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[l. Abstract

As the next generation of nuclear reprocessing technologies edge toward industrial readiness,
concerted efforts are needed to ensuraheir safety, predictability, robustness, and economic
viability. Organic ligands are critical to the selectivity of nuclear reprocessing, current focus on
ligands and processeghat can remove longlived radiotoxic actinides. Amides and diamides are
promising ligand classes for the removal of actinides due to their selectivity for thetiock
elements, with N,N-di-(2-ethylhexyl)isobutyramide (DEHIBA) a popular monoamide for the
extraction of uranium devoid of plutoniumto overcome plutonium proliferation concerns DEHIBA
is of interest to the GANEX sl cycle process, a replacement technology to PUREX, overcoming a
number of weaknesses faced by thismature industrial process. Whilst tri-n-butyl phosphate (TBP)
is the ligand employed in the PUREX procesEBP hasother uses outside of the nuclear industry,
these other usesmprove the economic viability of TBP, whereas speciaked ligandsfor nuclear
reprocessinglike 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 DEHiBAfocussing 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 machindearning 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 kgLh-1, with other
synthetic conditions capable of >70 kg t h-1. A purification route for the crude DEHIBA was
devised and optimised to yield a product purity >99.9% in just two stepwith 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 oprations to yield pure DEHIBA on demand with >97% yield.

DEHIBA manufactured in this work was verified for itsiranium 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 eficiency improvements when using 1.5 M DEHIBA instead of the
typical 1.0 M DEHIBA associated with the GANEX proceAgange of organic : aqueous phase ratios
were also compared to see howhe throughput of uranium affects the extraction efficiency of
uranium(VI1), identifying minimal extraction efficiency losses(5%) in exchange for a fousfold
increase in throughputwhen using 1.5 M DEHIBA and 5 M nitric acid’hese studies support the
process intensification of uranium(VI) extraction with DEHIBA, comparingextraction 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 arenaissancewhere the world looks to it for solutions to the
climate crisis, the sustainability of nuclear fission must be ensure@nd improved. Although
nuclear energy has a low carbon footprint the fuel, uranium is a finite resourcethat should be
managed and recycled to maximise its energy potentiaind minimise this threat to the longterm
viability of this technology.2 Hydrometallurgical nuclear reprocessing offes a solution to improve
the sustainability and extend the supply of nuclear fuek> Nuclear reprocessing isat present
practiced on the industrial scalemost notably in France however the current technology PUREX
(Plutonium Uranium Reduction Extraction) is outdated and costintensive extracting both
uranium and plutonium inciting proliferation concerns.® Replacement and comm@mentary
reprocessing technologies have been under development for decades to ensure their robustness
prior to industrial implementation. 7214 These next generation technologies primarily utilise
organic ligands asextractants to selectively partition radionuclides from the irradiated nuclear
fuel. These processedacilitate the selective recycling of elementgprimarily 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 15

The organic ligands destined for next generation nuclear reprocessinghave undergone
thorough testing to ensure their effectiveness and suitability buare yet to be economically viable
an issue that surrounds nuclear reprocessingf However, the literature does not focus on the
synthesis and purification of these ligandsit any significant scaleand to our knowledge therewas
no literature describing and comparing synthetic routes to these ligandket alone optimising the
manufacture of these high value research materialbefore this project began This gap in the

literature has the potential to limit the appeal and uptake of these technologiesn an industrial
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scale Theexploitation of flow chemistry to synthesise these ligandsn demandin addition to the
identification of multiple routes and conditions for their manufacture will enable cheaper and

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

1.1. Nuclear Reprocessing

The UK has declared that nuclear fission will play pivotal role in the effort to reach carbon
neutrality by 2050.17 This emphasiseshe importance ofresearch anddevelopmentin the nuclear
sector, with crucially improvements in the sustainability of this technologyneeded forlong-term
deployment of nuclear fission Nuclear fission reactors are one of the lowest carbon emitting
energy resources that mankind has to offe¥ capable ofproducing gigawatts ofelectricity daily in
a space efficientmanner compared to renewables like windturbines that require orders of
magnitude more space to achieve similgpower outputs.1® Unfortunately however, nuclear fission
is financially demanding, traditionally entailing long build times and generating long-lived
radiotoxic waste 20224 The mostinfamous of which is irradiated nuclear fuel (sometimesreferred
to as spent/used nuclear fuel) ahigh-level waste (HLW) that requires careful highly specialised
manageament. Despiteitsname@D AT 08 1 GdnbtAnkirély sasbticdntaining a large majority
of the periodic table withholding many valuable elements that are in short supply, thusan be
valued as a resource due to its rich composition. Typicabmpositions contain(Figure 1) 95-96%
uranium, 1% plutonium, 0.1% minor actinides (MAs) and the remaining elements are the fission
products (FPs)? In current commercialreactors, nuclearfuel is replaced every 1836 months due
to the conversion of uranium235 into fission products and transuranic elementshindering the
fuels efficiency.Of the 415reactors globally in 2024, 10,000 metric tons of heavy metaltHM) are

unloaded each yeayrall of which must be managedsafely.26
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Figure 1: Typical irradiated nuclear fuel composition2>

