayesian machine learning algorithms were
preferred for this work due to their ability to identify optima in minimal experimental iterations,
minimising research and development timelines and material consumption. The use of a weighted
objective for the purification optimisations with BOAEI was very effective and could have been

useful in the synthetic optimisation work to more effectively identify optimal trade-off conditions.
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Such methodologies and platforms outlined are applicable to many other industrially relevant
chemicals including other ligands for nuclear reprocessing. Such applications are incredibly
relevant due to limited accessibility to ligands like DEHiBA, especially on the large scale and the
high-cost barrier associated with ligands in this area of research. However, further work is
required for the optimisation of telescoped synthetic steps to make this methodology better suited

to multi-step syntheses.

Further work in this thesis ensured that DEHiBA manufactured via these promising routes
behaved as suggested in the literature, also comparing to industrially sourced DEHiBA. This work
ensured that chosen starting materials and reagents were compatible with the end application of
extracting uranium(IV). Additionally testing in the presence of potential degradation products
allowed performance comparison to pure DEHiBA for the forward extraction of uranium(VI).

Additionally other variables were explored to expand on relevant published studies with DEHiBA.

When designing chemical processes, the consideration of multiple performance metrics is
crucial to success. Work in Chapters 2 and 3 optimises multiple objectives to achieve this and
develop well rounded processes with a choice of operating conditions depending on performance
criteria motives. TSEMO and BOAEI are used to do this, respectively, where TSEMO works well for
the synthetic work identifying Pareto Fronts for a variety of objectives whereas the purification
work in Chapter 3 was material intensive and focussed on achieving specific performance criteria
of high purity (>95%) and low product loss. As the synthetic optimisations were less material
intensive these optimisations used a greater number of experiments and were able to fully explore
the Pareto Front, the purification work however was limited in terms of crude DEHiBA and thus a
more targeted method was used in the form of BOAEI with a weighted objective. Both approaches
used significant quantities of reagent, especially when performing continuous chemistry solvent-

free, the optimisation of these reactions with slug-flow would have further minimised cost and
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material waste however this approach would have been difficult to adopt for the purification work
with the coalescing separator used. Both approaches optimised and compared multiple routes to
identify an optimum on-demand continuous manufacture route to DEHiBA finding that crude
DEHiBA could be synthesised for £23.60 mol! at 14.7 kg L-1 h'! or £24.50 mol-! at 75.8 kg L1 h-1
using iBAnhydride and DiEHA. An alternative route was devised in the event that iBAnhydride
became less or no longer viable, using iBA and DiEHA via a thermal amidation route for £27.20
mol! with a reduced throughput of 3.5 kg L-1 h-l. Additionally, it would also be possible to
manufacture iBAnhydride from iBA, although this was out of the scope of this project but could
further reduce the cost of DEHiBA. Cost analysis of the purification routes and conditions were not
included in this work due to uncertainty with disposal costs of the aqueous waste, however,
assumptions can be made that nitric acid waste streams would be more costly and problematic
than a water waste stream or even the bicarbonate waste stream. These optimisations aimed to
reduce the volume of aqueous waste in order to minimise the cost of DEHiBA further, although the

priority of this work was low product loss and high product purity.

Performance testing of DEHiBA identified promising conditions for the forward extraction of
uranium investigating key process variables to understand how this affects the extraction
efficiency of DEHiIBA. SA ratio was used to vary the throughput of aqueous uranium and determine
how extraction efficiency is affected by this variable, providing a range of process conditions that
could be employed depending on process criteria and goals. The DEHiBA manufactured from
routes (e) and (f) were found to be comparable to literature data and one another, justifying the
use of either route to manufacture DEHiBA for uranium extraction in the future. Additionally crude
DEHiBA did not negatively affect the forward extraction of uranium, however further work is
needed on the back extraction (stripping) to ensure no issues are faced, furthermore more complex

studies with a greater range of nuclides would be beneficial to ensure no extraction of unwanted
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species. This work highlighted the importance of temperature control on the extraction of
uranium, with future work needed to determine the extraction performance across a range of

potential operating conditions.

Overall, this work has implemented and developed an efficient methodology to manufacture
DEHiIBA in continuous flow with limited human intervention required to optimise process
conditions. Such an approach is applicable to other industrially relevant molecules like the
diamides (TODGA) where there is a demand for further studies, including large-scale testing with
these materials to improve the technology readiness of advanced reprocessing flowsheets.
However, further work is needed to tackle more complex multi-step processes, in these cases slug
or droplet flow is likely better suited but is more complex. The DEHiBA manufactured from the
optimum routes in this work has proven to be successful for the extraction of uranium(VI) and
provides comparable data to the literature and commercially sourced DEHiBA, justifying the
effectiveness of these methodologies. The ability to have ligands like DEHiBA on demand aids to
reduce barriers to research by increasing supply and reducing the cost of these specialised ligands.
The current demand for DEHiBA and other ligands does not currently require continuous
manufacture, however this work opens such a possibility and by publishing the findings of this
research others in the field are able to manufacture their own DEHiBA using ‘optimised’ conditions
if they choose to. Furthermore, the flow platform for DEHiBA can be reconfigured to manufacture

other ligands like DEHBA or DHOA on demand.

It is likely that future advancements in self-optimising flow platforms will focus on improving
the usability of slug flow for more complex multi-step synthetic optimisations. This will aid
minimise material consumption and simplify the challenges faced when optimising telescoped
reaction steps allowing more complex molecules like TODGA or active pharmaceutical ingredients

to be optimised efficiently in continuous flow. Additionally, it is likely that research and
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development in the nuclear industry will adopt digital chemistry techniques using industry 4.0 to
reduce operator dose and minimise material consumption, moving away from one variable at a
time optimisations and using DOEs or machine learning algorithms to optimise research
challenges. The coalescing separator used in Chapter 3 also has the potential to revolutionise
complex extraction processes where solids or hard to break emulsions are faced due to its
potential for compatibility with solids, a trait that traditional solvent extraction equipment like
pulsed columns and centrifugal contactors lack. This capability is of interest to electronic waste
recycling however work is needed to modularise the separator and exchange the filter media when

it blinds.
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Chapter 6: Appendix

6.1 Chapter 2 Supporting Information

Self-Optimising Flow Reactor Platform Setup

DEHIBA

Tty g

Figure S44: The self-optimising flow reactor platform and its visual schematic

Reagents were made up to their desired concentrations in the stock solutions, loaded into glass
bottles and primed on the dual piston reciprocating JASCO PU-2800 HPLC pumps. These solutions
were then pumped where streams would be mixed using Swagelok SS-100-3 tee-pieces according
to Figure 28. Tubular reactors were made from PFA, PTFE and 316 stainless steel tubing
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(1/16” OD), these were fitted to cylindrical aluminium blocks and heated via a Eurotherm 3200
temperature controller, this enabled the reaction mixtures to be heated rapidly. After the reactor,
the tubing enabled rapid cooling back to roughly ambient temperature prior to an aliquot of the
reaction solution being sampled using a VICI Valco EUDA-CI4W sample loop (4-port) with 0.5 and
0.06 pL injection volume. The sample was then fed directly into an Agilent 1260 Infinity II series
HPLC instrument fitted with an Agilent Poroshell 120 EC-C18 reverse phase column (5 cm length,
4.6 mm ID and 2.7 um particle size) for quantitative analysis. The flow system was maintained
under a constant back pressure using an Upchurch Scientific back pressure regulator
(100/250 psi) for all setups however route (e) also employed the Tescom™ 26-1762-22 control
pressure regulator to achieve a pressure of 210 bar. The automated system was controlled using a
custom written MATLAB program to enable real-time control and monitoring of all the
optimisation variables. The machine-learning algorithms in MATLAB were initiated with Latin
hypercube sampling where the number of experiments for this was 2n+1, n being the number of
variables. This formula guarantees that each dimension is divided into n + 1 subintervals, and that
there will be one sample in each subinterval. This helps achieve a more even coverage of the
parameter space, thus reducing the risk of missing important regions. The analytical data from this
and following experiments enabled the generation of new conditions for the optimisation to
proceed. To determine process metrics, biphenyl was included as an internal standard in reservoir
1 solutions, here the internal standard and compound signal areas allow for accurate calculations
to be completed using calibration data previously obtained. During the process, Microsoft Teams

screen sharing capability is also utilised to allow for the user to monitor the equipment remotely.

Reagent Costs

The lowest cost for each reagent was acquired as of March 2022 for the cost calculations used

by this research.
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Table S14: The reagent costs for the raw materials used in this research as of March 2022 using

the largest quantity possible to determine this

) Molecular Cost per mole
Raw Material ] 1 1
weight (g mol ) (£ mol™)
Di(2-ethylhexyl)amine
(DIEHA) 241.46 18.18
Isobutyryl chloride
(iBC)) 106.55 14.75
Isobutyric acid
(iBA) 88.11 0.59
1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide 191.77 23.96
hydrochloride (EDC.HCI)
4-dimethylaminopyridine
(DMAP) 122.17 17.25
Isobutyric anhydride
(iBAnhydride) 158.19 >:31
Triethylamine 101.19 1.68
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Figure S45: Six 4/5D plots demonstrating the reagent cost for routes (a-f), the synthetic route
for each is defined above the plots for ease of comparison. A consistent colour bar is illustrated
throughout, ranging between 0-80%, whilst the x, y, z and size ranges are subject to the
parameter space for each optimisation, finally a reduced dataset has been presented for clarity.
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Figure S46: Six 4/5D plots demonstrating the space-time yield for routes (a-f), the synthetic
route for each is defined above the plots for ease of comparison. A consistent colour bar is
illustrated throughout, ranging between 0-80%, whilst the x, y, z and size ranges are subject to
the parameter space for each optimisation, finally a reduced dataset has been presented for
clarity.
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Figure S47: Six 4/5D plots demonstrating the product yield for routes (a-f), the synthetic route
for each is defined above the plots for ease of comparison. A consistent colour bar is illustrated
throughout, ranging between 0-80%, whilst the x, y, z and size ranges are subject to the
parameter space for each optimisation, finally a reduced dataset has been presented for clarity.
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The Optimum Conditions for Each Route

Table S15: The optimum conditions from routes (a-f) with a normalised colour scale across each
route for ease of process metric comparison

Route R_esiden_ce qu:::iasliﬂs' Equivalents. Tempoerature Yigld ofu Reac_tion Ma:ss Spa,?;:;;'me ggm;;
Time (min) . e  Of Reagent (°C) DEHIBA (%) Efficiency (%) @L'h?) (£ mol)

06 0.95 0.95 150 68.6 285 35
05 119 1.15 35 64.8 374 374

(a) 0.5 1.09 1.44 355 61.4 374 36.9
0.5 1.09 1.19 70.5 64.1 371 36.9
0.2 1.12 1.08 71 65.6 933 36.9
0.2 1.24 1.18 124 63.2 944 38.5
1.4 1.66 2.53 169 299 98.2 79.7
33 1.90 1.7 153 84.8 77.3

b 0.7 4.90 2.64 150 91.2 240

( ) 1.0 3.08 3.16 144 93.8 26.2 168 101
3.1 2.20 2.5 149 95 33.3 771
3.0 2.50 2.1 151 96.2 32.9 83.3
05 5.00 - 150 83.2 26.3 326 51.2
7.0 1.00 - 127.5 86.1 704

(C) 0.8 2.00 - 128.5 91.4 289 224 46.6
09 3.00 - 143.5 200 43.7
7.0 4.00 - 127.5
6.5 1.80 - 127
0.7 2.50 - 105
2.4 1.35 - 70.5

(d) 7.0 2.35 - 69.7
37 3.35 - 715
7.0 4.35 - 69
3.9 3.00 - 91.5
05 1.07 - 149
05 1.15 - 150

(e) 27 2.15 - 1419
0.7 3.15 - 147.9
1.3 1.02 - 150
1.7 5.00 - 366
4.8 4.60 - 369 69.8 335 3731 30
6.3 5.60 - 353 71 347 2921 29.4

(f) 55 6.60 - 348 73.7 37.4 3619 28.1
13.2 7.60 - 338 74.3 33.8 1378 285
10.6 8.60 - 339 756 34.4 1734 28
54 5.00 - 346 77.7 35.4 3495 27.2
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Experimental

HPLC and GC-FID Methods

HPLC analysis was performed on an Agilent 1260 Infinity II series HPLC instrument fitted with
an Agilent Poroshell 120 EC-C18 reverse phase column (5 cm length, 4.6 mm ID and 2.7 um particle

size) with a binary pump and a variable wavelength detector.

The same HPLC method was used for all routes and calibrations. Water (A, 18.2 MQ) and
acetonitrile (B) HPLC mobile phases were used, starting with a 50:50 method of A:B, the amount
of A was reduced to 5% over 3 minutes and held here for a further 3 minutes before returning to
50:50 over 0.5 minutes at a flow rate of 1.50 mL min-! and a column temperature of 30 °C. 210 nm

was used to detect the product DEHiBA, whilst 254 nm was used to detect biphenyl.

GC analysis was carried out on an Agilent 7890B instrument fitted with an Agilent Technologies
7693 Autosampler and a HP-5 column (30 m x 0.32 mm, 0.25 pum film thickness), Hz carrier gas,

FID detector.

The same GC method was used throughout, starting at 40 °C and holding at this for 1 minute,
then the temperature was ramped up to 55 °C over 1 minute and held here for a further 1 minute.
The temperature was then gradually increased to 150 °C over 3.8 minutes. Finally the temperature

was raised to 300 °C over 3 minutes before cooling to 40 °C.
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Calibrations for Quantitative Analysis

All raw materials were purchased from suppliers and calibrated where possible via GC-FID and

HPLC. N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA) was synthesised as well as purchased from

a commercial supplier (Technocomm) for analytical calibrations to enable the quantitative

analysis of all reactions for calculating key process metrics. Two calibration curves are shown in

Figure S5 for HPLC and GC-FID:
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Figure S48: HPLC (top) and GC-FID (bottom) calibration curves for DEHiBA from the commercial
supplier, our purified DEHiBA is also in agreement with these plots
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Route (a) Acyl Chloride Route: Synthesis from Isobutyryl Chloride

(o) DIiEHA
EtsN
4>
cl Chloroform )\WN/\(\/\
(0]

Scheme S8: Amide bond formation using isobutyryl chloride and di(2-ethylhexyl)amine (DiEHA)
to yield N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA)

Batch Chemistry:

Batch studies were conducted prior to any flow chemistry to ensure homogeneity and product
formation. A range of common organic solvents were screened one of which being toluene, all
reagents showed good solubility separately, however when combined in the reactor the solution
instantly precipitated and stirring came to a halt at a concentration of 0.1 mol dm-3 due to the
amount of precipitate. As solids are problematic in flow, chloroform was adopted as the reaction

solvent to solubilise the EtsN.HCI precipitate.

Di-2-ethylhexylamine (0.28 g, 1.16 mmol) and triethylamine (0.1450 g, 1.43 mmol) were
combined with chloroform in a 10 mL volumetric flask. Likewise, Isobutyryl chloride (0.1483 g,
1.39 mmol) was combined with chloroform in a 10 mL volumetric flask. The di-2-ethylhexylamine
solution was charged to an ice bath cooled 50 mL round bottom flask with stirring, slow addition
of iBCl over 2 minutes gave a slightly yellow, homogenous solution that was left to stir for 4 hours

at room temperature before HPLC analysis confirmed a 98% yield.
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Continuous Flow Chemistry:

Reservoir solutions were prepared to the desired concentrations by dissolving the reagents in

solvent with stirring at ambient conditions.
Setup (i):

Reservoir 1: Di(2-ethylhexyl)amine (6.0401 g, 0.025 mol, 0.05 mol dm-3), triethylamine
(10.5 mL, 0.075 mol, 0.15 mol dm-3) and biphenyl (5.4127 g, 0.035 mol, 0.07 mol dm-3) in

chloroform (500 mL).

Reservoir 2: Isobutyryl chloride (5.3205 g, 0.05 mol, 0.05 mol dm-3) in chloroform

(1000 mL).
Reservoir 3: Chloroform.
Setup (ii):

Reservoir 1: Di(2-ethylhexyl)amine (6.0365 g, 0.025 mol, 0.05 mol dm-3), and biphenyl

(5.3974 g, 0.035 mol, 0.07 mol dm-3) in chloroform (500 mL).

Reservoir 2: [sobutyryl chloride (2.6638 g, 0.025 mol, 0.05 mol dm-3) and triethylamine

(4.2 mL, 0.03 mol, 0.06 mol dm-3) in chloroform (500 mL).
Reservoir 3: Chloroform.
Setup (iii):

Reservoir 1: Di(2-ethylhexyl)amine (12.0730 g, 0.05 mol, 0.1 mol dm-3), and biphenyl

(5.3965 g, 0.035 mol, 0.07 mol dm-3) in chloroform (500 mL).

Reservoir 2: Isobutyryl chloride (5.3275 g, 0.05 mol, 0.1 mol dm-3) in chloroform (500

mL).
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Reservoir 3: Triethylamine (7.0 mL, 0.05 mol, 0.1 mol dm-3) in Chloroform (500 mL).

Reservoir 4: Chloroform.

An example chromatogram is shown in Figure Sé.
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Figure S49: A typical HPLC chromatogram for route (a)

The flow platforms were set up according to Figure 28 all using a reactor volume of 2.7 mL with
PFA tubing and a back pressure of 100 psi. The self-optimisation was conducted with respect to
three continuous parameters for setups (i) and (ii): residence time, iBCl equivalents, and
temperature. Whilst setup (iii) optimised four continuous parameters: residence time, iBCl
equivalents, triethylamine equivalents, and temperature. The upper and lower parameter bounds
are described in Tables S3. The initial objective for each optimisation was to maximise yield, then

simultaneously maximize reaction mass efficiency and space-time yield.
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Tables S16: Upper and lower parameter bounds for setups (i), (ii), and (iii). Equivalents are
determined with respect to DIEHA

. Residence iBCl Temperature Triethylamine [DiEHA]in reactor
Setup (i) . . . R : ldm?3
time (mins) equivalents. (°C) equivalents. (mol dm")
Lower bound 0.5 0.95 35 3 0.01
Upper bound 10 3 150 3 0.01
.. Residence iBCl Temperature Triethylamine [DiEHA]in reactor
Setup (ii) . . . o . | dm3
time (mins)  equivalents. (°c) equivalents. (mol dm~)
Lower bound 0.5 0.95 35 1.14 0.01
Upper bound 10 3 150 3.6 0.01
Residence iBCl Temperature Triethylamine [DiEHA]in reactor
Setup (iii) . . . 0 : ldm?3
time (mins)  equivalents. (°C) equivalents. (mol dm”)
Lower bound 0.5 0.95 35 0.95 0.01
Upper bound 5 2 150 4 0.01
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Route (a) Data and Further Analysis

\ | Flow Setups ! Online HPLG
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Figure S50: The various flow setups (i-iii) for route (a)

Three flow setups were investigated for route (a), each an attempt to improve on the last setup,
with setup (iii) being discussed in the paper. The reservoir configuration and concentrations
define the feasible parameter space for each self-optimisation, therefore this screening provides
an insight into feasible reservoir configurations whilst allowing access to different parameter
spaces to further the optimisation in the search for improved process metrics. The setups

investigated here differed in the location and amount of triethylamine in the reservoirs:

e Setup (i) combined a large excess of triethylamine with DiEHA in reservoir 1, to match the
maximum possible equivalents of iBCl (3 with respect to DiEHA).

e Setup (ii) combined equal amounts of triethylamine and iBCl into reservoir 2.

e Setup (iii) separated each reagent into individual reservoirs for the optimisation of both the
equivalents of iBCl and triethylamine.