The management ofirradiated, high-level waste is ademanding task. The UK alone hd 4.56
million cubic metres in 2019 of radioactive waste (not just irradiated nuclear fuel) in interim
storage?7.28 Any shortcuts when managingnuclear waste, particularlyhigh-level waste could lead
to disaster. The complexity of this taskis due to theextreme radiotoxic nature of the irradiated
fuel, the most immediate radiological concernwith regard to the fuel is the radioactive decayof
short-lived speciesresulting in deadly amounts of radiation Gesium and strontiumare particularly
challenging FPghat emit beta and gamma radiationwhich generatessignificant amounts of heat
Transuranic elementssuch as plutonium and the minor actinidesare most troublesome over a
longer timeframe, accountng for most of the longlived radiotoxicity, making safe long-term
disposal challenging as thousandsof yearsof safe storage are needellefore these elements are

consideredradiologically safe2®

At present there are two primary options for the management ofirradiated nuclear fuel.
Currently, the preferred method in the UKand many countriesglobally is direct disposal(the open
fuel cycle); here, theirradiated nuclear fuel is securely packaged and relocated to a geological

disposal facility (GDF)deep underground3? This creates a large barrier between the waste and the
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biosphere in case of a breach in containmeniHowever, a GDFmust be able toguarantee safe
storage of the irradiated nuclear fuel until the radiotoxicity is no longer a problem. Such a
guarantee is incredibly difficult, if not impossiblefor roughly 200,000 years, thetimespan that

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

Alternatively, nuclear reprocessing isaswaste management optiorwhich can close the fuel cycle
improving sustainability, and canbe used in conjunction with geological disposal. Reprocessing is
the practice of partitioning the elements within irradiated nuclear fuel ready for recycle or
disposal Reprocessing utilisesirradiated nuclear fuel as an asset that holds a wealth of materials
that can bereusedto generatemore sustainable energy productionwhilst 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 openingvenues for nuclear medicines like
targeted alpha therapy,instead of viewing irradiated nuclear fuel as a wasteélo generate more

sustainable energy and maximise the energy potential of uraniurfiissionable and fissile actinides
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from irradiated fuel canbe reused and fabricatedbackinto nuclear fuel (although this does have
many challenges)By recyclinguranium, nuclear fission via uranium235 will be feasible for future
generations as without this uranium is a finite resource In addition to the sustainability that
reprocessing offersthe long-term radiotoxicity of irradiated nuclear fuel can be reducedor safer

waste managementminimising waste volumes destined for the GD&nd hence the cost of the GDF

),_ ﬂprocess
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Figure 3: A simple illustration of the back endopen and closed fuel cycles

Despite reprocessing improving sustainability and extending the supply of resourcesit is a
more complextask compared to direct disposaladding cost to nuclearprograms andincreasing
risk .32 In Franceit is estimated thatreprocessingincreases the cost of nuclear energy by around
5.5% compared to direct disposal (year 2000) although this is sensitive to the cost ofresh
uranium ore for fuel manufacture33 Despite thiscost burden France continues to reprocessand
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 liquidliquid
extractions. Here the irradiated nuclear fuel is dissolved inan aqueousnitric acid phase this is
then contacted with an organic phasecomprised ofawater immiscible solvent andan extractant
such as an organic chelatoto partition specific elementsinto 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 19565%.
This processenablesboth plutonium and uranium to be recovered from tharradiated nuclear fuel,

largely reducing the longterm toxicity of this waste (Figure 4).3536 The removal of these
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radionuclides from the irradiated nuclear fuel reducesthe volume of HLW destined fora GDFuy
~80%, a reduction inradiotoxicity by ~90%, and alower heatoutput from the waste37.38 AGDF is
still essential for the highly active raffinate (HAR) waste stream from PUREX or other reprocessing
technologies containing residual radionuclidedike the MAs.Ultimately, reprocessing via PUREX
resultsin a reduction of the storage cosfor a GDFoy 75% 38.39 However, advanced reprocessing
technologies like tFSANEXinnovative selectiveactinide extraction), AMSEL émericium selective
separation) and GANEX (grouped actinide extractionjan reduced the burden on GDFs further via
removal of a greater number ofactinides/long-lived radionuclides, lowering the radiotoxicity and

thus the required safe storage timef the waste destined fora GDHFigure 4).12.134&44
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Figure 4: A comparison of the radiotoxicity ofirradiated nuclear fuel/high level waste with and
without different reprocessing technologies illustrating which radionuclides are removed?*>