Figure S7 illustrates these setups as well as the setups for routes (b-f). Despite the convenience
and simplicity offered by setup (i), the optimisation was limited by its inability to vary the

equivalents of triethylamine, this large and constant excess of triethylamine limited the RME to a
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theoretical maximum of 39.5%. Nevertheless setup (i) performed exceedingly well with minimal
trade-off between the key process metrics. All the reactions conducted were high yielding at >90%,
and an optimum RME of 38.8% was achieved at just 40 °C, with 0.95 equivalents of iBC], the large
excess of triethylamine, and a 10 minute residence time which substantially diminished the STY.
Impressively, several conditions were close to this optimum RME, but to their advantage, far
outperformed in terms of productivity with the optimum requiring only a 0.5 minute residence
time at 150 °C, achieving an RME of 38.4% and an exceptional improvement in STY to 367 g L-1 h-1.
This condition provided little trade-off between key process metrics, proving itself as the overall

optimum condition in this case.

A clear trend between temperature and residence time was observed, with higher temperatures
favouring lower residence times for the best conversion due to thermal degradation of starting
materials. Therefore, in addition to improving the STY, shorter residence times aided to improve
the RME. Overall route (a), setup (i) showed great promise, with the maximum RME and STY just
0.7% and 6 g L1 h1 from their theoretical maximum, in addition to the insignificant trade-off as

demonstrated by the insignificant Pareto front (figure S8).

However, in an attempt to improve on this, setup (ii) was designed so that only a slight excess
of triethylamine was maintained with respect to iBCl. This was initially promising, however
starting material degradation over a period of just 6 hours resulted in a loss of reproducibility,
with large yield losses in some cases, verifying the impracticality of combining triethylamine and
iBCl. This degradation is caused by ketene formation which is highly reactive and in this case has

degraded somewhat in the reservoir.

A plot comparing the RME and STY metrics for setups (i) and (iii) was produced and can be

found in Figure S8.
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Figure S51: Reaction data for route a, setups (i) and (iii), where the dashed lines show the
theoretical maxima for their accessible parameter space during each optimisation
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A plot demonstrating the performance of route (a) even at 12 second residence times is shown

in Figure S9 where little trade-off is observable even at these flow rates.
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Figure S52: STY, RME Pareto fronts for routes (a-c) with the additional data from route (a)
exploring residence times below 0.5 minutes the limit that was set and shown by the dashed line

as the upper STY limit

To further add to the data provided in Chapter 2we have hereby included the entirety of the

reaction conditions explored for route (a) and the outcome of each experiment.

Table S17: Reaction conditions and outcomes from the optimisation of setups (i) and (iii)

Residence DEHIBA  Reaction Space- Cost of
. iBCl EtsN Temp | Yield wrt mass Time -

Setup time . - o - - . DEHIiBA

(min) equivalents. equivalents. (°C) DiEHA efficiency Yield (€ mol)

(%) (%) (@L*hY)

0] 6.7 2.18 3 41.9 99.4 339 27.8 50.6
0] 35 2.56 3 65.9 98.8 323 52.8 56.6
0] 9.4 1.64 3 78.5 98.5 35.9 19.6 43
0] 14 2.01 3 93.1 97.5 339 130.2 49
0] 5 2.76 3 103.8 98.5 315 36.8 59.8
0] 8.6 1.09 3 125.9 98.2 384 214 34.9
0] 3 1.3 3 140.8 97.9 37.2 61.1 38.1
0] 35 2.56 3 65.9 98.2 321 52.5 56.9
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -
Setup time . - . : L - DEHIBA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (€ mol)
(%) (%) (@L*h?)
i 14 2.01 3 93.1 97.4 33.9 130.2 49.1
0]
i 3 1.3 3 140.8 97.7 37.2 60.9 38.2
0]
i 6.2 2.07 3 45 98.9 34.2 29.8 49.2
0]
i 2.62 3 45 98.5 32 26.3 57.7
0]
i 2.2 3 45 98.6 33.6 26.3 51.3
0]
i 7.9 0.95 3 40 97.2 38.7 23 33.1
0]
i 0.7 0.95 3 40.1 914 36.4 2443 35.2
0]
i 10 0.95 3 40.1 97.3 38.8 18.2 33.1
0]
0] 6.4 0.95 3 40 95.1 37.9 27.8 33.8
0] 8.4 0.95 3 49.8 95.8 38.2 213 33.6
0] 10 0.95 3 150 96.8 385 18.1 333
i 10 1.75 3 150 97.3 34.9 18.2 45.2
0]
(i) 10 0.95 3 150 96.5 384 18 333
(i) 7.8 0.95 3 150 96.5 384 23.1 333
(i) 0.7 1.72 3 149.9 98.2 354 262.4 444
(i) 0.7 2.68 3 149.9 98 31.6 261.8 58.8
(i) 0.7 0.95 3 149.3 90.3 36 2411 35.7
(i) 0.7 1.97 3 149.6 98.2 344 249.3 48
(i) 0.7 3 3 40 97.9 30.5 261.6 63.7
(i) 0.7 24 3 40 98.1 326 262.2 54.6
(i) 0.7 2.7 3 40 98 315 261.9 59.1
(i) 0.7 3 3 40 98.1 30.5 262 63.6
(i) 0.7 2.98 3 149.9 98 30.6 260.3 63.4
(i) 0.7 3 3 150 98.1 30.6 262.1 63.6
(i) 0.7 1.95 3 40.2 98 344 260.9 479
(i) 0.7 2.99 3 150 98 30.5 261.7 63.6
(i) 0.7 3 3 96.8 98.1 30.6 261.4 63.6
(i) 10 3 3 150 97.2 30.3 18.2 64.2
(i) 0.7 2.19 3 40.3 98.3 335 262.4 51.3
(i) 0.7 1.8 3 40 98.3 35.1 262.6 455
(i) 0.7 3 3 103.2 98.2 30.6 262.5 63.5
(i) 0.7 3 3 48.4 98.1 30.6 262.2 63.6
(i) 0.7 3 3 62.3 98.3 30.6 262.7 63.4
(i) 0.7 3 3 71.7 98.1 30.6 262.3 63.6
(i) 0.7 3 3 131.9 98.3 30.6 262.7 63.4
(i) 0.7 3 3 65.9 98.4 30.6 262.9 63.4
(i) 0.7 3 3 136.1 98.4 30.6 262.9 63.4
(i) 0.7 3 3 103.1 98.5 30.7 263.2 63.3
(i) 0.7 3 3 124 98.4 30.6 262.9 63.4
(i) 0.7 3 3 135.5 98.5 30.7 263.1 63.4
(i) 0.7 3 3 148.4 98.6 30.7 263.4 63.3
(i) 0.7 3 3 40.7 98.3 30.6 262.7 63.4
(i) 0.7 3 3 149.6 98.4 30.6 262.9 63.4
(i) 0.7 3 3 112.9 98.4 30.6 262.9 63.4
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -
Setup time . - . : . . DEHIBA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (£ mol)
(%) (%) (@L*h?)
i 0.7 2.99 3 74.2 98.4 30.7 263 63.3
0]
i 0.7 3 3 102.9 98.3 30.6 262.8 63.4
0]
i 0.7 3 3 87.5 98.5 30.7 263.2 63.3
0]
i 0.7 3 3 75.1 98.5 30.7 263.2 63.3
0]
i 0.7 2.99 3 69.7 98.5 30.7 262.8 63.2
0]
i 0.7 3 3 86.6 98.5 30.7 263.2 63.3
0]
i 0.7 3 3 130.5 98.5 30.7 263.2 63.3
0]
0] 0.7 3 3 110.1 98.5 30.7 263.2 63.3
0] 0.7 2.33 3 126.6 98.7 33.1 263.6 53.2
0] 0.7 2.29 3 101.4 98.5 33.2 263.2 52.7
0] 0.7 2.27 3 127.2 98.6 333 263.4 52.3
0] 0.7 2.23 3 75.9 98.7 334 263.6 51.8
(i) 0.7 2.36 3 93.8 98.6 33 263.6 53.7
(i) 0.7 2.33 3 118 98.7 331 263.7 53.2
(i) 0.7 231 3 54.3 98.7 33.2 263.8 53
(i) 0.7 2.29 3 107 98.7 33.2 263.7 52.7
(i) 0.7 2.28 3 149.4 98.6 33.2 263.3 52.6
(i) 0.7 2.27 3 99.2 98.5 33.2 263.2 52.5
(i) 0.7 2.26 3 114 98.6 333 263.5 52.2
(i) 0.7 2.25 3 148.2 98.6 333 263.4 52.1
(i) 0.7 2.25 3 142.4 98.4 333 262.9 52.1
(i) 0.7 224 3 74 98.5 334 263.1 52
(i) 0.7 2.28 3 126.2 98.6 333 263.4 52.5
(i) 0.7 2.26 3 147.6 98.4 333 262.8 52.3
(i) 0.7 2.26 3 117.7 98.6 334 263.5 52.1
(i) 0.7 2.23 3 119.3 98.5 334 263.1 51.9
(i) 0.7 2.25 3 150 98.7 334 263.6 52
(i) 0.7 224 3 150 98.4 333 262.8 52
(i) 0.7 2.23 3 149.9 98.5 334 263.3 51.8
(i) 0.7 2.23 3 150 98.6 335 263.5 51.7
0] 0.7 2.2 3 149.4 98.5 33.6 263.3 51.3
(i) 0.7 2.23 3 150 98.7 335 263.6 51.7
(i) 0.7 222 3 150 98.9 33.6 264.2 51.5
(i) 0.7 222 3 150 98.5 335 263.3 51.7
0] 0.7 222 3 149.9 98.7 335 263.8 51.6
(i) 0.7 221 3 150 98.8 33.6 264 51.3
(i) 1.8 3 3 150 98.6 30.7 100.7 63.3
(i) 0.7 221 3 150 98.6 335 263.6 514
(i) 0.7 2.2 3 150 98.5 335 263.2 514
(i) 0.7 2.2 3 150 98.8 33.6 264 51.2
(i) 0.7 2.17 3 149.5 98.9 33.8 264.1 50.8
(i) 0.7 2.19 3 150 98.6 33.6 263.6 51.2
(i) 0.7 1.34 3 48.4 98.3 37.2 252.7 38.6
(i) 0.7 1.93 3 108.9 98.9 34.7 254 47.2
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -
Setup time . - . : L - DEHIBA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (€ mol)
(%) (%) (@L*h?)
i 9 1.18 3 148.4 98.7 38.1 20.6 36
0]
i 4.6 1.09 3 148.9 98.6 38.6 40.1 34.7
0]
0] 0.8 0.95 3 87.8 89.6 35.7 216.3 35.9
i 2 0.95 3 88.3 87.9 35 80.9 36.6
0]
0] 0.7 1.29 3 146.2 98.6 375 263.5 37.8
i 0.7 1.73 3 146.5 98.6 355 251.3 44.3
0]
i 3.2 0.95 3 113.9 88.7 353 52.6 36.3
0]
i 0.7 1.48 3 133.3 98.6 36.6 263.4 40.6
0]
i 0.7 1.74 3 136.2 98.9 355 264.2 444
0]
i 0.7 1.11 3 149.3 98.7 385 263.6 35
0]
i 0.7 2.13 3 51.1 98.6 338 263.5 50.3
0]
i 0.7 1.19 3 136.4 98.7 38 263.7 36.3
0]
(i) 1.2 0.93 3 141.8 87.3 349 136.3 36.5
(i) 1.6 0.9 3 142.4 84.6 339 99.9 37.2
(i) 1.6 0.9 3 150 84.7 34 97.1 371
0] 0.7 1.53 3 88.3 98.5 36.4 263.1 414
(i) 0.7 1.53 3 95.6 98.6 36.4 263.4 41.3
0] 0.8 1.51 3 95.8 98.6 36.5 217.4 411
(i) 7.8 0.94 3 99.2 87.7 35 211 36.5
0] 3.6 0.9 3 50.1 83.1 333 42.7 379
(i) 3.3 0.9 3 53.7 82.3 33 47 38.2
0] 0.7 1.17 3 112.7 98.1 379 262.1 36.2
(i) 7.4 0.9 3 150 85.2 342 216 36.9
(i) 0.8 294 3 411 98.3 30.8 217.7 62.6
0] 1 2.26 3 45.2 98.1 331 192.6 52.6
(i) 0.8 1.17 3 108.1 98.3 38 239.1 36
(i) 0.8 1.17 3 112.9 98 379 242.4 36.2
0] 0.7 1.17 3 51.2 98.2 38 262.3 36.1
(i) 0.7 1.16 3 93.9 98.3 38 261.2 36
(i) 0.8 1.24 3 128.6 98.2 37.6 225.8 371
(i) 0.9 1.83 3 140.1 98.4 35 213.9 46
(i) 0.7 1.05 3 75.2 96.7 38 258.3 34.8
(i) 0.7 111 3 76.6 98.1 38.2 262.1 35.3
(i) 0.7 1.22 3 87.9 98.1 37.7 262.1 36.9
(i) 0.7 0.9 3 88.1 83.1 333 222.1 37.8
(i) 0.7 1.09 3 53.6 98 383 261.9 35
(i) 0.7 1.12 3 63.4 98 38.2 261.9 354
(i) 0.7 1.09 3 63.8 98 38.3 261.7 35
(i) 0.7 1.09 3 65.5 97.9 38.3 261.6 349
(i) 0.7 1.15 3 54.5 98.1 38 262.2 35.8
(i) 0.7 1.19 3 61.1 98.2 379 262.4 36.3
(i) 0.7 1.09 3 80.2 98 38.3 256.1 35
(i) 0.7 1.09 3 84.6 97.9 38.3 261.5 35
(i) 0.7 1.12 3 67.8 98 38.2 261.9 353

222



Setup Reiiidmeeme FBCI I.EtSN T‘jmp SEEI\%:; R(:;‘;‘;Ison S-IF—)!?T(]:(; D(I350:|ti§fA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yl_(ild_1 (€ mol)
(%) (%) (@L'h?)
(i) 0.7 1.18 3 77.4 98.1 379 262.1 36.3
(i) 0.7 1.18 3 89.2 98.3 38 262.5 36.2
(i) 0.7 1.13 3 109.9 98 38.1 261.8 35.6
(i) 0.5 1.23 3 65.6 98.3 37.7 367.9 37
(i) 0.5 1.14 3 67.9 98.3 38.2 367.9 355
(i) 1.8 1.15 3 924 98.2 38.1 101.9 35.8
(i) 2 1.16 3 93.2 98.2 38.1 92.2 359
(i) 0.5 1.95 3 325 98.3 345 367.8 477
(i) 0.5 1.21 3 475 98 37.7 356.1 36.7
(i) 0.5 1.13 3 57.4 98.1 38.1 348.2 355
(i) 0.6 1.55 3 62.2 98 36 329 42
(i) 0.5 1.62 3 44 98.1 35.8 367.1 429
0] 0.5 1.59 3 44 98.2 36 367.2 424
(i) 0.5 1.14 3 101.9 98.1 38.1 367.2 35.6
(i) 0.5 11 3 104.2 98.4 384 368 34.9
0] 0.5 1.36 3 119.1 98.2 37 367.5 39
(i) 0.5 1.27 3 127.6 97.8 37.3 366 37.8
(iii) 2.1 0.98 0.98 46.6 70.8 49.6 64 46.1
(iii) 6.4 1.49 1.49 67.6 68.2 385 19.9 58.9
(iii) 3.3 1.94 1.94 81.5 97.8 47.3 54.9 47.8
(iii) 6.7 1.24 1.24 93.6 60.2 37.6 16.9 60.6
(iii) 4 1.58 1.58 106.8 92 50.4 425 45
(iii) 1.1 1.75 1.75 131.8 96.9 49.9 163.4 454
(iii) 5.4 1.32 1.32 133.8 77 46.5 26.8 48.9
(iii) 1.1 1.75 1.75 131.8 96.8 49.8 163.1 455
(iii) 3.3 1.94 1.94 81.5 97.1 47 54.6 48.2
(iii) 3.3 1.94 1.94 815 97.2 47 54.6 48.1
(iii) 1 1.88 1.88 65.2 97.3 479 174.5 47.2
(iii) 1.1 1.95 1.95 67.9 97 46.7 166.1 48.5
(iii) 1.4 1.9 1.9 68.9 96.9 475 130.2 47.6
(iii) 2.9 1.89 1.89 76.3 96.9 47.6 61.7 47.6
(iii) 0.9 1.45 1.45 123.8 97.1 55.8 209.2 40.7
(iii) 0.9 1.43 1.43 124.9 96.7 56 208.2 40.6
(iii) 2.3 2 2 140 96.9 46 77.3 49.2
(iii) 2 2 2 143 96.7 45.9 88.2 49.3
(iii) 0.5 1.18 1.18 1314 97.3 62.3 348.8 36.5
(iii) 0.8 1.49 1.49 142.4 96.5 54.7 234.1 415
(iii) 0.8 1.52 1.52 144.9 97 54.2 215.1 41.8
(iii) 0.8 1.47 1.47 150 96.8 55.1 233.6 41.2
(iii) 0.5 0.99 0.99 100.8 92.6 64.4 329.6 355
(iii) 0.5 0.96 0.96 133.2 90.7 64.3 339.2 35.6
(iii) 0.5 1.27 1.27 145.7 96.2 59.3 354.9 384
(iii) 0.5 1.29 1.29 148.1 95.9 58.6 347.2 38.8
(iii) 0.5 1.22 1.22 717 97 61.2 350.8 37.2
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -

Setup time . - . : L - DEHIBA

(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (€ mol)

(%) (%) (@L*h?)

(iii) 0.5 1.26 1.26 83 96.7 59.9 348 38
(iii) 0.5 1.15 1.15 87.5 96.6 62.6 350.5 36.4
(iii) 0.5 1.44 1.44 107.1 96.4 55.6 355.5 40.8
(iii) 0.5 0.95 0.95 144.7 89.5 63.6 327 36
(iii) 0.5 0.95 0.95 150 89 63.2 325.6 36.2
(iii) 0.5 0.99 0.99 150 89.8 62.5 328.4 36.6
(iii) 0.5 1 1 150 90.9 62.9 333.7 36.3
(iii) 0.7 1.06 1.06 65.8 92.9 62.6 262.4 36.4
(iii) 0.5 1.17 1.17 150 96.1 61.9 349.6 36.8
(iii) 0.5 0.99 0.99 35 86.1 60.1 322.1 38
(iii) 0.5 2 2 62 96.5 45.8 360.6 494
(iii) 0.5 1.13 1.13 118 96.8 63.3 362 36
(iii) 0.5 1.98 1.98 135.1 97 46.3 362.6 48.8
(iii) 0.6 1.26 1.26 53.1 96.3 59.5 3123 38.3
(iii) 0.6 1.23 1.23 55.4 96.7 60.7 313.9 375
(iii) 0.6 1.09 1.09 84.9 96.2 64.2 313.7 355
(iii) 0.5 1.05 1.05 87.8 95.1 64.4 355.5 354
(iii) 0.5 15 1.5 94.1 96.7 54.5 344.3 41.7
(iii) 0.5 1.64 1.64 98.5 96.4 51.7 351 43.9
(iii) 0.5 1.05 1.05 106.2 95.1 64.5 355.4 354
(iii) 0.5 1.25 1.25 124.7 94.9 58.9 354.8 38.6
(iii) 0.5 1.25 1.25 51.3 97 60.4 362.5 37.7
(iii) 0.5 1.2 1.2 59.3 96 60.8 358.8 375
(iii) 0.5 1.14 1.14 130.5 94.4 61.5 353 371
(iii) 0.5 1.12 1.12 130.5 96.2 63.2 359.5 36.1
(iii) 0.5 1.18 1.18 74.7 96.2 61.5 359.6 371
(iii) 0.5 1.77 1.77 84 96.6 49.5 361.3 45.8
(iii) 0.5 1.7 1.7 85 95.9 50.2 358.4 45.1
(iii) 0.5 1.89 1.89 99.5 95.6 47 357.5 48.1
(iii) 0.5 1.23 1.23 102.1 96.6 60.5 361 37.6
(iii) 0.5 1.21 1.21 102.7 96.1 60.8 359.3 375
(iii) 0.5 1.16 1.16 108 95.9 61.9 358.6 36.8
(iii) 0.5 1.14 1.14 108.2 95.9 62.6 358.4 36.4
(iii) 0.5 1.47 1.47 54.8 96.6 55 346.7 41.3
(iii) 0.5 1.37 1.37 62.5 96.3 57 346.8 39.9
(iii) 0.5 1.17 1.17 74.2 96 61.7 357.3 36.9
(iii) 0.5 1.32 1.32 120.7 96.2 58.1 359.5 39.2
(iii) 0.5 1.06 1.06 91.3 96.3 64.9 346.8 35.2
(iii) 0.6 0.97 0.97 150 96 67.6 298.5 338
(iii) 0.6 0.95 0.95 150 96.6 68.6 284.6 333
(iii) 0.6 0.96 0.96 150 96.9 68.5 290.4 334
(iii) 0.6 1.06 1.06 102.2 96.1 64.8 3135 35.2
(iii) 0.5 1.34 1.34 134.9 90 53.9 308.8 422
(iii) 0.5 1.66 1.66 140.9 90.1 47.8 336.7 474
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -
Setup time . - . : . . DEHIBA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (£ mol)
(%) (%) (@L*h?)
iii 0.5 1.41 141 1415 90.1 52.4 311.3 434
(iii)
iii 3.2 1.73 2.86 65 100 43.7 59.2 43.6
(iii)
iii 0.5 1.01 1.28 70.6 94.4 61.4 336.3 35
(iii)
iii 0.5 1.39 2.16 87.7 100 52.9 373.9 374
(iii)
iii 1.3 1.23 2.01 109.1 99.7 53.9 145.9 36.4
(iii)
iii 0.8 1.54 2.95 90.6 100 44.3 245.4 40.9
(iii)
iii 0.6 1.9 3.55 115.3 99.6 38.6 324.1 46.4
(iii)
iii 0.6 1.78 3.51 150 99.3 39.3 323.2 44.8
(iii)
iii 0.6 1.92 3.59 150 99.5 38.3 324 46.7
(iii)
iii 0.8 1.77 2.98 35.4 100 43 235.2 43.9
(iii)
iii 0.8 1.92 3.23 48.3 99.1 40 240 46.9
(iii)
iii 0.5 1.97 3.47 49 99 384 346.1 47.7
(iii)
(iii) 0.5 1.94 3.49 66.1 99.7 38.8 362.1 46.9
(iii) 1.3 1.08 1.73 35 94.4 55.4 141.5 36.1
(iii) 0.8 1.34 2.42 36.9 99.1 49.1 249.4 38.2
(iii) 0.7 1.46 2.47 374 99.1 47.7 252.8 40
(iii) 0.8 1.75 2.98 40.8 99 42.3 249.3 445
(iii) 0.5 1.25 2.15 36.2 99.8 52.6 369.6 36.6
(iii) 0.6 1.33 2.28 89.3 98.9 50.2 333.3 38.2
(iii) 0.5 1.08 1.85 109.7 98.8 56.7 352 345
(iii) 11 1.27 2.09 116.8 100 53.1 173.6 36.8
(iii) 0.9 1.2 2.37 95.1 100 51.1 209.8 35.8
(iii) 1.3 1.94 3.53 113.6 99.1 38.3 139.7 47.2
(iii) 0.9 1.32 2.62 131.1 99.1 47.7 210.3 379
(iii) 0.7 1.41 2.54 149.8 99.8 479 261.8 39
(iii) 0.5 1.52 2.3 60.8 100 48.9 373.9 40.7
(iii) 0.5 1.51 2.29 62.1 99.1 48.7 373.9 40.9
(iii) 0.5 1.66 2.51 744 98.6 45.7 365.2 43.3
(iii) 0.5 1.51 2.29 90.3 994 48.8 373.9 40.8
(iii) 0.6 1.96 3.35 121.1 99.5 39.3 329.5 47.3
(iii) 0.5 1.97 3.39 149.2 99.8 39.1 349 47.3
(iii) 0.5 1.98 3.41 150 99.3 38.8 347.2 47.7
(iii) 0.6 1.98 3.43 150 99.3 38.7 340.8 47.7
(iii) 1 1.21 2.05 42 100 54.3 186.4 35.7
(iii) 0.5 1.54 2.39 56.7 99.3 47.7 360.5 41.2
(iii) 0.6 1.38 2.42 69.1 99 48.7 339.9 38.8
(iii) 0.5 1.37 2.08 96.4 99.2 51.7 353.2 38.7
(iii) 0.9 1.34 2.34 100.5 100 51.1 206.7 37.2
(iii) 0.6 1.77 2.25 128.1 99.5 47.1 298.3 44.5
(iii) 0.6 1.95 25 132.1 99.7 44.3 294.2 47.1
(iii) 1.7 1.88 2.48 37 100 45 108.7 45.8
(iii) 1.7 1.88 2.48 453 99.3 44.6 107.7 46.2
(iii) 4.8 1.61 2.89 49 99.5 43.9 39.2 422
(iii) 3.3 1.25 1.26 65.5 89.5 55.6 50.9 40.9
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Setup Reiiidmeeme FBCI I.EtSN T‘jmp SEEI\%:; R(:;‘;‘;Ison S-IF—)!?T(]:(; D(I350:|ti§fA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yl_(ild_1 (€ mol)
(%) %) (@L'h?)

(iii) 3.7 1.2 1.89 79.7 100 55.6 51.2 359
(iii) 4.5 1.79 3.44 87.9 99.2 39.6 41.8 45
(iii) 2.7 1.41 2.39 105.5 100 49.3 711 389
(iii) 2.3 1.01 1.51 114.9 95.6 59.3 79.9 34.6
(iii) 0.9 1.44 1.65 136.8 100 55.6 214.9 39.3
(iii) 1 1.74 2.46 142.1 99.5 459 185.9 44.1
(iii) 1 1.74 2.46 142.1 99.8 46 186.6 44
(iii) 2.3 1.01 1.51 114.9 90.2 55.9 75.3 36.7
(iii) 4.5 1.79 3.44 87.9 99.6 39.8 42 44.8
(iii) 1.1 1.03 1.41 714 934 58.9 163.2 35.7
(iii) 1.5 1.03 1.41 74.4 90.5 57.1 114.6 36.9
(iii) 1.5 1.03 1.41 74.4 934 58.9 1184 35.7
(iii) 0.5 0.94 1.75 49.8 93.3 52.5 329.5 36.6
(iii) 0.5 0.94 1.27 106.2 90.5 56.4 317.8 37.6
(iii) 0.5 0.94 1.27 1135 89.8 55.9 318.3 38
(iii) 0.5 0.94 1.17 148.6 89.3 56.9 303 38.1
(iii) 0.5 1.19 1.25 103.6 99.7 62.8 373.9 35.8
(iii) 0.5 1.38 1.86 118.3 99.4 53.6 373.9 38.8
(iii) 0.5 1.29 1.72 136 99.8 56.2 373.9 37.3
(iii) 0.5 1.48 1.66 136.1 99.5 54.7 373.9 40.2
(iii) 0.5 1.19 1.37 56 99.9 61.4 373.9 35.8
(iii) 0.5 1.06 11 60.5 93.9 62.9 354.7 36
(iii) 0.5 1.09 1.19 70.4 98.4 64.1 371 34.9
(iii) 0.5 1.44 1.49 105.7 99.4 56.7 373.9 39.6
(iii) 0.5 1.19 1.15 35 100 64.8 373.9 355
(iii) 0.5 1.12 1.09 37.2 97.8 64.7 369.3 355
(iii) 0.5 1.12 1.08 45.6 97.1 64.3 366.7 35.7
(iii) 0.5 1.16 1.12 63.9 99.1 64.5 373.9 35.7
(iii) 0.5 1.13 1.17 43 99.1 64.2 373.9 35.2
(iii) 0.5 1.29 1.88 50.4 99.6 54.5 373.3 374
(iii) 0.5 1.26 131 64.9 99 60.7 370.6 37.1
(iii) 0.5 1.34 1.47 68.4 99.1 57.9 373.9 383
(iii) 0.5 1.15 1.09 69.9 97.7 64.2 369.1 36
(iii) 0.5 1.22 1.16 78.3 99.1 63.1 373.9 36.5
(iii) 0.5 1.73 2.07 96.9 99.3 48.8 373.9 43.9
(iii) 0.5 1.34 1.27 110.5 99.4 60.5 362.4 38.1
(iii) 0.5 1.29 1.33 485 100 60.6 373.9 37.3
(iii) 0.5 1.45 1.38 62.6 99 57.6 373.7 39.9
(iii) 0.5 1.43 1.36 63.7 99 58 373.8 39.7
(iii) 0.5 1.21 1.16 104.2 99.2 63.3 373.9 36.4
(iii) 0.5 1.21 1.29 35 100 62.3 373.9 35.9
(iii) 0.5 1.09 1.44 355 99.2 61.4 373.9 345
(iii) 0.5 1.18 1.18 64.7 99.2 63.5 373.9 35.9
(iii) 0.5 1.18 1.19 108.8 99.1 63.3 373.9 36
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Residence DEHIBA  Reaction Space- Cost of
. iBClI EtsN Temp | Yield wrt mass Time -
Setup time . - . : . . DEHIBA
(min) equivalents. equivalents.  (°C) DIiEHA efficiency Yield (£ mol)
(%) (%) (@L*h?)
(iii) 0.5 1.2 1.14 35.8 99.5 63.8 373.9 36.1
(iii) 0.5 1.19 1.13 56.3 98.3 63.5 371.3 36.3
iii 0.5 1.23 1.86 57.2 99.8 55.5 373.9 36.4
(iii)
iii 0.5 1.32 1.25 94.1 99.5 61 373.9 37.7
(iii)
iii 0.5 1.43 1.37 35 100 59.1 373.9 38.9
(iii)
iii 0.5 14 1.34 37 99.4 58.8 373.9 39.1
(iii)
(iii) 0.5 14 1.35 37.1 99.1 58.6 373.9 39.1
(iii) 0.5 1.14 1.08 103 95.8 63.1 361.7 36.5
iii 0.5 1.28 1.4 53.1 99 59.3 373.7 375
(iii)
iii 0.5 1.24 1.18 117.6 99.2 62.6 373.9 36.8
(iii)
iii 0.3 0.95 1.82 38.4 88.5 49.6 589.5 383
(iii)
iii 0.3 1.05 1.43 88.1 94.1 58.8 520.5 35.8
(iii)
(iii) 0.3 0.94 1.42 88.8 924 55.8 491.9 36.9
(iii) 0.3 111 1.13 89.9 97.9 64.3 534.4 35.3
(iii) 0.2 1.21 1.21 101.8 99.3 62.8 937.8 36.2
(iii) 0.2 1.21 1.23 106.8 99.5 62.6 939.1 36.2
(iii) 0.3 1.21 1.22 110.5 99.4 62.7 548.3 36.2
(iii) 0.2 1.2 1.2 119.1 98.9 62.8 934 36.2
(iii) 0.2 1.35 1.29 125.6 100.2 60.5 945.8 38.1
(iii) 0.2 1.74 1.66 125.7 99.2 52 935 44.2
(iii) 0.2 1.53 1.47 127.1 99.2 55.9 936.8 411
(iii) 0.2 1.09 1.07 150 94.6 63.2 892.7 36.2
(iii) 0.2 1.12 1.08 70.9 98.8 65.6 933 35.1
(iii) 0.2 1.15 1.14 89.9 99.3 64.6 937.6 353
(iii) 0.2 1.24 1.18 123.9 100.1 63.2 944.9 36.5
(iii) 0.2 1.14 1.11 128.4 99.6 65.2 939.9 35.2
(iii) 0.2 1.04 1.03 49.6 94.3 64.4 889.9 355
(iii) 0.2 1.03 1 54.4 92.6 63.8 874.3 36.1
(iii) 0.2 0.94 0.96 95.6 91.2 61 809.9 374
(iii) 0.2 0.97 0.97 96.1 88.8 60.7 814.6 37.7
(iii) 0.3 1.02 0.97 385 94.7 65.7 532.4 35.1
(iii) 0.8 1.05 1 58.2 925 63.4 211.6 36.4
(iii) 0.6 1.04 0.99 63.1 90.7 62.5 2721 37
(iii) 0.2 1.05 1.01 94.8 934 63.8 881.4 36.1
(iii) 0.2 1.13 1.07 35 99.1 65.7 915.4 35.1
iii 0.2 1.29 1.23 70.4 100 61.9 943.9 37.2
(iii)
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Route (b) Coupling Reagent Approach: EDC.HCIl Mediated Synthesis

DIEHA
EDC.HCI

DMAP
YJ\ Acetonitrile N/\(\/\
(o)
Scheme S9: Amide bond formation using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) and catalytic amounts of 4-dimethylaminopyridine (DMAP) to couple

isobutyric acid (iBA) and Di(2-ethylhexyl)amine (DiEHA), yielding
N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA)

Batch Chemistry:

Batch studies were initially conducted to ensure homogeneity and product formation via this
route. Whilst later batch experiments were employed for kinetic understanding. Water and a range
of common organic solvents including methanol, ethanol, tetrahydrofuran,
N,N-dimethylformamide, dichloromethane, toluene, hexane, ethyl acetate, acetone, acetonitrile,
and diethyl ether were screened to ensure the solubility of reagents. Acetonitrile, water, methanol,
ethanol, N,N-dimethylformamide and chloroform were the only reagents to solubilise EDC.HC],
thus the only suitable solvents to transition this route into flow hence these were trialled in batch

first.

Di-(2-ethylhexyl)amine (0.2976 g, 1.22 mmol) and isobutyric acid (0.1157 g, 1.30 mmol) were
combined in a round bottom flask, note the exotherm of this combination. EDC.HCI (0.2769 g,
1.43 mmol) and DMAP (0.0079 g, 0.07 mmol) were then combined with solvent (see above) in a
10 mL volumetric flask. Once the di-2-ethylhexylamine and iBA solution had cooled to room
temperature the EDC.HCI solution was charged, the reaction was stirred at 30 °C for repeatability

over 24 hours to yield a colourless and homogenous solution. HPLC analysis confirmed yields of
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96.3%, 99.9%, 55.5%, 9.0%, 2.1%, and 0% for acetonitrile, dichloromethane,

N,N-dimethylformamide, ethanol, methanol and water respectively.

Although dichloromethane was best yielding the environmental impact of this solvent and the
low boiling point causing cavitation in the HPLC pumps as well as a restrictive temperature range

meant that acetonitrile was best suited for this reaction in flow.

Studies without DMAP saw a reduction in yield for reactions in acetonitrile to 45.8%.
Replacement with DIPEA resulted in yields between 31.4-23.3% with varying equivalents from 0.5

to 1.5.

Kinetic studies were investigated using a recirculating batch reactor where the solution was
pumped through a vici sample loop connected to a HPLC for online analysis. As described in section
2.4.3. A similar methodology was used to the one above however temperature was varied and

concentration, but equivalents were maintained.

Continuous Flow Chemistry:

Reservoir solutions were prepared to the desired concentrations by dissolving the described
reagents in solvent with stirring at ambient conditions, except for EDC.HCI, that was heated to

30 °C until dissolution and maintained at this temperature throughout the optimisation.

Reservoir 1: Di(2-ethylhexyl)amine (8.0554 g, 0.0334mol, 0.1334 mol dm-3), isobutyric acid
(2.0568 g, 0.0233 mol, 0.0934 mol dm-3), 4-diaminopyridine (0.2049 g, 0.0017 mol, 0.0067 mol

dm-3), and biphenyl (0.7722 g, 0.0050 mol, 0.0200 mol dm-3) in acetonitrile (250 mL).

Reservoir 2: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (7.0320 g,

0.0367 mol, 0.1467 mol dm-3) in acetonitrile (250 mL).
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Reservoir 3: [sobutyric acid (2.8705 g, 0.0326 mol, 0.1303 mol dm-3) in acetonitrile (250 mL).

Reservoir 4: Acetonitrile.

An example HPLC chromatogram is illustrated in Figure S6:

DAD1 A, Sig=210,4 Ref=600,100 (TS062_kinetic10055.D)
mAU—: @
- 2 .
] N DEHiBA
100 .
] Biphenyl
50 ED§C /EDU/N-acylurea q &
1R \
. T - -' T T | T T T T T T T I T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 min|
DAD1 C, Sig=254,4 Ref=600,100 (TS062_kinetic10055.D)
mAU 3
50 .
403 ‘ Biphenyl
30
203
10-
0-
10 =
-20 4 Y,
—_— 7 T T T T
1 2 3 4 5 5] mir|

Figure S53: An example HPLC chromatogram from route (b)

The flow platform was set up according to Figure 28 using a reactor volume of 2.7 mL with PFA
tubing and a back pressure of 100 psi. The self-optimisation was conducted with respect to four
continuous parameters: residence time, iBA equivalents, EDC.HCI equivalents and temperature.
The upper and lower parameter bounds for each are described in Table S5. The initial objective for
each optimisation was to maximise yield, then simultaneously maximize reaction mass efficiency

and space-time yield.

Table S18: The upper and lower bounds for the variables optimised in route (b)

Residence iBA EDC.HCI Temperature [DIiEHA] in reactor
time (mins)  equivalents. equivalents. (°c) (mol dm™)
Lower bound 0.5 1.7 1.5 40 0.01
Upper bound 4 52 5 170 0.01
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Route (b) Data and Further Analysis
Kinetic studies were conducted in batch making use of online sampling for reaction monitoring.
Clear concentration and temperature trends are identifiable in Figure S11, all studies were

conducted at 30 °C with 1.15 equivalents of EDC and 1.1 equivalents of iBA respective to DiEHA.