In comparison to reprocessing, GDFs are immature technologiesand there are no fully

operational sites in existence today therefore costscan only be estimated and likely an
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underestimate.30 Continued researchto improve the PUREX procesgFigure 5) and make
reprocessing more appealing is ongoing and has been for decadeBhese new processes are
referred to as advanced partitioning technologies (PTs) or next generation reprocessing
flowsheets/technologies. Most of these PTshave beendevelopedto remove more of the long-lived
radionuclides from theirradiated nuclear fuel than PUREX currently offerswith focus onthe MAs,
namely americium This feat wouldremove all the transuranic elements from irradiated nuclear
fuel reducing the safe storage time of HLW to a morpredictable and manageabléfigure 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 viabl&Vithout this,
implementation on the industrial scale is insurmountable, especially due to the potential hazards
involved. Efforts to minimise the complexity of theseprocesses is continuouswith constant
refinement of ligands to improve separation factors between extracted radionuclidesand

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

As mentioned, oganic 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 inrradiated nuclear fuel by exploiting their affinity toward different ions. 46 This

process typically takes placevia aliquid -liquid extraction, whereby the irradiated nuclear fuel is
32



dissolved in nitric acid before it is contacted with the organic (sometimes refred to as solvent)
phase containingan extractant (Figure 5). PUREX employs the ligand tm-butyl phosphate (TBP)
(Figure 6) to selectively chelate toions in the +IV and +VI oxidation state, sairanium and

plutonium are extracted, partitioning them to the organic phasdor subsequentisolation.4”
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Figure 6: The chemical structure oftri -n-butyl phosphate (TBP)

TBPand nitrate ions typically form the following organic solublecomplexes [Pu(NQGs)4-2TBP]
and [UQ(NOz)2:-2TBP] (Figure 7), as these complexesare soluble in the organic phasgthe
plutonium and uranium are partitioned/extracted from the irradiated nuclear fuelin the aqueous
phase“é By recycling uranium and plutonium, further exploitation of the energy potential from
these materials is possiblethus expandng the lifetime of this energy dense resourcg® The next
generation of PTsin development use novel specialisedligands to facilitate the extraction of
trivalent f-block elementsfrom irradiated nuclear fuel where the PUREX process targets hexand
tetravalent f-block elements For these ligands to be successful theyust be effectiveat extracting
specificnuclides, yet economically viable if the process is to succeddinot, then the PT willlikely

be infeasiblewith cost barriers to research industrial scale-up and implementation.
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Figure 7: Two-dimensional complexation structures of TBP and N&to uranium and plutonium.

One way to improve the economic viability of these ligands is through synthetic optimisation
Any metric can beoptimised for a given reaction such asost, purity,yield and throughput.s° Often,
however, the optimisation of one process metric negatively impacts anothefFor example if the
kinetics of a reaction are slow then maximising throughput will likely hinder yieldor cost metrics
Therefore, optimisation often requires a balance oprocessmetrics to find an overall optimum 51z
53 A simple way to reduceproduct costwould be to find conditions that minimise cost per mole of
product formed, however this couldlead to lengthy reaction timesand unwanted by-products, this
could be avoidable byoptimising multiple objectives andsacrificing some cost ormssessing other
synthetic routes. Prior to this work there was little to no literature investigating the synthetic
optimisation of the promising ligands for nuclear reprocessingAny literature that mentions the
synthesis of these ligandsypically details unrefined small scalereaction conditionsto makesmall

volumes ofthese ligands for testing purposes§4s6

Asreprocessing is already an expensivareawithin the nuclear industry, whilst being a niche
area of the chemical industrythere are few chemical vendors for thesaighly capablemolecules.
The specialised nature of these materialsieans that applications outside this field are limited and
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thus supply is low, whereas TBP has a demand outside of nuclear reprocessingh uses in
emulsions, paints and adhesiveshus is a lowercost chemical commoditydue to global demanch?
This limits the amount of research into thee ligands, especiallywolume intensive pilot plant
testing, whilst negatively impacting the economics ofa next generation reprocessing facility
Further research into the synthesis of such moleculebopes toremove cost barriers to research
with these important ligands whilst potentially making reprocessingof nuclear waste amore

appealingroute globally.

1.1.1. Disadvantages of Current PUREXPractices

Current reprocessingpracticesvia PUREXare imperfect with ample opportunity to improve on

this processby overcomingvarious disadvantagesfacedsuch as®8

1 Higher proliferation risk sthan direct disposaldue to isolation of plutonium.s®

1 Increasedrisk of radiation exposure to workersand the environmentcompared to direct
disposalespecially thehighly active raffinate.

71 Larger volumes of intermediate and lowlevel wastest0

o Non-CHONpurely carbon,hydrogen,oxygen,nitrogen containing) ligand sois not
completely incinerable adding to waste volumes

1 Higher costs thanthose predicted fordirect disposal.
1 Degradation of TBRo hazardous and interfering materialss!
1 Redox reliant process adding complexity

For an advanced PT tesupplant PUREXthese technologiesshould address as many of these
disadvantagesas possiblewithout compromising the advantagesof PUREX that include¢he use of
a single ligand,and maintaining or improving separation factorsand distribution ratios achieved
by PUREXAII these metrics are a fine balance and slight reductions imetrics like distribution

ratio may be acceptable if other disadvantages are overcome
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One way tomanagethe proliferation risk posed by PUREJ& to recycle plutonium into nuclear
fuel, otherwise known asmixed-oxide (MOX) fuelas per the Frenclclosed fuel cycleés2 Plutonium
recycling reduces the volume of plutonium in storagéut can addrisk if the plutonium needs to be
transported betweensecure facilites. Unfortunately, MOX fuel is not interchangeable with regular
uranium dioxide fuel somanufacturing plants and reactors require modifications to accommodate
MOX. Amajor challengeand costwhen manufacturing MOX fuels the automation required due to
the higher radiation levels. These challenges are major driving forces behind thehoice to store
plutonium instead of recycling it. To overcome these problems, coextraction of plutonium with
other elements like uranium or the MAscan be adopted.The COEXan adaptation of the PUREX
process buturanium and plutonium are coextracted and coprecipitated) processis anexample of
a reprocessing technology similar to PUREXbut instead isolates uranium with plutonium 63.64
Looking further forward, the GANEXGrouped Actinide Extraction) processesare advanced PB

that enablethe coextraction of plutonium wi th the MAsS5

Though PUREXastly reduces the volume of HLWiestined for a GDRhis processincreases the
volume of other radioactive waste$? These wastes although less radidoxic than irradiated
nuclear fuelor the HAR stillrequire specialist disposal which incurs other complexitiestisks, and
costs often requiring disposal through immobilisation with in cement®6 a material notorious for
its negative environmental impactt’ therefore, this negatively impacts the carbon footprint of
nuclearenergy. It is difficult to overcomethe generation of other radioactive wastevith advanced
PTs, however most attempt to minimise secondary wastedy usingcompletely incinerable, CHON
ligands. As arbon, hydrogen,oxygen,and nitrogen (CHON)are completely incinerable elements,
whereas phosphorous is notdisposal of TBFs challengingand is considered a secondary waste
The GANEX procesbas developed processes thatitilise completely incinerable ligands even

replacing TBP with a CHON based ligand\,N-di-(2-ethylhexyl)isobutyramide (DEHIBA). Where
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most advanced PTduild on the PUREX procesand therefore still employ TBP in the first cycle
GANEX is independent of PUREXigure 8). Figure 8 illustrates the advanced reprocessing
technologies that are detailed in the SACSESS reparietailing the hydrochemical and pyro
reprocessing technologies that are promising for use omradiated nuclear fuel. PUREX ithe first
step to many of the dvancedhydrochemical PTs which thentreat the aqueous raffinate from the
PUREX procesgontaining the FPs and MAsThere are a couple of alternative hydrochemical
processes that do not rely on PUREX, those being GANEX and ARTI®iEse alternative
technologiesreplace TBP withCHON based ligandsninimising secondary wastevolumes due to

their complete incinerability .
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Figure 8: An overview of advanced partitioning technologiesletailed in the SACSESS repotft.
The processes highlighted in red are of interest to this project