The increase in by-product formation has not been directly quantified due to complications with

the co-elution of N-acylurea with other signals in both HPLC and GC for a range of methods.
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0 E. @ 0.01 M DIiEHA 30 degC 0.01 M DiEHA 56 degC
0 1 2 3 4 5 6

Time (hours)

Figure S54: Kinetic studies for route (b) in batch at 30 °C with online sampling to a HPLC with
1.15 equivalents of EDC and 1.1 equivalents of iBA respective to DiEHA

The proposed reaction pathways that route (b) can take, discounting the inclusion of DMAP

from the reaction can be found in Scheme S3.
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Scheme S10: The proposed reaction pathways feasible for route (b), discounting DMAP

GC-FID trace demonstrating the coelution of DIiEHA and the N-acylurea by-product from

7.8-8 minute retention time, whilst DEHiBA and biphenyl are sharp signals.

FID1 A, Front Signal (080822TS\270622GH 2022-08-08 13-26-02\F-003-3-TS065 post reaction.D)
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Figure S55: An example GC-FID trace of route (b) where biphenyl is observable at 7 minutes,
DIiEHA and N-acylurea coelute at 7.8-8 minutes and DEHiBA elutes at 8.7 minutes.

HPLC traces illustrating the overlap between EDC, EDU and the N-acylurea between 0.4 and
1.5 minutes. Biphenyl and DEHiBA are observable around 2.3 and 4.5-4.8 minutes respectively.

Despite changes to the HPLC method these peaks were not resolved.
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Figure S56: Typical HPLC traces for route (b) where EDC, EDU and the N-acylurea overlap
between 0.4 and 1.5 minutes.

Table S6 provides the raw data for the experimental conditions exploited in the optimisation of

route (b) and the performance metrics associated.
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Table S19: complete dataset from the optimisation of route (b)

Resjdence iBA EDC Temperature DEHiBA R?\‘;Iu;tslso " S'IEJiarlﬁz- COSt. of
“”.‘e equivalents. equivalents. (°C) Yield Efficiency Yield DEHIBA
(min) (%) (%) (g Lt h?) (E/mol)

19 3.72 231 100.1 134 41 121 568.9
34 3.24 3.89 135.3 97.4 238 47.6 117.2
1.7 1.85 1.63 152.4 64.1 27.7 64.6 92.3
2.6 3.57 4.13 169.8 98.7 22.8 62.9 121.7
18 1.74 2.83 100.3 24.8 8.2 235 355.1
3 2.96 1.66 126.4 49.6 18.8 27.8 122.2
1.7 5.02 2.99 152.1 95.7 23.7 92.2 97.9
13 2.58 1.66 170 75.6 29.9 98.2 79.7
35 5.11 5 113 98 185 47.1 144.7
15 1.93 2.3 119 45.1 16.4 50.6 166.9
21 45 41 139 97.1 21.3 77.9 1234
4 521 45 161 99.2 19.8 41.8 130.7
3.9 2.96 19 107 40.4 145 174 164
35 1.93 3 133 89.2 28.1 429 103.2
3.3 2.65 15 146 60.4 24.6 30.8 935
2 1.83 2.9 158 89.2 28.9 75.1 100.4
2.3 4.29 3.3 107 54.2 135 39.7 185.4
4 5.32 15 136 447 14 18.8 130
4 491 5 136 98.7 18.9 415 143.6
4 1.73 4 147 84.4 22.6 355 137.2
3 1.73 4 158 85.3 22.8 47.9 135.8
3.8 1.73 24 139 82.8 30.1 36.7 93.6
1 1.73 4 147 72 19.3 121.2 160.9
21 1.73 5 147 82.7 19 66.3 169.2
1.6 491 4.6 155 98.6 19.8 103.8 133.9
4 1.73 4 126 79.6 21.3 335 145.6
24 45 2.2 133 60.2 17.7 422 1235
3 5.32 45 139 98.6 19.6 55.3 131.8
2.7 5.32 5 148 99.5 18.6 62.1 142.6
3.2 4.8 24 104 39.2 10.9 20.6 202.2
2.8 1.73 4 140 84.7 22.7 50.9 136.8
3.1 5.32 4.3 147 99.8 20.3 54.2 1254
3 1.73 1.9 153 84.8 34.7 47.6 77.3
1.6 491 4.6 126 99.8 20 105 132.4
4 5.32 2.9 151 96 23.7 40.4 95.4
3.6 5.32 3.3 152 98.2 229 459 103
2.8 4.6 35 155 99.3 235 59.7 106.3
25 5.32 5 143 98.8 185 66.5 143.7
4 5.32 2.9 144 92.7 229 39 98.8
3.6 5.32 3.3 146 96.1 224 449 105.3
16 1.73 3.1 147 81 255 85.2 116.4
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Res_idence iBA EDC Temperature DEHiBA R?\‘;Iu;tslso " S'IEJiarlﬁz- COSt_ of
time equivalents. equivalents. (°C) Yield Efficiency Yield DEHIBA
(min) (%) (%) (gL hY) (E/mol)

1.4 4.5 2.2 161 75.1 221 90.3 99
5.32 4.7 149 99.1 19.2 41.7 135.9
5.32 4.3 151 99.9 20.3 42.1 125.2
5.32 34 154 99 22.7 41.7 104.6
15 2.96 4 164 96.9 238 108.7 120.3
35 5.32 4.9 146 99.7 18.9 48 139.9
3.7 1.73 34 148 85.4 254 38.8 118.9
2.8 2.55 2.2 149 95 333 57.1 77.1
2 3.47 31 156 97.9 26.7 824 97.3
1.7 491 2.9 123 54.1 13.7 53.6 168.9
3.67 3.8 145 98.1 23.6 41.3 114.3
1.73 3.3 149 87 26.3 36.6 113.9
3.7 1.73 3.3 151 85.6 25.9 38.9 115.8
1.7 4.8 24 104 26.3 7.3 26.1 301.2
3.1 1.73 24 151 81.1 295 44 95.6
2.7 2.14 25 151 96.2 329 60 83.3
3.1 1.73 3.2 153 89.4 27.6 485 108.2
34 2.34 35 104 63.4 17.6 314 164.5
21 2.03 31 150 93.1 28.5 4.7 101.4
3.8 1.93 39 153 90.9 243 40.2 125
2.8 2.96 2.8 153 98 294 58.9 89.6
14 5.01 15 154 38.7 125 46.5 149.5
35 4.58 4.57 80.4 29.9 6.1 16 4395
15 4.86 2.62 86.2 14.4 3.8 18.4 587.8
3.8 3.91 4.26 88.5 41.8 9.3 20.3 295.1
2.7 2.61 1.54 98.6 18 7.3 125 319.8
3 244 3.53 107.2 62.8 17.2 394 167.3
3.6 4.54 4.73 112.2 96.5 19.3 50.2 139.9
2.2 3.16 3.94 122.9 91.8 22.3 78.8 125.7
19 1.78 3.25 128.7 75.3 22.8 75.5 130.1
0.8 3.29 2.02 142 48.9 16.4 114.4 142.2
0.9 4.38 2.92 145.2 81.8 213 171.2 112.1
1.3 1.93 1.79 146.9 68.5 28 97.6 92.1
0.6 1.98 1.63 149.3 46.3 19.6 135.6 128
0.5 1.85 1.52 149.4 38.8 17.3 145.3 1454
0.7 2.49 1.59 150 44.9 18.1 126.2 130.5
11 2.63 24 1315 52.7 175 85.9 148.2
12 3.21 3.01 141.2 92.2 259 149.7 100.9
12 3.56 3.21 141.8 94.1 24.9 150.4 104.1
1 3.16 3.08 143.7 93.8 26.2 167.8 100.8
0.8 1.84 4.22 137.3 69.1 17.6 161.3 175.7
0.8 1.7 4.21 137.5 65.8 17 150.6 183.9
3.6 4.4 3.27 149.2 97.9 24.2 50.7 102
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Res_idence iBA EDC Temperature DEHiBA R?\‘;Iu;tslso " S'IEJiarlﬁz- COSt_ of
time equivalents. equivalents. (°C) Yield Efficiency Yield DEHIBA
(min) (%) (%) (gL hY) (E/mol)

3.6 4.09 3.8 149.4 98.6 23 514 114.1
15 4.67 4.6 143.5 98.6 19.9 124.3 133.9
1.4 2.82 4.03 144.1 97.2 238 127.9 120.8
1.4 2.79 4.03 144.1 96.7 238 129.9 121.3
11 521 3.43 147.4 63.9 14.6 112.2 163.5
3.3 2.16 3.07 124.4 87.5 26.6 49.6 107.2
1.2 1.7 4.71 140.7 74.6 17.9 1185 178.2
1.2 1.7 4.69 141 75.2 18.1 119.1 176.2
1.2 1.78 4.63 141.4 78.2 18.9 118.9 167.6
3.6 3.77 2.56 136.7 81.4 23.7 42.7 101.6
0.6 2.2 3.78 142.6 73 19.5 219 152
0.7 1.84 2.74 146.1 67.5 225 175 127.3
0.7 2.64 4.9 150 91.2 20 240.1 151.4
14 251 2.99 141 92 275 120.6 100.4
0.7 2.27 3.56 144.2 76.5 211 215.8 138.4
1.2 2.25 3.37 145.6 90.5 25.8 138.3 111.9
15 3.61 243 146.6 78.6 23.7 96.3 101.1
25 1.75 4.88 142.1 85.6 19.9 63.1 160.2
1.2 2.25 2.95 142.2 84.2 25.9 135.4 108.2
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Routes (c) and (d) Solvated Synthesis From iBAnhydride

DIEHA
YJ\ )j\(Acetonltrlle )\”/
/hexane

Scheme S11: Amide bond formations using isobutyric anhydride (iBAnhydride) and
Di(2-ethylhexyl)amine (DiEHA) to yield N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA) but with
two different solvent systems, acetonitrile and hexane

Batch Chemistry:

No major solubility issues were encountered for iBAnhydride over a range of common organic
solvents therefore batch reactions were trialled using tetrahydrofuran, toluene, hexane, ethyl

acetate, acetone, acetonitrile, and diethyl ether via the following procedure:

DIiEHA (0.0845 g, 0.35 mmol) was combined with solvent in a 5 mL volumetric flask, similarly
iBAnhydride (0.0554 g, 0.35 mmol) was charged with the same solvent to a 5 mL volumetric flask.
These solutions were combined in a 25 mL round bottom flask whereby a large temperature rise
(not measured) saw most solutions reach boiling points and condensate formed on glassware.
Yields were not recorded for these reactions and the chemistry was transitioned into continuous

flow without further batch investigations.

Flow Chemistry

Reservoir solutions were prepared to the desired concentrations by dissolving the reagents in

solvent with stirring at ambient conditions.
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Route (c)

Reservoir 1: Di-(2-ethylhexyl)amine (4.2307 g, 0.0175 mol, 0.0701 mol dm-3), and

biphenyl (2.6969 g, 0.0175 mol, 0.0700 mol dm-3) in acetonitrile (250 mL).

Reservoir 2: [sobutyric anhydride (2.7754 g, 0.0175 mol, 0.0702 mol dm-3) in acetonitrile

(250 mL).
Reservoir 3: Acetonitrile.
Route (d)

Reservoir 1: Di(2-ethylhexyl)amine (10.8706 g, 0.0450 mol, 0.0900 mol dm-3), and

biphenyl (5.4092 g, 0.0351 mol, 0.0702 mol dm-3) in acetonitrile (500 mL).

Reservoir 2: [sobutyric anhydride (7.1190 g, 0.0450 mol, 0.0900 mol dm-3) in acetonitrile

(500 mL).
Reservoir 3: Acetonitrile.

An example HPLC chromatogram is illustrated in Figure S14:

DAD1 A, Sig=210.4 Ref=600,100 (TS068_Opt3036.D)
mAU =

10 ' Biphenyl

-10
-20
30 "DEHiBA
-40
-50
60 ‘ . — ‘

4.592

=

1 2
DAD1 C, Sig=254,4 Ref=600,100 (TS068_Opt3036.D)
mAU ] T
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Figure S57: An example HPLC chromatogram from route (c/d)

The flow platform was set up according to Figure 28 using a reactor volume of 2.7 mL with PFA
tubing and a back pressure of 100 psi. The self-optimisation was conducted with respect to three
continuous parameters: residence time, iBAnhydride equivalents, and temperature. The upper and
lower parameter bounds for each are described in Table S7. The initial objective for each
optimisation was to maximise yield, then simultaneously maximize reaction mass efficiency and

space-time yield.

Table S20: The upper and lower bounds for the variables optimised in route (c) and (d), top and
bottom table respectively

Residence  iBAnhydride Temperature [DiEHA]in reactor

Route (c) time (mins)  equivalents. (°C) (mol dm?)
Lower bound 0.5 1 40 0.01
Upper bound 7.5 5 150 0.01
Residence  iBAnhydride Temperature [DiEHA]in reactor
Route (d) . . . o I dm3
time (mins) equivalents. (°C) (mol dm™)
Lower bound 0.5 1 40 0.01
Upper bound 7.5 3 150 0.01

Routes (c-d) Data and Further Analysis

A comparison between the performance metrics, RME and STY demonstrates the improved
performance of the reaction in acetonitrile over that of the reaction in hexane although similar

trade-off curves are apparent.

239



350 -

Route (c)
Route (d)

Space Time Yield (gL h?)
5 & S & 8
o o o o o

(O
o
1

0 T T T 1
0 20 40 60 80
Reaction Mass Efficiency (%)

Figure S58: RME, STY comparison between routes (c) and (d)

Table S8 provides the raw data for the experimental conditions exploited in both optimisations

and the performance metrics associated.

Table S21: complete dataset from the optimisation of routes (c) and (d)

Res_idence iBAnhydride Temperature DEHiBA R?\{/jllgtsls? " S‘IPierl‘rﬁg- COSt. of

Route time . o Yield .. . DEHIBA

(min) equivalents. (°C) (%) Efficiency Yli|d_l (&/mol)

(%) (gL*h?)

(©) 0.5 1 40 18.5 15.1 72.4 121.3
(©) 0.5 5 40 58.8 18.6 230.7 725
(©) 7 1 40 70.1 57.3 19.6 31.9
(©) 7 5 40 98.4 31.2 27.6 43.3
(©) 3.8 3 95 98.3 44.9 50.7 33.1
(©) 3.8 3 95 100 45.6 51.6 325
(©) 3.8 3 95 98.2 44.8 50.7 33.1
(©) 0.5 1 150 29.8 24.4 116.9 75.1
(©) 0.5 5 150 83.2 26.3 326.2 51.2
(©) 7 1 150 80.6 65.9 22.6 27.8
(©) 7 5 150 97.5 30.9 27.3 43.7
(©) 6.7 3.2 54.5 98 42.8 28.7 34.2
(©) 0.9 1.6 67.5 44.6 29.5 97.2 57
(©) 1 1.4 109.5 50.9 35.9 99.8 48
(©) 7 4.9 122.5 96.3 31 27 43.7
(©) 6.3 4.2 81 97.8 35.3 30.4 39.4
(©) 6.9 2.2 103.5 97.3 54 27.7 29.2
(©) 0.9 2.9 135 79.4 37.1 173.1 40.3
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. . Reaction Space-
Route Reiil:ineence iBAr_whydride Tempoerature DI\E(ZIISA l\_/lz_;tss 'IE)i_me DCEOI:tiéfA
(min) equivalents. (°C) (%) Efficiency Yl»elld_1 (&/mol)
(%) (L™ h")
(c) 6.4 4 141 98.2 36.7 30.1 38.2
(c) 0.8 1 48 28.3 23.1 69.3 79.2
(c) 6.2 1.9 735 94.7 57.1 30 28.4
(c) 1.7 1.3 87 59.8 43.7 69 40
(c) 0.8 1.4 127 47.8 33.8 117.3 51
(c) 6 4.2 62.5 97.7 35.3 31.9 39.5
(c) 0.8 1.3 78 375 27.4 92 63.7
(c) 0.5 35 1175 65.4 26.9 256.7 53.5
(c) 6.9 4.9 133 98.1 315 27.9 43
(c) 6.7 1.9 46 92.7 55.9 27.1 29.1
(c) 0.7 1.2 59.5 30.1 22.8 84.2 77.8
(c) 6.8 3.8 114 96.7 375 27.9 37.8
(c) 0.9 4.5 143.5 91.8 315 200 43.7
(c) 1.2 4.9 55 87.7 28.2 143.3 48
(c) 1.2 4.3 72 86.5 30.7 141.3 45.2
(c) 6.6 3.9 88 97.3 37 28.9 38.1
(c) 0.5 4.2 101 68.7 24.8 269.5 56.1
(c) 25 4.7 45 95 315 74.5 43.2
(c) 6.8 3.8 109 98.3 38.1 28.3 37.2
(c) 6.4 2 128 97.8 57.3 30 28.1
(c) 5.2 1.2 1455 87 66 32.8 26.9
(c) 6.9 2.4 68 97.5 51.3 21.7 30.2
(c) 1.9 4.7 83 95.4 31.7 98.5 43.1
(c) 13 3.7 91 88.3 34.9 133.2 40.8
(c) 1.9 4.6 122 96.1 32.4 99.2 42.2
(c) 4.8 5 50 96.6 30.6 39.5 44.1
(c) 3.9 5 128.5 98.7 31.3 49.6 43.2
(c) 5.4 3.4 134.5 98.5 41.3 35.8 35
(c) 3.6 5 150 98.4 31.1 53.6 43.3
(c) 7 1 80.5 79.8 65.3 22.4 28
(c) 7 1 123 79.6 65.1 22.3 28.1
(c) 4.1 2 130.5 96.7 56.6 46.2 28.4
(c) 5.9 1 134.5 79.1 64.7 26.3 28.3
(c) 4.4 2.2 67.5 95.3 52.8 42.5 29.9
(c) 7 1 75.5 79.9 65.4 22.4 28
(c) 6.1 1 119 80.6 65.9 25.9 27.8
(c) 7 127.5 86.1 70.4 24.1 26
(c) 3.7 2.9 54 95.9 44.8 50.8 33.4
(c) 0.8 1 120.5 38.9 31.8 95.3 57.6
(c) 3.6 1.5 115 78.3 53.4 42.6 31.8
(c) 6.3 128.5 76.2 62.3 23.7 29.4
(c) 7 131 77.5 63.4 21.7 28.9
(c) 5.1 111 75.2 61.5 28.9 29.8
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. . Reaction Space-
Route Reiil:ineence iBAr_whydride Tempoerature DI\E(ZIISA l\_/lz_;tss 'IE)i_me DCEOI:tiéfA
(min) equivalents. (°C) (%) Efficiency Yl»elld_1 (&/mol)
(%) (L™ h")
(c) 7 1 126.5 80.8 66.1 22.6 21.7
(c) 4.2 4 1425 98.4 36.8 46 38.2
(c) 5.3 1 146.5 79.7 65.2 29.5 28.1
(c) 0.8 5 128.5 91.4 28.9 224.1 46.6
(c) 7 1 130 81.8 66.9 22.9 27.4
(c) 2 35 1425 97.2 39.9 95.3 36.1
(c) 7 1 144 81.7 66.8 22.9 27.4
(c) 2.2 3 100 94.2 43 84 345
(c) 7 1 128.5 80.1 65.5 22.4 28
(c) 3.1 1 128.5 69.6 56.9 44 32.2
(c) 5.2 1 143.5 78.7 64.3 29.7 28.5
(c) 4.1 2.1 107 96 54.7 45.9 29.1
(c) 3.6 1.3 126 82.9 60.6 45.1 28.8
(c) 5.1 1 129 76.9 62.9 29.6 29.1
(c) 5.2 2.3 146 97.6 52.7 36.8 29.7
(c) 3.7 1.8 54 84.7 52.6 44.9 31.2
(c) 5.3 1 124.5 775 63.4 28.7 28.9
(c) 6.1 1.8 128 97.1 60.3 31.2 27.2
(c) 6.8 1 129 80.7 66 23.3 21.7
(c) 4.7 1.4 146 90.7 64 37.8 26.9
(c) 4.5 3.2 67.5 97.8 42.8 42.6 34.3
(c) 6.5 1.8 127 97.5 60.6 29.4 27.1
(c) 6.9 1 127 78.4 64.1 22.3 28.5
(c) 55 1.6 145 95.7 63.2 34.1 26.6
(c) 1.4 2.6 89 81.3 40.7 113.9 37.5
(c) 4.5 1 1185 74.4 60.8 32.4 30.1
(c) 7 126 98.3 57.6 27.5 27.9
(c) 7 1.2 127.5 89.3 67.6 25 26.2
(c) 6 3 77 98 44.7 32 33.2
(c) 7 2 126.5 98.3 57.6 27.5 27.9
(c) 7 1.5 127.5 96 65.5 26.9 25.9
(c) 7 1 128 81.3 66.5 22.8 27.5
(c) 4.9 2.9 54 97.1 453 38.8 33
(c) 7 1 121 81.1 66.3 22.7 27.6
(c) 6.9 1.4 127 93.8 66.2 26.7 26
(c) 5.8 1 145 79.7 65.1 26.9 28.1
(c) 7 1 145.5 80.7 66 22.6 21.7
(c) 6.5 1 116.5 78.7 64.3 23.7 28.5
(c) 7 1.8 126.5 97.8 60.7 27.4 27
(c) 25 2.9 134.5 47.7 22.3 37.4 67.1
(c) 4.9 3.3 104 98.2 42 39.3 34.7
(c) 6.5 1.1 127.5 83.5 65.7 25.2 27.4
(c) 6.2 1.6 128.5 95.9 63.4 30.3 26.5
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Res_idence iBAnhydride Temperature DE'._”BA Riillggs " S'IE)iarlﬁz- COSt. of
Route t'”ﬁe equivalents. (°C) Y(')eld Efficiency Yield DEHIBA
(min) (%) (%) (gL hY) (E/mol)

(c) 7 1 143 81.2 66.4 22.8 27.6
(c) 4.6 1 146.5 77 63 32.8 29.1
(c) 4 3.9 108 98.6 375 48.3 37.6
(c) 7 1 124 80.9 66.1 22.7 27.7
(c) 6.3 1.9 128 97.6 58.9 30.4 27.6
(c) 7 1 144.5 80.9 66.2 22.7 27.7
(c) 4.9 3.3 119 98.6 42.2 39.4 345
(c) 6.6 1.1 127.5 84.3 66.3 25.1 27.1
(c) 7 1.6 128 96.8 64 27.1 26.3
(d) 4.8 2.12 46.9 89.6 48.4 35.2 32.8
(d) 2.6 2.53 69.7 84.9 41.3 61.9 37.2
(d) 6.6 1.54 81.7 88.6 56.9 25.1 29.7
(d) 1.2 1.94 95.7 62 35.2 96.8 45.9
(d) 3.6 2.74 105.9 89.2 41.1 46.3 36.7
(d) 6 0.95 127 49.5 39.3 154 46.9
(d) 2.2 1.17 141.2 42.7 31.2 35.9 57.1
(d) 7 2.74 70 96.2 44 .4 25.7 34

(d) 7 1.41 58.6 87.9 58.9 235 29.2
(d) 7 1.67 52.5 93.2 57.3 24.9 29

(d) 7 0.8 45 64.6 54.7 17.2 34.7
(d) 5.9 1.3 60.4 83.1 57.9 26.3 30.2
(d) 7 1.23 69.5 86.2 61.7 23 28.6
(d) 7 0.8 75.7 69.1 58.5 18.4 325
(d) 7 1.21 69.7 86.8 62.4 23.2 28.4
(d) 7 3 150 79.9 34.8 21.3 42.7
(d) 7 1.18 77.3 82.4 59.9 22 29.7
(d) 7 1.22 68.2 85.3 61.2 22.8 28.9
(d) 7 1.23 68.5 85.6 61.2 22.9 28.9
(d) 7 1.23 68.6 82.9 59.2 22.1 29.8
(d) 7 1.23 68.5 83.5 59.8 22.3 29.6
(d) 7 1.23 68.7 83.9 59.9 22.4 29.5
(d) 7 1.23 68.7 83.7 59.9 22.3 29.5
(d) 7 1.23 68.8 83.5 59.7 22.3 29.6
(d) 7 1.23 68.8 82.5 59 22 29.9
(d) 7 1.23 68.9 83.7 59.8 22.3 29.5
(d) 7 1.24 68.8 85.2 60.8 22.8 29

(d) 7 1.23 68.9 83.6 59.8 22.3 29.5
(d) 7 1.23 69 84.4 60.3 22,5 29.3
(d) 7 1.23 69 83.9 60 22.4 29.4
(d) 7 1.23 69.1 83.2 59.5 22.2 29.7
(d) 7 1.23 69.1 84.8 60.6 22.6 29.1
(d) 7 1.23 69.1 84.3 60.3 22,5 29.3
(d) 7 1.23 69.2 82.7 59.2 22.1 29.8
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Res_idence iBAnhydride Temperature DE'._”BA Riillggs " S'IE)iarlﬁz- COSt. of

Route time . o Yield .. . DEHIBA

(min) equivalents. (°C) (%) Efficiency Yl»elld_1 (&/mol)

(%) (L™ h")

(d) 7 1.23 69.1 65.7 47 17.6 37.6
(d) 0.7 1.01 65.3 28.6 22.2 75.2 82.3
(d) 5.4 1.5 64.5 86.9 56.6 30.4 30.1
(d) 6.6 2.1 69 96.6 52.5 27.4 30.3
(d) 7 1.85 69.5 95.8 55.9 25.6 29.2
(d) 7 1.55 70 90.1 57.7 24.1 29.3
(d) 4.8 1.65 138.5 60.8 37.7 23.9 44.3
(d) 6.2 1.65 62.5 88.8 55.1 26.8 30.3
(d) 7 1.45 69 90.5 59.9 24.2 28.6
(d) 2.4 1.35 70.5 64.9 44.4 51.6 39
(d) 6.6 2.75 79 97.5 44.9 27.6 33.6
(d) 6.5 2.1 45 95.4 51.8 21.7 30.7
(d) 7 1.35 69.5 85.3 58.4 22.8 29.7
(d) 6.6 0.8 715 57 48.2 16.1 39.4
(d) 2.2 2.55 128 73.6 35.6 64 43.1
(d) 4 2.75 57.5 92.4 42.6 43.8 35.4
(d) 3.4 3 69 91.8 39.9 50.5 37.1
(d) 7 1.15 735 81.9 60.3 21.9 29.6
(d) 7 0.8 1135 48.3 40.9 12.9 46.4
(d) 1.1 0.8 127 29.9 25.3 48.6 75
(d) 7 2.1 63.5 95 51.6 25.4 30.9
(d) 4.2 3 70 93.4 40.6 42.1 36.5
(d) 3.7 2.15 715 86.8 46.5 43.8 34.1
(d) 7 0.8 81.5 62.6 53 16.7 35.8
(d) 15 1.1 94.5 49.9 37.4 62.2 48.1
(d) 15 1.1 58 46.9 35.2 58.5 51.2
(d) 7 0.8 69.5 64 54.2 17.1 35
(d) 0.7 3 70.5 53.6 23.3 143 63.7
(d) 0.7 2.5 85.5 52.6 25.7 140.5 59.7
(d) 3.7 0.8 81.5 52.9 44.8 26.7 42.4
(d) 3.9 3 91.5 95.8 41.7 46.5 35.6
(d) 15 1.95 104 67.7 38.3 81.6 42.1
(d) 0.7 2.5 105 54.2 26.5 144.8 58
(d) 5.9 2 121.5 80.4 44.9 25.5 35.8
(d) 5.8 2.2 65.5 94.7 50.1 30.5 315
(d) 7 0.8 74.5 59 50 15.8 38
(d) 4.8 1.15 138.5 47 34.6 185 51.6
(d) 25 1.65 150 47.8 29.7 35.8 56.3
(d) 4.9 2.75 70 88 40.5 33.6 37.3
(d) 2.3 2.15 70.5 80 42.9 63.6 37
(d) 6.6 1.05 77 71.6 54.7 20.3 33.2
(d) 2.4 0.8 137.5 31.2 26.4 24.8 71.9
(d) 25 2.45 69 83.7 41.4 62.6 37.3
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(d) 5.7 2 70 | o5 51.1 29.7 315

Route (e) Solvent-free Direct Amidation with iBAnhydride

DIEHA

Al Awéww

Scheme S12: Amide bond formation reaction using isobutyric anhydride (iBAnhydride) and
Di(2-ethylhexyl)amine (DiEHA) to yield N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA) in the
absence of solvent

Reservoir one was prepared by dissolving the biphenyl in Di-(2-ethylhexyl)amine with stirring at

ambient conditions.

Reservoir 1: Di-(2-ethylhexyl)amine (400 g 1.66 mol), and biphenyl (8.7588 g,

0.0568 mol).
Reservoir 2: [sobutyric anhydride (477 g, 3.02 mol).
Reservoir 3: Acetonitrile.

An example HPLC chromatogram is illustrated in Figure S16.
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Figure S59: An example HPLC chromatogram from route (e)

The flow platform was set up according to Figure 28 using a reactor volume of 4.0 mL with

stainless steel tubing and a back pressure of 100 psi.

The self-optimisation was conducted with respect to three continuous parameters: residence
time, iBAnhydride equivalents, and temperature. The upper and lower parameter bounds for each
are described in Table S9. The initial objective for each optimisation was to maximise yield, then

simultaneously maximize reaction mass efficiency and space-time yield.

Table S22: The upper and lower bounds for the variables optimised in route (e)

Residence  iBAnhydride Temperature  [DiEHA] after

time (mins)  equivalents. (°C) reactor (mol dm*)
Lower bound 0.5 0.9 40 0.4
Upper bound 10 3 150 0.4

Route (e) Data and Further Analysis

A comparison between the trade-off between the solvated and solvent free synthesis of DEHiBA

from iBAnhydride, whereby the trends are contrasting.
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Figure S60: A comparison between the RME, STY trade-off curves for the solvated and solvent
free reaction of iBAnhydride and DiEHA

Table S10 provides the raw data for the experimental conditions exploited in the optimisation

of route (e) and the performance metrics associated.

Table S23: complete dataset from the optimisation of route (e)

Resj dence iBAnhydride Temperature [D”iEnHA] DEHiBA RE;\«’;IIZ'ESI: " S'IE)iangZ COSt. of
time equivalents. (°C) reactor Yc',eld Efficiency Yield DE/H'EIA
(min) (M) (%) (%) (kg L h) (E/mol)

2.8 1 139 2.14 79.6 62 11.4 29.5
22.2 1 139 2.14 86.5 67.3 1.6 27.2
4 2 40 1.58 86 48.1 6.3 335
4 1 40 2.14 72.5 56.6 7.2 324
2 1 40 2.14 67.9 52.9 13.6 34.6
6.8 2.16 41.9 1.52 92.1 49.2 3.8 32.2
6 1 50 2.14 84.1 65.6 5.6 27.9
3.7 2.54 65.9 1.38 93.7 453 6.6 338
3.7 2.54 65.9 1.38 89.4 43.2 6.3 35.4
9.4 1.61 78.5 1.76 92.8 58.3 3.2 28.8
1.7 1.98 93.1 1.59 94.9 53.2 16.4 30.2
1.7 1.98 93.1 1.59 89.9 50.4 15.6 319
5.1 2.75 103.8 1.32 94,5 43.5 4.5 34.7
6 1 100 2.14 93.3 72.7 6.2 25.2
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Res_idence iBAnhydride Temperature [DIiEr:_| Al DEH'BA Riillggs " S'II')i?riZ COSt_ of
t'”ﬁe equivalents. (°C) reactor Yield Efficiency Yield DEHIBA
(min) (M) (%) (%) (kg L h) (E/mol)

8.6 1.05 125.9 2.10 93.9 71.9 4.3 25.3
3.2 1.26 140.8 1.96 94.3 66.8 10.9 26.3
8.6 1.05 125.9 2.10 95.2 72.9 4.4 24.9
3.2 1.26 140.8 1.96 94.8 67.1 10.9 26.2
3 1 150 2.14 92.3 72 12.3 25.4
1 1 150 2.14 85.8 66.9 34.3 27.4
8.8 0.9 149.7 2.22 92.1 72.6 4.2 25.6
9.4 0.9 128.8 2.22 92.9 73.2 4 255
8 0.9 138.2 2.22 90.3 71.2 4.5 26.2
6.2 1.88 139 1.63 97.9 56.6 4.8 28.8
6.6 1.85 125.7 1.64 98 57.2 45 28.6
3.7 2.1 150 1.54 99.3 54 7.8 29.5
4.3 2 150 1.58 100 55.8 6.8 28.8
4.2 1.98 150 1.59 96.8 54.3 6.8 29.6
4.2 1.98 150 1.59 97.6 54.8 6.9 29.4
11 1.27 150 1.95 91.9 64.7 30.3 27.1
3.2 1.17 150 2.02 91.8 67 10.8 26.6
1 1.47 150 1.83 88.3 58.1 30 29.4
2.7 1.13 150 2.05 98.3 73 13.9 24.6
25 0.9 128.9 2.21 89.2 70.5 14.2 26.4
3.2 0.94 135.5 2.19 89.2 71.4 11.3 25.9
11 1.02 150 212 85.6 66.2 31.3 27.6
1.2 1.05 150 2.10 86.4 65.9 29 27.5
8.9 0.98 108.2 2.15 91.3 71.7 4.1 25.6
2.1 11 140.1 2.07 93.2 69.9 17.3 25.8
1 0.99 148.3 2.15 86.3 67.7 335 27.1
1.4 0.99 148.3 2.15 85.5 67 24.7 27.4
4.1 0.91 149.4 2.21 87.6 69.3 8.7 26.8
1 1.91 149.7 1.62 87.5 50.2 255 32.3
1.6 0.9 150 2.21 90.4 715 22.2 26
11 0.92 150 2.20 81.7 65.4 31.1 28.4
1 1.35 140.6 1.90 91.7 62.8 32.6 27.6
2 1.16 140.8 2.02 91.5 67.1 16.9 26.6
2.9 1.11 142.3 2.06 92.6 69.3 12.2 26
1 0.98 148.2 2.16 83.2 65.5 33.6 28.1
1 1.07 122.3 2.09 88.8 67.4 34.7 26.8
1 1.08 140.5 2.08 86.2 65.3 33.6 21.7
1 1.29 145.9 1.94 87 60.8 31.5 28.8
2.7 1.01 150 2.13 94.8 735 14.1 24.8
1 1.07 122.3 2.09 94.4 71.7 36.9 25.2
1.08 140.5 2.08 90.5 68.5 35.2 26.4
1.29 145.9 1.94 83.9 58.6 30.4 29.8
2.7 1.01 150 2.13 92.1 71.4 13.7 25.6
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Res_ldence iBAnhydride Temperature [DIiEr:_| & DEH'BA Riillggs " S'II')i?riZ COSt_ of
time equivalents. (°C) reactor Yield Efficiency Yield DEHIBA
(min) (M) (%) (%) (kg L h) (E/mol)

1 1.36 119.1 1.90 87.6 59.9 311 29
1 1.01 143.3 2.13 85.9 66.6 34.2 27.4
2 0.9 149.7 221 86.8 68.7 17.7 27.1
6.3 0.94 150 2.18 91.8 73.2 6 25.3
4.3 0.9 109.7 221 82.8 65.5 7.8 28.4
1 1.36 118.9 1.90 86.4 58.9 30.2 29.4
1.13 124.7 2.05 96.4 715 36.9 25.1
2.2 0.97 148.6 2.16 89.3 70.4 16.4 26.1
14 0.9 97.6 221 87.9 69.5 26.3 26.8
1 1.73 64.6 1.70 825 49.9 26.2 33.2
6.3 0.9 86.9 221 85.7 67.8 5.5 27.5
2.7 1 141.9 2.14 97 75.7 14.3 24.2
14 0.9 150 221 85.8 67.9 25 274
1 1.39 105.8 1.88 89.5 60.5 314 28.5
1.9 0.97 132.5 2.16 91.2 721 19.4 255
1.2 0.98 136.9 2.16 81.7 64.3 27.5 28.6
14 1 138.4 2.14 89 69.4 24.6 26.4
1 0.93 121.8 2.20 84.5 67.8 34.6 274
0.93 134.3 2.19 89.3 71.6 18.6 25.9
9.7 1.04 139.9 211 90.2 69.3 3.7 26.2
24 0.9 141.9 221 88.6 70.1 14.8 26.6
1 0.9 102.6 221 80.5 63.7 31 29.2
5.7 1.04 134.8 211 89.9 69.1 6.3 26.3
1.9 0.92 136.1 2.20 86.5 69.3 18.5 26.8
9.5 0.92 150 2.20 84.6 67.5 3.6 27.5
2.2 1.53 53 1.80 89.6 58 13.8 29.2
3.9 1.36 59.3 1.90 92 63.1 8.4 275
35 1.95 75.8 1.60 99.6 56.6 8.5 28.5
0.6 1.6 90.5 1.76 93.4 59.1 51.5 28.4
1.8 1.3 111.2 1.94 99.3 69.6 20 25.1
1 1.07 122.3 2.08 95.1 72.2 37.1 25
2.7 1.09 129.2 2.07 99.7 75.1 14.3 24
1 1.07 122.3 2.08 945 71.8 36.9 25.2
2.7 1 141.9 2.14 99.3 775 14.7 23.6
1.1 1.81 149.4 1.66 94.9 56.2 26.9 29.2
2.7 1 141.9 2.14 99.1 77.3 14.7 23.7
0.5 1.22 140 1.99 94.9 68.4 70.7 25.9
0.5 1 140 2.14 91 71.1 72.9 25.7
0.5 1.15 150 2.03 97.2 71.9 74.1 24.9
1.9 1.01 81.5 2.13 87.4 68 18.6 26.9
0.5 111 122.5 2.06 89.1 66.8 68.8 26.9
1.5 1 75.2 2.14 83.1 64.9 22.6 28.2
0.5 1.07 149 2.09 95.5 72.6 74.7 24.9
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[DIEHA] Reaction Space-

Res_ldence iBAnhydride Temperature in DEH'BA Mass Time COSt_ of
time equivalents. (°C) reactor Yield Efficiency Yield DEHIBA
(min) (M) (%) (%) (kg L h) (E/mol)

1.2 1 120.2 2.14 91.6 715 31.8 25.6
1.3 1.02 150 2.12 96 74.3 30.1 245
1.7 1.05 136.7 2.10 95.6 73.4 22 24.8
1.6 1.06 146.1 2.09 96 73.4 23.1 24.7
0.5 1.12 149.2 2.05 90.8 67.8 69.9 26.5
3.5 1.04 133.3 211 95.3 73.3 10.7 24.8
1.3 1.04 139.3 211 92.9 71.4 29.2 254
0.8 1 142.4 2.14 92.3 72 47.7 254
1.7 1.16 150 2.02 94.6 69.6 21.4 25.6
0.5 1.32 150 1.92 88.9 61.7 63.1 28.2
2.8 1 150 2.14 945 73.7 13.7 24.8
0.7 1 147.9 2.14 921 71.9 51.6 254
0.5 1.05 134.9 2.10 86.8 66.5 63.4 27.3
2.3 1.02 143.3 2.13 92.8 72.2 16.3 25.3
2.1 1.02 143.2 2.13 89.1 69.3 16.9 26.4
0.5 111 84.6 2.06 81.4 60.9 62.8 29.5
1.8 1.12 1254 2.05 89.3 66.7 19.1 26.9
35 1 146.8 2.14 93.3 72.8 10.7 25.1
0.5 1.07 95.1 2.08 84.1 63.9 64.8 28.3
0.5 1.05 149.9 2.10 92.7 71.2 73.2 255
1.6 1.02 143.3 2.12 93.1 72.3 22.5 25.2
0.5 1.16 150 2.02 89.7 66 67.1 27
24 1.06 149.5 2.09 92.6 70.7 15 25.6
0.5 1.03 149.9 2.12 922 71.2 73.1 25.6
1 1 144.9 2.14 88.2 68.8 34.2 26.6
3.1 1.02 128.3 2.13 93.8 72.9 12 25
0.5 1.22 114.2 1.99 86.9 62.6 64.4 28.3
1.2 1.01 150 2.13 93.7 73 32.2 25
0.5 1.34 53.5 1.91 76.6 52.7 54.8 329
1 1.3 415 1.93 71.1 49.7 26 35.2
1.3 1 149.1 2.14 93.6 73.1 28.2 25
1.3 1.08 117.4 2.08 91.6 69.5 27.5 26
1.4 1.08 119.2 2.08 87.7 66.6 24.2 27.1
0.5 1.01 135.5 2.13 86.3 67.3 69 27.2
1 1.08 110.9 2.08 88.9 67.4 339 26.8
25 1 114.7 2.14 921 71.9 14.8 254
0.6 1.07 150 2.09 88.8 67.7 54.1 26.8
1.3 1.03 149.1 2.12 87.2 67.4 26.7 27
0.6 1.06 150 2.10 87.1 66.6 59.4 27.2
2.3 1.28 142.6 1.95 97.2 68.5 15.2 25.6
0.5 1.86 775 1.64 87 50.7 52.4 321
0.5 1.15 142.7 2.03 94.8 70 72.2 255
1.5 1.05 136.1 2.10 89.9 69 24.2 26.3
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Route (f) Direct Thermal Amidation From iBA

o DiEHA ’/K/\/
A, 210 bar
H
YJ\OH Solvent-free )\H/N/\(\/\
(0]
Scheme S13: A direct thermal amidation reaction to yield N,N-di-(2-ethylhexyl)isobutyramide

(DEHiBA) by forcing isobutyric acid (iBA) and Di(2-ethylhexyl)amine (DiEHA) together via
elevated temperatures and 210 bar of pressure

Reservoir one was prepared by dissolving biphenyl in Di(2-ethylhexyl)amine with stirring at

ambient conditions.

Reservoir 1: Di-(2-ethylhexyl)amine (400 g 1.66 mol), and biphenyl (8.7588 g,

0.0568 mol).
Reservoir 2: [sobutyric acid (475 g, 5.39 mol).
Reservoir 3: Acetonitrile.

An example HPLC chromatogram is illustrated in Figure S18 using the HPLC method previously

described.
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Figure S61: An example HPLC chromatogram from route (f)

T
4

T
5

The flow platform was set up according to Figure 2 using a reactor volume of 4.0 mL with

stainless steel tubing a back pressure regulator set to 210 bar before the sample loop and a back

pressure of 100 psi following the sample loop. The self-optimisation was conducted with respect

to three continuous parameters: residence time, iBA equivalents, and temperature. The upper and

lower parameter bounds for each are described in Table S9. The initial objective for each

optimisation was to maximise yield and reaction mass efficiency, then simultaneously maximize

reaction mass efficiency and space-time yield.
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Table S24: The upper and lower bounds for the variables optimised in route (f)

Residence iBA Temperature [DIiEHA] after
time (mins)  equivalents. (°C) reactor (mol dm-)
Lower bound 1 0.9 200 0.4
Upper bound 18 5 370 0.4

Route (f) Data and Further Analysis

GC-MS used to identify the unknown signal that was in fact the thermal degradation product of

DEHiBA:

Target:
10,000}

1.00(_

025 “ i
0.00-1 ||||\ " Ll I |

50 50 70 80 30 100 110 120 130 140 150 160

Figure S62: GC-MS chromatogram for the degradation product of DEHiBA

A concise dataset (Table S12) demonstrating the trend between conditions and the area ratio
for the signals at 0.5 and 1.7 minutes. The signal at 0.5 minutes increases with increasing iBA
equivalents predominantly whilst the signal at 1.7 minutes intensifies with both an increase in

temperature and residence time.

Table S25: Area ratios for the signals at 0.5 and 1.7 minute retention times

0.5 min 1.7 min Residence iBA Temperature

signal signal time (min)  equivalents. (°Q)
0.57 0.08 5.00 2.50 330.0
0.45 0.15 5.00 2.50 350.0
0.43 0.23 5.00 2.50 370.0
1.03 0.16 5.92 5.00 344.9
0.98 0.14 5.04 5.00 3455
1.00 0.15 5.43 5.00 346.1
0.80 0.16 5.50 421 348.3
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0.65
0.53
0.41
0.85
0.49
0.61
0.82
0.14
0.22
0.54
0.64
0.80
0.80
0.41
0.07
0.03
0.38
0.82
0.95
0.89
0.90
0.76
0.80
0.68
0.72
0.47
0.48
0.42
0.58
0.86
0.87
0.94
0.40
0.20
0.77
0.82
0.46

0.19
0.18
0.18
0.07
0.03
0.03
0.11
0.25
0.28
0.37
0.29
0.59
0.53
0.34
0.28
0.21
0.38
0.31
0.42
0.48
0.49
0.01
0.01
0.32
0.18
0.36
0.35
0.36
0.29
0.22
0.18
0.19
0.16
0.07
0.07
0.14
0.23
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Table S26: complete dataset for the optimisation of route (f)

Res_idence iBA Temperature [D”iEnHA] DEHiBA Rﬁggson S‘IE)iErl':w:Z- COSt. of
time equivalents. (°C) reactor Yield efficiency Yield DEH'EZA‘
(min) (M) (%) (%) (g L h) (£ mol™)

5 25 330 1.874 44.6 30 3122 44.1
5 25 350 1.874 59.7 40.2 4181 33
5 25 370 1.874 59.5 40.1 4169 33.1
5.9 5 344.9 1.306 77.8 354 3210 27.2
5 5 345.5 1.306 77.3 35.2 3745 27.4
5.4 5 346.1 1.306 7.7 354 3495 27.2
55 4.2 348.3 1.444 73.7 374 3619 28.1
55 3.5 356.9 1.592 68.6 38.7 3713 29.6
55 3 356.9 1.724 65 39.9 3809 30.7
55 25 356.9 1.874 59.1 39.8 3765 33.3
8.8 4.1 300 1.459 50 25.6 1541 41.3
17.2 2.3 259.5 1.925 14.1 9.8 295 139.2
6 3.1 282 1.705 13.7 8.3 724 146.2
11 45 298.6 1.385 55.9 27.1 1317 37.4
16 1.3 332.8 2.377 34.4 30.2 956 55.1
8.1 1.7 355.7 2.186 447 35.7 2241 42.9
18 4.1 338 1.469 64.4 33.2 982 32.1
14 4 341.1 1.486 63.4 33.1 1260 32.5
14.8 4.7 364.7 1.362 57.9 27.6 999 36.2
12.1 4.7 365.6 1.351 60.8 28.7 1271 34.5
18 2.7 341.9 1.802 58.5 37.7 1094 33.9
17.3 1.8 344.3 2.151 27.4 21.5 635 70.3
16.4 1 344.4 2.534 14.2 134 409 132.6
18 2.8 345.4 1.786 55.7 35.5 1032 35.7
14.3 4.8 342.2 1.337 69.4 324 1210 30.3
17.6 5 347.1 1.306 68 30.9 942 31.2
17.6 5 352 1.309 64.4 29.4 894 32.9
18 4.9 352.2 1.32 64.3 29.6 882 32.8
135 3.8 209.7 1.527 1.3 0.7 27 1573.4
135 4 210.3 1.485 1.3 0.7 27 1593.3
15.3 4 351.1 1.484 63.9 33.3 1154 32.2
6.3 45 352.7 1.394 71 34.7 2921 29.4
17.1 3 352.3 1.724 59.1 36.3 1113 33.8
16.4 3.1 352.3 1.707 59.4 36.1 1156 33.7
17.3 3 352.6 1.71 56.2 34.2 1038 35.6
10.8 3.8 354.9 1.539 64.6 35.1 1726 31.6
13.2 5 338 1.306 74.3 33.8 1378 28.5
10.6 5 338.7 1.306 75.6 34.4 1734 28
5.4 2.9 359.1 1.749 60.9 38 3663 32.7
51 2.9 359.5 1.762 59 37.1 3782 33.7
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155 14 305.6 2.315 27.3 23.3 764 69.6
Residence . [DIEHAT | pepjga  Reaction Space- Cost of
time _|BA Tempoerature in Yield mass Tl_me DEHIBA
(min) equivalents. (°C) reactor (%) efficiency Yl»elld_1 (€ mol
(M) (%) (L™ h™)
5 4.3 324.3 1.428 56.8 28.4 3031 36.6
94 5 324.3 1.306 75.2 34.3 1950 28.2
15 2.9 332.8 1.755 64 40.1 1403 31.1
25 15 350 2.268 16.7 13.9 2826 1145
1.6 2.3 350 1.955 16.9 11.9 3879 1155
2.3 3.5 360 1.587 46.9 26.3 6182 43.3
25 15 360 2.268 21.4 17.8 3626 89.2
25 15 370 2.268 23.9 19.9 4048 79.9
25 15 350 2.268 16.7 13.9 2829 114.4
1.6 2.3 350 1.955 16.3 11.5 3733 120
2.3 3.5 360 1.587 46.4 26 6113 43.8
25 15 360 2.268 22 18.3 3731 86.7
25 15 370 2.268 25.8 21.4 4367 74.1
1.1 5 359.8 1.306 33.2 15.1 7224 63.7
1.1 5 359.9 1.306 32.6 14.8 7257 65
1.1 5 360 1.308 32.6 14.9 7282 64.9
1.1 5 360 1.307 33.3 15.2 7194 63.6
4.2 34 359.9 1.62 61.1 35.1 4409 33.1
4.7 3.9 360 1.516 64.7 34.6 3938 31.7
3.1 34 360 1.626 56.1 324 5488 36
2 1.1 217.2 2.469 1.9 1.8 446 970.4
4.8 3.1 248.2 1.708 1.4 0.8 92 1453.5
2.8 4.8 268.8 1.345 2.7 13 239 784.2
5 2.1 286.7 2.011 5.6 4.1 422 348.3
3.3 34 306.2 1.625 10.6 6.1 978 191.2
1.4 4.1 343.1 1.475 18.1 94 3584 114
4.1 2.4 346.1 1.902 35.3 24.1 3037 55.7
55 3.1 363.2 1.703 53.1 32.2 3072 37.7
55 3.1 363.2 1.705 57.2 34.7 3326 35
55 3 368.5 1.711 58.9 35.9 3423 34
4.5 3.8 361.4 1.525 61.7 33.2 3951 33.2
4.5 4 361.5 1.496 64.2 33.8 4006 32
4.6 3.9 362 1.514 64.5 34.4 3960 31.8
4.7 3.9 362.3 1.501 65.9 34.8 3908 31.2
5.2 2.7 368.5 1.812 56.6 36.7 3717 35
5.1 5 369.9 1.312 65.7 30 3176 32.2
5.1 5 370 1.306 68.4 31.1 3292 31
4.1 4.4 356.8 1.407 45.4 22.4 2907 45.9
4.1 4.3 357 1.419 59.7 29.7 3873 34.8
4 4.1 359.1 1.471 60.4 31.2 4185 34.1
3.9 4.9 364.5 1.316 68.3 31.3 4283 31
3.8 3.8 361.9 1.518 59.8 32 4495 34.3
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4.3 4.4 366.8 1.417 66.4 33 4059 31.3
Residence . [DIEHAT | pepjga  Reaction Space- Cost of
time _|BA Tempoerature in Yield mass Tl_me DEHIBA
(min) equivalents. (°C) reactor (%) efficiency Yl»elld_1 (€ mol
(M) (%) (L™ h™)
4.8 4.6 368.6 1.368 68.5 32.8 3641 30.6
4.8 4.6 368.6 1.371 69.8 335 3731 30
4.9 2.7 356.2 1.802 51.4 33.1 3531 38.6
4.8 2.7 356.4 1.804 49.9 32.2 3483 39.7
4.9 2.9 362.6 1.741 54.5 33.9 3646 36.6
4.8 2.9 363.2 1.757 54.9 34.4 3736 36.3
55 2.4 360 1.914 49.4 34.1 3216 39.6
55 2.3 360.3 1.926 48 33.3 3141 40.8
55 2.4 362.7 1.922 49.2 34 3211 39.8
55 2.5 367.9 1.874 52.3 35.2 3330 37.6
55 3.1 347.1 1.699 50.8 30.7 2935 394
5.4 3.2 354.5 1.675 56 33.3 3236 35.9
2.4 4.9 363.6 1.321 58.3 26.9 6116 36.2
3.2 5 369.1 1.312 67.9 31.1 5153 31.1
3.3 5 369.2 1.312 69.9 32 5184 30.3
55 1.1 369.5 2.502 25 23.3 2128 75.2
4.1 35 354 1.601 46 26.1 3387 44.1
3.7 3.7 354.4 1.561 52.4 28.9 4095 38.9
4.2 3.3 357.4 1.647 54.4 31.8 4020 37
5.2 2.9 370 1.757 57.5 36 3644 34.6
2.9 4.3 361.2 1.432 58.3 29.3 5326 35.6
3.1 3.7 364.4 1.543 58 31.6 5324 35.2
4.7 3.6 370 1.567 63.8 35.4 4020 31.9
4.5 3.6 370 1.582 63.8 35.7 4241 31.8
4.3 2.7 363.2 1.822 52 33.9 4152 38.1
1.9 4.3 366.5 1.434 48.6 24.4 6917 42.7
1.6 4.1 369.7 1.47 455 235 7619 45.3
1 4.9 370 1.324 31.1 14.3 7684 68
3.4 2.6 367.2 1.833 46.5 30.5 4715 42.5
2.7 3.2 370 1.659 49.6 29.2 5773 40.6
3.4 2.5 370 1.882 45.2 30.6 4656 43.5
3.6 2.4 370 1.894 45.2 30.8 4434 43.5
2.2 3.9 358.9 1.498 43.1 22.7 5480 47.7
4 4.1 367.4 1.462 64.7 33.2 4411 31.9
4 4 369 1.486 64.6 33.8 4538 31.9
1.9 3.9 370 1.51 49.5 26.3 7396 41.4
25 3.7 366.4 1.559 51.9 28.6 6105 39.3
34 4.6 368.4 1.377 66.2 31.9 5067 31.6
15 3.8 370 1.524 39.4 21.1 7610 52
35 4.6 370 1.365 65.6 31.3 4764 32
1.7 5 366.2 1.306 52.3 23.8 7320 40.5
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TS Technocomm DEHIBA 60000
Name - Tom Shaw
Room No. - B37

Sample - TS Technocomm DEHiBA sample ~55000
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Figure S20: 'H NMR spectra of DEHiBA from the commercial supplier (top) compared with
DEHiBA manufactured and purified in this work
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Figure S21: Comparison of DEHiIBA purity by 13C NMR. Top = purified €99 DEHiBA (biphenyl
containing) from route (e). Bottom = DEHiBA from a commercial supplier
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Figure S22: Mass spectroscopy of €99 confirming the molecular weight of DEHiBA.
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6.2 Chapter 3 Supporting Information

Self-Optimizing Flow Purification Platform Setup

- A\
roTes

Q—J_\

Aqueous
Waste

Figure S23: The self-optimizing flow purification platform and its visual schematic

Solutions and internal standards were made up to their desired concentrations, loaded into
glass reservoirs and primed with the dual piston reciprocating JASCO PU-2800 HPLC pumps. These
solutions were then pumped where streams would be mixed using Swagelok SS-100-3 or polymer
tee-pieces according to Figure S23. Tubing was PFA (1/16” OD), from the pumps to two

continuous-stirred tank reactors (CSTRs, specifically fReactors), the tubing then fed the mixture to
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the coalescing filter to separate the phases,2?8 a pressure relief valve was fitted before the
separator to avoid overpressure. After the separator, the organic (top) feed led to a VICI Valco
EUDA-CI4W sample loop (4-port) with 0.06 pL injection volume followed by an Upchurch Scientific
back pressure regulator (40 psi) to maintain constant back pressure on this feed. The aqueous
(bottom) feed led to a idex P-445 Micro-Metering Valve with %4-28 UNF fittings that was automated
via a Turnigy TGY-6114MD servo motor. The automation of this needle valve uses conductivity
measurements via electrodes in the separator and is described by J. Daglish et al.2°8 The aqueous
phase also leads to a VICI Valco EUDA-CI4W sample loop (4-port) but with a 0.2 pL injection
volume using multi-point sampling to analyse both phases.228 These samples staggered and fed
directly into an Agilent 1260 Infinity Il series HPLC instrument fitted with an Agilent Poroshell 120
EC-C18 reverse phase column (5 cm length, 4.6 mm ID and 2.7 pm particle size) for quantitative

analysis.

Light Phase
Droplet growth Outlet

through media
Y \

Detachme
ntfrom
filter
surface

Mixed Phases

W58 Heavy Phase
$ Outlet Back Pressure \/
Regulator

Self
Levelling
— Algorithm

Heavy Phase
Light Phase

Needle Valve A

Figure S634: The coalescing separator used to separate the phases

The automated system was controlled using a custom written MATLAB program to enable real-

time control and monitoring of all optimisation variables. The machine-learning algorithms in
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MATLAB were initiated with Latin hypercube sampling where the number of experiments for this
was 2n+1, n being the number of variables. This formula guarantees that each dimension is divided
into n + 1 subintervals, and that there will be one sample in each subinterval. This helps achieve a
more even coverage of the parameter space, thus reducing the risk of missing regions of interest.
The analytical data from this and following experiments enabled the generation of new conditions
for the optimisation to proceed. To determine process metrics, internal standards were included
in the aqueous and organic phase, allowing accurate calculations to be completed using calibration

data.

The Weighted Objective Function

This objective was calculated automatically multiplying purities >95% by 1.1 to favour high
purity performance. The newly weighted purities were then normalised between 0 and 1. Next,
the product loss was normalised between 0 and 1 and before combining these objectives the
normalised purity was multiplied by 2 before combined added to the normalised product loss data
and again normalised between 0 and 1 to give the weighted response. The algorithm then took the

log of each weighted response and optimised for this
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Steady State Comparison
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Figure S25: Platform volumes required to reach steady state.

HPLC and GC-FID Methods

HPLC analysis was performed on an Agilent 1260 Infinity II series HPLC instrument fitted with
an Agilent Poroshell 120 EC-C18 reverse phase column (5 cm length, 4.6 mm ID and 2.7 um particle

size) with a binary pump and a variable wavelength detector.

The same HPLC method was used for all routes and calibrations. Water (A, 18.2 MQ) and
acetonitrile (B) HPLC mobile phases were used, starting with a 80:20 method of A:B, this ratio was
maintained for 0.25 minutes followed by a reduction in the amount of A to 5% over 2 minutes, this
was held for 3 minutes before returning to the starting ratio at a flow rate of 1.50 mL min-! and a
column temperature of 30 °C. 217 nm was used to detect the product DEHiBA and internal

standards.

GC analysis was carried out on an Agilent 7890B instrument fitted with an Agilent Technologies
7693 Autosampler and a HP-5 column (30 m x 0.32 mm, 0.25 pm film thickness), Hz carrier gas,

FID detector.
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The GC method started at 40 °C and was held here for 1 minute, then the temperature was
ramped up to 55 °C over 1 minute, held for a further 1 minute, then the temperature was then
increased to 150 °C over 3.8 minutes before increasing to 300 °C over 3 minutes. Finally, the oven

cooled to 40 °C over 5/6 minutes.

Calibrations for Quantitative Analysis

All raw materials were purchased from suppliers and calibrated where possible via GC-FID and
HPLC. N,N-di-(2-ethylhexyl)isobutyramide (DEHiBA) was synthesised as well as purchased from
a commercial supplier (Technocomm) for analytical calibrations to enable the quantitative

analysis of all reactions for calculating key process metrics.
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Figure S26: GC-FID calibration curves for isobutyric acid (iBA), isobutyric anhydride
(iBAnhydride), biphenyl, N,N-di-2-ethylhexylamine (DiEHA), and
N,N-di-2-ethylhexylisobutyramide (DEHiBA), all against naphthalene.
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Figure S27: Example GC-FID chromatogram for the purifications.
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Figure S28: Calibration of sodium naphthalenesulfonate (NSA), the aqueous internal standard
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Figure S29: Calibration of DEHiBA with and without sodium naphthalenesulfonate (NSA), via

HPLC analysis.
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Figure S30: Example HPLC chromatogram for the purifications.
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DEHiBA loss was determined by first calculating the volume change for each purification. NSA
was used to do this by normalising the peak area using the aqueous flow rate, the difference in
peak area and thus concentration allowed quantification of volume change, this was validated via
Figure S28. The concentration of DEHiBA in the aqueous phase could then be quantified and

verified via calibrations in Figure S29.

The percentage loss of DEHiBA from the organic phase can then be determined by converting
the starting concentration of DEHiBA from moles per litre to grams per minute the same can be
done for the aqueous concentration of DEHiBA, the percentage loss can then be calculated

accounting for the difference in volume of the two phases.

Purity was quantified by diluting samples with external standard prior to GC-FID analysis.
Calibration curves of all components (Figure S26) enabled quantification of concentrations for

each component and from this the product purity.

Crude DEHiBA

Previous synthetic optimisation of DEHiBA identified an optimum route and two optimum
conditions which underwent further testing in the form of continuous manufacture to generate

crude DEHiBA for this work (Figure S31).
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Figure S31: Two routes to crude DEHiBA of differing composition for purification optimisation.
The first was used in the batch purification screening whilst the second was used in the
continuous flow purification optimisations.

Batch studies were conducted prior to any flow chemistry to ensure homogeneity and identify
a suitable route to optimise in continuous flow. A range of common bases and acids were screened
for the purification of the lower yield crude product from Figure S31 (Top). Complete data from

these acid and base screens can be found below:
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Batch Purification Data

Table S14: Purity and composition data for the organic DEHiBA phase before and after contact
with saturated sodium bicarbonate and 1 M sodium hydroxide solutions, the ratio of organic to
base is varied throughout alongside the inclusion of hexane.

mol%

3.0
2.9
2.8

25
2.4
2.6
24
2.3

Purit mol%
Y DIiEHA wrt iBA wrt
DEHIBA DEHiIBA

17.2

2.2

BN - N

16.6

25

Sample Volume Ratio and Composition (%)
Stock Crude DEHIBA

Stock Crude DEHIBA

Stock Crude DEHIBA

P1 2:1 DEHIBA : sat. NaHCO3

P1.1 1:1 DEHIBA : sat. NaHCO3 85.4
P3 1:1 DEHIBA : sat. NaHCO3 83.6
P3.1 1:2 DEHIBA : sat. NaHCO3;

P6 1:2  DEHIBA : sat. NaHCO3 95.5
P6.1 1:3 DEHIBA : sat. NaHCO3

P4 1:1:1 DEHIBA : hexane : sat. NaHCOs3 84.1
P4.1 1:1:2 DEHIBA : hexane : sat. NaHCO3

P7 1:1:2 DEHIBA : hexane : sat. NaHCO3 95.9
pP7.1 1:1:3 DEHIBA : hexane : sat. NaHCO3

P2 2:1:1 DEHIBA : hexane : NaOH 83.0
P2.1 2:1:2 DEHIBA : hexane : NaOH 85.8
P5 1:1 DEHIBA : NaOH

P5.1 1:2  DEHIBA : NaOH o977
P8 12 DEHIBA : NaOH 976
P8.1 1:3 DEHIBA : NaOH

P9 1:1:1:1 DEHIBA : hexane : NaOH : NaHCO3

P10 1:1:2:2 DEHIBA : hexane : NaOH : NaHCO3

Table S15: Batch purifications with alternative bases.

2.6

2.6
2.4

25
24

1.8

17.9

Composition

Purity (%)

mol% DIiEHA wrt mol% iBA wrt

DEHIBA DEHIBA
P9 1:1:1:1 DEHiBA:hexane: NaOH: NaHCO3 97.7 2.3
P10 1:1:2:2 DEHiBA:hexane: NaOH: NaHCO3 97.8 2.2
P11 1:1:0.5:1 DEHiBA:hexane: methylamine 2M (THF): water 91.1 2.2 7.6
P12  1:1:1:1 DEHiBA:hexane: methylamine 2M (THF): water 80 2.1 00
P13 1:1:1 DEHiBA:hexane: ammonium hydroxide 97.9 2.2 _
P14  1:1:1:2 DEHiBA:hexane: pyridine (org): water _ 2.0 _
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Table S16: Purity and composition data for the organic DEHiBA phase before and after contact
with the various acids with and without hexane and acetonitrile, varying the volume ratio of
these reagents as detailed.

mol% .
. o . . mol% iBA
Sample Volume Ratio and Composition Purity (%)  DiEHA wrt .
. wrt DEHIBA
DEHIBA

Stock Crude DEHIBA 44.6 3.0 121.1
Stock Crude DEHIBA 44.0 2.9 125.4
Stock Crude DEHIBA 43.0 2.8 129.9
PH1 1:1 DEHIBA : 2M HNO, 73.1 24 34.3
PH1.1 1:2 70.2 2.4 39.8
PH1.2 1:3 76.6 2.4 28.2
PH2 1:1:1 DEHIBA : hexane : 2M HNO; 75.9 2.2 29.6
PH2.1 1:1:2 74.0 2.2 329
PH2.2 1:1:3 73.7 2.2 33.5
Ph7 1:1:1 DEHIBA : MeCN : 2M HNO, 83.5 2.0 17.7
PH7.1 1:1:2 75.7 2.2 29.9
PH7.2 1:1:3 76.2 2.3 28.9
PH8 1:1:1:1 DEHIBA : hexane : MeCN : 2M HNO;, 87.9 13 12.5
PH8.1 1:1:1:2 78.9 1.9 24.9
PH8.2 1:1:1:3 77.8 2.1 26.5
PH3 1:1 DEHIBA : 10% H,SO, 67.8 2.2 45.2
PH3.1 1:2 66.1 2.2 49.2
PH3.2 1:3 67.5 2.2 45.9
PH4 1:1:1 DEHIBA : hexane : 10% H,SO, 70.7 2.0 39.4
PH4.1 1:1:2 68.9 1.9 43.1
PH4.2 1:1:3 715 1.9 38.0
PH9 1:1:1 DEHIBA : MeCN : 10% H,SO, 76.1 1.6 29.8
PH9.1 1:1:2 72.2 1.6 36.9
PH9.2 1:1:3 715 1.8 38.0
PH10 1:1:1:1 DEHIBA : hexane : MeCN : 10% H,SO, 80.3 1.1 235
PH10.1 1:1:1:2 75.7 1.4 30.7
PH10.2  1:1:1:3 74.9 1.9 31.7
PH5 1:1 DEHIBA : Sat. NH,CI 65.8 24 49.7
PH5.1 1:2 64.3 2.4 53.1
PH5.2 1:3 66.5 2.1 48.3
PH6 1:1:1 DEHIBA : hexane : Sat. NH,Cl 68.8 2.3 43.0
PH6.1 1:1:2 66.8 2.2 47.6
PH6.2 1:1:3 65.2 2.3 51.1
PH11 1:1:1 DEHIBA : MeCN : Sat. NH,CI 68.6 2.2 43.6
PH11.1 1:1:2 67.2 2.2 46.7
PH11.2  1:1:3 68.0 2.3 47.2
PH12 1:1:1:1 DEHIBA : hexane : MeCN : Sat. NH,CI 69.5 2.2 41.6
PH12.1 1:1:1:2 73.3 1.7 34.7
PH12.2 1:1:1:3 70.5 2.1 39.8

271



Table S17: Purity and composition data for the organic DEHiBA phase after contact with nitric

acid, hexane, and acetonitrile, varying the volume ratio of these reagents.

. mol% o
Sample Volume Ratio and Composition P:,;';y DIiEHA wrt wr:ltolljélfg A

° DEHIBA
PH13 2:1:1:1 DEHIBA : hexane : MeCN : HNO3 67.4 2.1 46.4
PH13.1 2:1:1:2 69.5 2.2 41.7
PH13.2  2:1:1:3 72.0 2.2 36.7
PH14 1:1:2:1 DEHIBA : hexane : MeCN : HNO3 89.1 0.0 12.3
PH14.1 1:1:2:2 87.6 1.2 12.9
PH14.2 1:1:2:3 85.2 1.9 15.5
PH18 1:2:1 DEHIBA : MeCN : HNO; 80.4 1.1 23.2
PH18.1  1:2:2 80.1 1.6 23.3
PH18.2  1:2:3 80.0 1.9 23.1
PH17 1:1:1 DEHIBA : MeCN : HNO; 73.3 2.0 34.4
PH17.1 1:2:1 81.0 1.0 225
PH17.2 1:3:1 86.1 0.6 15.6
PH16 1:1:1:0.5 DEHIBA : hexane : MeCN : HNO3 63.0 2.2 56.6
'PH16.1 1:1:2:0.5 79.7 0.7 24.7
PH16.2 1:1:3:0.5 90.1 0.0 10.9
PH15 1:1:3:1 DEHIBA : hexane : MeCN : HNO; 95.2 0.0 5.1
PH15.1 1:1:4:1 100.0 0.0 0.0
PH15.2 1:1:5:1 100.0 0.0 0.0

Purifications in Continuous Flow

Tables S18: Upper and lower parameter bounds for all self-optimisations.

Crude DEHiIBA  MeCN Flow Water Flow
Flow Rate Rate Rate
El -1 -1
(mL min ) (mL min ) (mL min )
Lower bound 0.5 0.5 0.5
Upper bound 5 10 5

Nitric Acid, Acetonitrile Purifications

This purification used the flow setup illustrated in Figure S32 to initially optimise purity with

the BOAEI algorithm, then purity and product loss with the TSEMO algorithm and finally purity

and product loss using a weighted objective with the BOAEI algorithm.

272



Online HPLC

m Organic
<
Liquid-Liquid
>A Separator

Crude Product (500 mL)
in hexane (500 mL)

a <
Nitric Acid
NSA (0.0072 M)

NN .
L Organic

Online HPLC Aqueous Outlet
Aqueous Waste

Acetonitrile

Figure S32: Continuous purification system for optimising the purification of DEHiBA with nitric
acid and acetonitrile.

Reservoir solutions were prepared to the desired concentrations by dissolution in the desired

medium with stirring at ambient conditions.
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Figure S33: Purity and product loss comparisons between optimisations with 0.2 M and 1 M
nitric acid, with weighted objective plots highlighting the optimum conditions for each
optimisation. The number of datapoints has been reduced for ease of visualisation.

Table $19: Performance comparison of the optimal Pareto conditions for the purification with
acetonitrile and 0.2 M nitric acid.

Crude i oCN 0.2 M HNOs DEHIBA  Aqueous:

DEHIBA MeCN:HNO3 Purity

Flow Rate Flow Rate . o Loss Organic

::r:\oI:NmRi:P% (mL min™) (mL min™) Flow Ratio (%) (%) Ratio
1.575 5.387 5.000 108 | 940 15 66
1.370 5.746 5.000 1.15 95.4 2.3 7.8
1.481 5.803 2.569 2.26 95.9 9.9 57
0.888 6.659 4.071 1.64 97.4 9.6 121
0.727 6.239 4.270 1.46 97.8 8.8 14.5
0.705 6.226 4.431 1.41 97.8 8.5 15.1
0.518 6.291 4.703 1.34 12.7

Table S20: Performance comparison of the optimal Pareto conditions for the purification with
acetonitrile and 1 M nitric acid.

Crude . .
DEHIBA MeCN 1 M HNO3; MeCN:HNOs Purity DEHiIBA Aqueom_ls.
Flow Rate Flow Rate - o Loss Organic
Flow Rate - " Flow Ratio (%) o -
(mL min"") (mL min™)  (mL min™) (%) Ratio
1.570 6.421 5.000 1.28 7.3
1.774 7.104 4.983 1.43 93.7 3.8
1.681 7.118 5.000 1.42 94.1 4.0 7.2
0.769 6.071 4.272 1.42 96.3 9.9 13.4
0.750 6.256 3.958 1.58 97.4 13.6
0.750 6.869 4.696 1.46
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Water, Acetonitrile Purification Optimisations

This purification used the flow setup illustrated in Figure S34 to optimise purity and product

loss using a weighted objective with the BOAEI algorithm.
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Figure S34: Continuous purification system for optimising the purification of DEHiBA with water
and acetonitrile.
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Figure S35: Purity and product loss 4D data plots for purification optimisations with water and
acetonitrile.

As this optimisation explored the design space less than the nitric acid extractions, the data was

modelled to better understand the interactions between parameters and validate our
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understanding of this purification route. A quadratic linear regression model was used, the data
was first logged then 90% of the data was used to train the model and 10% to validate with good
prediction. This provided a 0.99 R-squared value and a 1.05 root mean squared error for the purity
data, the product loss data was poorer, providing a 0.94 R-squared and a 3.15 root mean squared
error. The poorer fit of the product loss model is likely due to the reduced spread of data, with
most between 0-20% DEHiBA loss, whereas the purity data albeit skewed to high purity has a
greater spread of purities across the design space. These models allow better understanding of the
design space so that parameter interactions can be identified or verified. These models (Figure

S36) confirm the influence of water on the loss of DEHiBA but no influence on the overall purity.
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Figure S36: Quadratic linear regression models for purity and DEHiBA loss using the data from
the purifications with water and acetonitrile.

Weighted
Objective
1
¢ 0.9
°
e ¢
T e 108
g 4 L 2
[ A
S c 3 LA [ ] ® -]
o E ® 5
- E
P AN T0.7
8 E
N
=
0. T g
0.6
10 ha =™ K
>~ P 4
8 N <
/‘\\‘ /,/// 3
8 < P 5 0.5
MeCN Flow Rate T > St Crude DEHIBA
- 2 - 1 Flow Rate
(mL min™) P .
) (mL min™") 0.4

Figure S37: The optimum conditions for the purifications with water and acetonitrile, using the
weighted objective as a visual aid.
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0.4 M sodium bicarbonate, Acetonitrile Purifications

This purification used the flow setup illustrated in Figure S38 to optimise purity and product

loss using a weighted objective with the BOAEI algorithm.

Online HPLC
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Crude Product (500 mL)
in hexane (500 mL)

NaHCO, (0.4 M) . |

NSA (0.0072 M) R
e Organic
Online HPLC Aqueous Outlet

Acetonitrile Waste

Figure S$38: Continuous purification system for optimising the purification of DEHiBA with 0.4 M
sodium bicarbonate and acetonitrile.

Weighted
Objective
1
0.9
5.
i ®
g 4 [ ]
o~ &) s
g -: . ' 1 0.8
L E i 4
L
o E *
%:’ 4 a ®
T | - 0.7
z
® 4
g )
: 3
6 \ 0.6
4 / 2 i
- Crude DEHiBA
MeCN Flow Rate 2 5 1 Flow Rate
.1 -
(mL min™") ) (mL min'1) 0.5

Figure S39: Purity and product loss 4D data plots along with weighted objective data for
purifications with 0.4 M sodium bicarbonate and acetonitrile.
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The purity data has again been modelled to visualise and better understand the parameter
interactions for this parameter space. Figure S40 illustrates the benefit of increasing the amount
of sodium bicarbonate for product purity. This was not the case for purifications with water or
nitric acid. The R-squared for this model was 0.97 and the root mean square was 1.46 providing
confidence in the model. The model for DEHiBA loss gave poor confidence with an R-squared of
0.77 so this was not used. It should be noted that R-squared should not be taken as a reliable
indicator of goodness of fit on its own, instead it may reflect contributions from scatter in the data
as well as quality of the fit. However, given the models produced the author believes the models

describe the design space well as observable trends are identifiable.
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Figure S40: Quadratic linear regression model for product purity using the data from the
purifications with sodium bicarbonate and acetonitrile.
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An Optimised Manufacture Platform
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Figure S41: An optimised manufacture platform to generate pure DEHiBA on demand
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6.3 Chapter 4 Supporting Information

DEHiBA Materials

Scheme S7: Solvent-free synthetic pathways to DEHiBA referred to as routes (e) and (f) as

0310

0
\HJ\OH 2 2‘\0 par

iBA

described by T.Shaw et al.1>6
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Figure S42: GC-FID trace for the crude e56 DEHiBA, a stock solution collected from the

synthetic optimisation experiments for route (e). Percentages are determined by mass here,

using naphthalene as the external standard.

281



FID1 A, Front Signal (180420253ts\130423JJM 2023-04-19 17-42-23\F-001-131-T5 route f crude. D)

>&

pA ]
1750—:
I External Standard
p olvent 00
1250—5 3
. 23-24%
1000—: 20% K[/\
750 (l:/\/ N
| HN,\(\/\ )\'o( /\C
500—_ > §
_ o ?% ?% & ®
250—_ - wOH o] (o] ] - "
0 : h Jl __% = s \|)L°Jl\|/ : —— % % E - l' = L ——
1 I2 é ‘Ii 5 & ; é é min

Figure S43: GC-FID trace for the crude f23 DEHiBA, a stock solution collected from the
synthetic optimisation experiments for route (f). Percentages are determined by mass, using
naphthalene as the external standard.
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Figure S44: Quantitative GC-FID analysis of the purified DEHiBA (e99) from route (e), the
only impurity being biphenyl, other signals being external standard and solvent. Purity is

given as a weight percentage.
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Figure S45: GC-FID of the final ‘purified’ DEHiBA (f88) following base and acid washes, purity is
given as a weight percentage.

The degradation products were not isolated, synthesised or purchased for calibrations, it
is unlikely 3-methylheptane and biphenyl account for 10% of the purity by weight. Instead, it
is more likely that the remainder of the weight is entrained material such as nitric acid, or less

likely could be methylamine.
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Aqueous and Organic Uranium(VI) Calibrations
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Figure S46: UV-Vis traces for a 350-500 nm wavelength range relevant to uranium(VI)
illustrating the various uranium(VI) concentrations of aqueous uranyl nitrate in 4.0 M nitric acid
for calibration.
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Figure S47: Calibration curve for the aqueous uranyl nitrate in 4.0 M nitric acid using the peak
area between 400-440 nm.
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Figure S48: Calibration curve for the aqueous uranyl nitrate in 4.0 M nitric acid using the peak
height at 419 nm.

OrgCal1l was calculated to contain 0.12 M of uranium(VI) (Figure S), however three phases were

observed, a major organic phase, a small aqueous phase (likely from the hydrate), and finally a

black/grey solid not observed in nitric acid dissolution.
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Figure S49: Three observed phases following direct dissolution of UO2(NO3)2.(H20)6in 1.5 M €99
DEHiBA.

This lack of homogeneity adds complexity to this method and is likely to result in concentration

inaccuracy, as it cannot be certain that all the uranium(VI) is in the organic phase.
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Figure S50: Comparison of organic calibration curves using max peak height from OrgCall and
OrgCal2, direct dissolution and extraction methodologies respectively, with both using serial
dilution.
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Figure S51: Comparison of organic calibration curves using peak area from OrgCall and OrgCalZ2,
direct dissolution and extraction methodologies respectively, with both using serial dilution.
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Figure S52: UV-Vis traces for varying organic uranium(VI) concentrations using the OrgCal2
method via uranium(VI) extraction from the aqueous phase using 1.5 M €99 DEHiBA in
n-dodecane.

Testing the Performance of Different DEHiBA Compositions

Table S21: Uranium(VI) distribution ratios when extracting with high DEHiBA concentrations up
to 2.73 M from 0.75 M at 15 and *22 °C, percentage mass balances are *+ from 100%.

Molar Ratio of Mass Molar Ratio of  Mass
DEHIBA Sample BI:: Abe DEHiBAto  Balance PZ‘;: Aroq DEHiBAto  Balance

u(vl) (%) U(vl) (%)

2.73 M e99 (neat)* 9.77 27.0 11.5 9.86 26.9 11.9
2.00 M e99* 11.62 20.2 7.4 11.34 20.5 6.3
1.50 M TC DEHiIiBA 8.04 16.7 0.9 7.97 16.8 0.4
1.50 M €99 (55% viv) 8.03 16.0 55 8.07 15.9 6.2
1.49 M e99 7.85 16.5 2.1 7.80 16.5 2.1
1.25 M e99 5.45 14.7 0.8 5.58 14.5 1.8
1.00 M €99 3.56 12.8 0.0 3.66 12.5 2.1
0.75 M €99 2.00 11.4 -1.5 2.07 11.0 0.8
1.50 M Crude e56 8.02 16.9 5.0 7.86 16.9 4.4
1.25 M Crude e56* 4,78 13.2 2.4 4.85 13 1.3
1.00 M Crude e56 3.45 12.3 1.1 3.29 12.1 -1.7
0.86 M Crude e56 2.73 10.9 -1.7 2.61 10.6 -5.8
1.50 M f88 8.19 16.7 1.1 8.12 16.8 0.3
1.32 M f88 6.28 15.2 0.4 6.26 15.3 0.4
1.00 M f88 3.34 12.8 1.2 3.39 12.7 1.7
0.33 M Crude f23 0.68 8.2 -0.3 0.69 8.1 -0.4
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Figure S53: The effect of DEHiBA concentration on the distribution ratio of uranium(VI)
comparing €99, crude e56, f88, and crude 24 solutions when using an equal volume of 0.1 M
uranyl nitrate in 4.0 M nitric acid. The hollow triangle experiment at 1.25 M DEHiBA was
conducted at 22 °C whilst all other experiments took place at 15 °C. The 1.50 M crude e56
measurement here illustrates the raw data without accounting for DiEHA absorbance.
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Figure S54: Organic UV-Vis traces following contact between 1.5 M DEHiBA solutions and 0.1 M
uranyl nitrate in 4.0 M nitric acid at 15 °C using a 1:1 SA ratio.
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Figure S55: Aqueous UV-Vis analysis following contact between 1.5 M DEHiBA solutions and
0.1 M uranyl nitrate in 4.0 M nitric acid at 15 °C using a 1:1 SA ratio.
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Figure S56: Organic UV-Vis spectra for the quantification of extracted uranium(VI)
concentration in varying e99 DEHiBA concentrations. Illustrating increased uranium(VI)
concentration with DEHiBA concentration.
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Figure S57: Aqueous UV-Vis spectra for the quantification of residual uranium(VI) concentration
following contact with varying e99 DEHiBA concentrations. [llustrating the shift in wavelength
for the neat DEHiBA extraction aqueous phase.
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Figure S58: Aqueous UV-Vis spectra for the residual uranium(VI) and nitric acid following
contact with varying e99 DEHiIBA concentrations across a broader wavelength range.
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Figure S59: Organic UV-Vis spectra for the extraction of uranium(VI) with varying crude e56
DEHiBA concentrations. A 1:1 Sa ratio of 0.1 M uranyl nitrate solution in 4.0 M nitric acid was
used for this extraction at 15 °C.
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Figure S60: Aqueous UV-Vis spectra for the residual uranium(VI) following contact with varying
crude (e) DEHiBA concentrations. A 1:1 Sa ratio of 0.1 M uranyl nitrate solution in 4.0 M nitric
acid was used for this extraction at 15 °C.
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Figure S61: Organic UV-Vis spectra for the extraction of uranium(VI) with varying {88 DEHiBA
concentrations when using 0.1 M uranyl nitrate in 4.0 M nitric acid with a 1:1 SA ratio at 15 °C.
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Figure S62: Aqueous UV-Vis spectra for the residual uranium(VI) following contact with varying
f88 and crude f23 DEHiBA concentrations when using 0.1 M uranyl nitrate in 4.0 M nitric acid
with a 1:1 SA ratio at 15 °C. Overlaid with the aqueous 1.50 M TC DEHiBA measurement.
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Figure S63: The effect of €99 DEHiBA concentration on the distribution ratio of uranium(VI) at
15 and *22 °C for the extraction of 0.1 M uranyl nitrate in 4.0 M nitric acid using a 1:1 SA ratio.
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The Impact of Nitric Acid Concentration (2-6 M) for Uranium(VI)
Extractions with 1.5 M and 1.0 M Purified DEHiBA (e99)

Table S22: Mass balance data for the extraction of 0.10 M uranyl nitrate with 1.50 and 1.00 M
€99 across 2.0-6.0 M nitric acid concentrations ata 1:1 SA ratio at 22 °C.

Du f Mass Du f Mass
DEHiBA Sample utrom pgolance | 4™  Bajance
Max Abs c Peak Area g
(%) (%)
6 M HNO, 8.15 7.4 7.31 0.9
5 M HNO;, 7.71 55 7.13 -0.1
4 MHNO; e9915M 6.27 1.5 6.22 1.1
3 M HNO, 4.48 -1.9 4.48 -3.6
2 M HNO, 2.36 -2.5 2.40 -4.6
6 M HNO, 3.30 2.3 3.06 -0.2
5 M HNO, 3.32 1.7 3.15 -1.0
4 MHNO, e991.0M 2.53 0.3 2.58 1.3
3 M HNO, 1.90 -3.1 1.90 -4.9
2 M HNO, 1.05 7.2 1.08 -10.0
25 -
——6.0 M Nitric Acid
5.0 M Nitric Acid
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Figure S64: The effect of nitric acid concentration on the organic uranium(VI) UV-Vis spectra for
the extraction of 0.1 M uranyl nitrate with 1.5 M e99 DEHiBA at 22 °C using a 1:1 SA ratio.
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Figure S65: Nitric acid concentration effect on the organic uranium(VI) UV-Vis spectra for the
extraction of 0.1 M uranyl nitrate with 1.0 M €99 DEHiBA at 22 °C using a 1:1 SA ratio.
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Figure S66: Nitric acid concentration effect on the residual aqueous uranium(VI) UV-Vis spectra
from the extraction of 0.1 M uranyl nitrate with 1.5 M e99 DEHiBA at 22 °C using a 1:1 SA ratio.
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Figure S67: Nitric acid concentration effect on the residual aqueous uranium(VI) UV-Vis spectra
from the extraction of 0.1 M uranyl nitrate with 1.0 M €99 DEHiBA at 22 °C using a 1:1 SA ratio.
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Figure S68: The effect of nitric acid concentration on the distribution ratio of uranium(VI) at
22 °C comparing 1.5 and 1.0 M €99 DEHiBA to 1.5 M DEHiBA literature data using a 1:1 SA ratio
for the extraction of 0.1 M uranium(VI). With third order polynomial equations.
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Investigating Organic : Aqueous Phase Ratio to Optimise the Extraction of
Uranium(VI) with 1.50 M and 1.00 M DEHiBA
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Figure S69: 4D plot comparing the uranium(VI) extraction performance of 1.0 M and 1.5 M €99
DEHiBA across a range of SA ratios and nitric acid concentrations when using 0.1 M uranyl
nitrate.
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Table S23: Mass balance data for the extraction of 0.1 M uranyl nitrate with 1.5 M e99 DEHiBA
across 2.0-6.0 M nitric acid and varying SA ratios.

Temperature Mass
DEHiBA Sample poc Ure sa ratio Du Balance

(%)
5 M HNO; 1.5M 99 15 4 0.0283 9.79 0.0029 16.1
3 M HNO; 15 4 0.0277 5.39 0.0051 16.1
6 M HNO; 22 2 0.0490 7.59 0.0065 4.5
5 M HNO; 15 2 0.0522 8.76 0.0060 10.4
4 MHNO; 1.5M e99 22 2 0.0491 6.38 0.0077 5.8
3 M HNO; 15 2 0.0497 5.08 0.0098 9.2
2 M HNO; 22 2 0.0420 2.35 0.0179 1.9
5MHNO; 4 5\ cog 15 1.5 0.0744 7.75 0.0096 8.9
3 M HNO; 15 1.5 0.0699 4.90 0.0143 7.5
6 M HNO; 22 1 0.0911 6.85 0.0133 4.4
5M HNO; 22 1 0.0950 7.46 0.0127 7.8
4 M HNO; 1.5Me99 22 1 0.0869 6.24 0.0139 0.9
3 M HNO; 22 1 0.0865 4.52 0.0191 5.6
2 M HNO; 22 1 0.0677 2.46 0.0275 -4.8
6 M HNO; 22 0.67 0.1200 5.60 0.0214 1.2
5M HNO; 15 0.67 0.1247 6.54 0.0191 2.2
4 MHNO3; 1.5M e99 22 0.67 0.1140 5.03 0.0227 -1.5
3 M HNO; 15 0.67 0.1125 4.12 0.0273 2.3
2 M HNO; 22 0.67 0.0851 2.31 0.0368 -6.4
6 M HNO; 22 0.5 0.1453 4.86 0.0299 -7.4
5M HNO; 15 0.5 0.1542 5.74 0.0269 4.0
4 MHNO; 1.5M e99 22 0.5 0.1383 4.55 0.0304 9.4
3 M HNO; 15 0.5 0.1542 4.42 0.0349 1.9
2 M HNO; 22 0.5 0.0948 2.16 0.0439 -8.7

Table S24: The extraction efficiency and DEHiBA to uranium(VI) ratio data for the extraction of
0.1 M uranyl nitrate with 1.5 M e99 DEHiBA across 2.0-6.0 M nitric acid and varying SA ratios.

Temberature Extraction Ratio of
DEHiIiBA Sample poc SA ratio Du Efficiency DEHIBA :
(%) Uranyl Nitrate
6 M HNO, 2 7.59 88.9 29.7
6 M HNO; 1 6.85 87.8 16.1
6 M HNO, -5Me99 22 067 5.60 85.0 12.6
6 M HNO; 05 4.86 83.0 105
5 M HNO, 15 4 9.79 91.5 49.6
5 M HNO, 15 2 8.76 89.8 28.7
5 M HNO; 15 15 7.75 89.1 19.4
5MHNO, 1->Me99 22 1 7.46 88.6 155
5 M HNO; 15 0.67 6.54 86.1 12.9
5 M HNO, 15 05 5.74 85.1 9.9
4 M HNO; 2 6.38 86.9 295
4 M HNO; 0.67 5.03 83.2 133
4 M HNO, 05 455 81.6 11.1
3 M HNO; 15 4 539 84.4 52.2
3 M HNO, 15 2 5.08 83.5 30.2
3 M HNO; 15 15 4.90 82.7 21.3
3MHNO, 1-3Me99 22 1 452 81.4 17.4
3 M HNO, 15 0.67 4.12 79.5 13.8
3 M HNO, 15 05 4.42 78.6 11.4
2 M HNO, 2 2.35 69.3 35.8
2 M HNO; 1 2.46 69.9 225
2MHNO, 1-5Me99 22 0.67 231 68.4 18.1
2 M HNO; 0.5 2.16 66.9 16.3
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Table S25: Mass balance data for the extraction of 0.1 M uranyl nitrate with 1.0 M e99 DEHiBA

Extraction Conditions

across varying nitric acid concentrations and SA ratios.

SA ratio

Dy

Mass Balance

(%)
6.0 M HNO; 2 0.0506 4.19 0.0121 0.2
5.0 M HNO3 2 0.0450 3.94 0.0114 1.4
4.0 M HNO; 1.0 M e99 2 0.0416 3.21 0.0130 -3.8
3.0 M HNO; 2 0.0388 2.09 0.0186 -3.8
2.0 M HNO; 2 0.0351 1.15 0.0305 0.6
6.0 M HNO3 1.33 0.0695 3.62 0.0192 3.4
5.0 M HNO; 1.33 0.0617 3.29 0.0188 1.0
4.0 M HNO; 1.0 M e99 1.33 0.0568 3.19 0.0178 7.2
3.0 M HNO; 1.33 0.0515 1.93 0.0267 -4.5
2.0 M HNO; 1.33 0.0434 1.13 0.0385 -3.7
6.0 M HNO; 1 0.0785 3.34 0.0235 23
5.0 M HNO; 1 0.0765 3.28 0.0234 -0.2
4.0 M HNO; 1.0 M e99 1 0.0696 2.63 0.0264 -4.0
3.0 M HNO; 1 0.0617 1.86 0.0333 -5.0
2.0 M HNO; 1 0.0481 1.03 0.0465 -5.3
6.0 M HNO3 0.8 0.0968 3.08 0.0315 4.5
5.0 M HNO; 0.8 0.0875 2.84 0.0308 0.8
4.0 M HNO; 1.0 M e99 0.8 0.0811 2.61 0.0311 -4.0
3.0 M HNO; 0.8 0.0695 1.77 0.0394 -5.0
2.0 M HNO; 0.8 0.0546 1.07 0.0509 -5.4
6.0 M HNO; 0.67 0.1049 2.70 0.0389 5.5
5.0 M HNO; 0.67 0.0942 2.53 0.0372 0.0
4.0 M HNO; 1.0 M e99 0.67 0.0871 2.28 0.0382 -3.8
3.0 M HNO; 0.67 0.0739 1.61 0.0460 -4.8
2.0 M HNO; 0.67 0.0572 1.02 0.0561 -5.8
6.0 M HNO; 0.57 0.1090 2.4 0.0452 5.0
5.0 M HNO3 0.57 0.1038 2.55 0.0408 0.1
4.0 M HNO; 1.0 M e99 0.57 0.0958 2.30 0.0416 -3.6
3.0 M HNO; 0.57 0.0783 1.52 0.0517 -3.6
2.0 M HNO; 0.57 0.0590 0.99 0.0597 -6.6
6.0 M HNO; 0.5 0.1137 2.33 0.0488 3.6
5.0 M HNO; 0.5 0.1125 2.54 0.0442 0.5
4.0 M HNO; 1.0 M e99 0.5 0.1060 2.33 0.0456 1.4
3.0 M HNO; 0.5 0.0891 1.68 0.0529 -2.5
2.0 M HNO; 0.5 0.0626 1.02 0.0614 -7.3
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Figure S70: The effect of nitric acid concentration and SA ratio on the distribution ratio of
uranium(VI) for the extraction of 0.1 M uranyl nitrate with 1.5 M €99 at 22 °C (filled ® markers)
and 15 °C (empty © markers).
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Figure S71: The effect of nitric acid concentration and SA ratio on the extraction efficiency of
uranium(VI) using 0.1 M uranyl nitrate with 1.5 M e99 DEHiBA at 22 °C (filled ® markers) and 15
°C (empty © markers).
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Figure S72: The effect of nitric acid concentration and SA ratio on the ratio of DEHiBA to
uranium(VI) when using 0.1 M uranyl nitrate with 1.5 M €99 at 22 °C (filled ® markers) and 15 °C
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Figure S73: The effect of SA ratio and nitric acid concentration on the ratio of DEHiBA to
uranium(VI) at 15* and 22 °C using 0.1 M uranium(VI) with 1.5 M e99.
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Figure S74: 4D plot illustrating the uranium(VI) extraction performance of 1.5 M e99 DEHiBA
across 2.0-6.0 M nitric acid and a range of SA ratios.
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Figure S75: The effect of nitric acid concentration and SA ratio on the extraction efficiency of
uranium(VI) at 22 °C using 0.1 M uranium(VI) with 1.0 M e99.
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Figure S76: The effect of nitric acid concentration and SA ratio on the

ratio of DEHiBA to organic

uranium(VI) at 22 °C using 0.1 M uranyl nitrate with 1.0 M e99 DEHiBA.
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Figure S77: 4D plot illustrating the uranium(VI) extraction performance of 1.0 M e99 DEHiBA
across a range of SA ratios and nitric acid concentrations when using 0.1 M uranyl nitrate at

22 °C.
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