The economic viability of reprocessings a major drawback of this technologyand often leads
to open fuel cycle policiesSeveral studieshave assesgd the financial impact of reprocessingoy
estimating the cost of both the open and closed fuel cyclé&72 many factors and estimationsare
taken account in these studies, yet mostonclude the open fuel cycle to bemore cost effective
despite theuncertain costs associated with a GDF and thveealth of material in used nuclear fuel

that could improve the economics of nuclear reprocessingThis isdue to the closed fuel cycle
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requiring more steps the continuous research that spans over decades bespoke highly

sophisticated and securefacilities, and tonnes ofresourcesto achieve this feat of chemistry and
engineering. To top this off, the need for a GDF still exists with the PUREX procesmsd most PTs
due to the HARand 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 cycleis adopted Despite this fissionable materiak arefinite
resources and there will come a time whennuclear fissionbecomesunfeasiblewithout recycling,
therefore work is needed to improveuptake of this technology andhe economicviability of the

closed fuel cycle

Unlike geological disposalreprocessing is a mature technology that haseceived reatworld
experience research andimprovements overdecades resulting in improved understanding of the
technology and proof of conceptwith the potential for cost reductions with iterative or next
generation reprocessing facilities*®.72 GDFson 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 commonand are likely to escalatethe cost of these megastructuresTherefore,

it is likely unfair to dismiss reprocessingas a waste management solutiodue to economics alone.

The radiotoxicity/composition of the HARfrom PUREXSs the focusof improvement for most
PTs asonce thiswaste s 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 FPsare less problematic, mosthave relatively short haltlives and
account for most of the earlystage radioactivity and heat generatiopnwhereas he MAshave longer
half-lives causing most of the longerm radiotoxicity. Therefore, by partitioning and then
transmutating the MAs the safe storage time forthe remainder of the waste reduces to ~1,000

yearsor less (Figure 4).31 Removal of the MAs requiredigands with an affinity to trivalent f-block
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elements due to this being the preferred oxidation states of americium and curiunf.o add
complication the majority of the lanthandes are trivalent, thus are ypically extracted alongside
americium and curium?/477 Caesium-137 and strontium-90 are two of the long lived FPsthat
largely account for the remainder of the safe storage time after the MAsave been removed
therefore, the selective removal of these isotopeswould further reduce the safe storage time
although the current focus n this field lies in MA removal’® In summary the removal ofall long-
lived radionuclides from the HARIis possible with advanced PTsnd promises to delivera more

realistic and manageable timeframe for the storage of HLW.

It is clear why the removal of longlived radionuclides from irradiated nuclear fuel has beena
primary driver behind the development of advanced PTever the last 30+ years Many options
have been developed over that time tovercome the weaknesses of the PUREX proceasth work
continuing to improve these processsfor the next generationof nuclear reprocessing facilitesto
adopt. Thesetechnologiescan work alongsidePUREXo further improve reprocessng and make
use of existingfacilities, or canreplace PUREX entirelyvorking with entirely CHON ligands such
as the GANEX proces$-jgure 8). To date these advanced PEse not deemedindustrially ready,
with more hot tests required for someprocesseshowever further literature is needed to optimise
and understand these processe® 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 igparamount and beneficial to all in the field.

1.1.2. Advanced Partitioning Technologies

Partitioning is the chemical separation of element8! in a nuclear context this mostly focuses

on the separation of actinides from FPs. To achieve thes,majority of PTsact asadditional steps
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after PUREX to partition the MAs from the PUREX HARNhilst others like GANEX remove the need
for PUREXand TBRP It is envisioned that PTs will not work alone, after thewaste has been
partitioned the long-lived species will be transmuted, potentially in advanced fission reactorsn
an effort to reachnet zero carbon For this to be successfyit is imperative that elements with large
absorption crosssectionsare not extractedwith these fuels, such ascurium and lanthanides like

gadolinium as this will negatively impact transmutationin fast reactors?9%s1

Transmutation is the conversion of one element into anothef? thus converting long-lived
radionuclides into less concerningspecieswith shorter half-lives.83 Transmutation of theselong-
lived actinides can be achieved iradvanced nuclear reactos, enabling further exploitation of the
untapped energy potentialin uranium, thus improving nuclear sustainability. Whereas any long
lived radioisotopes unsuitable for fission such as curiumcan betransmuted by irradiation in
accelerator driven systemg# The introduction of partitioning and transmutation (P&T) aims to
reduce environmental concernswith nuclear power,improve sustainability, and public perception

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

PTs can be groupeds hydrochemical (hydrometallurgical) processes like PUREXuited for
oxide fuels or pyrochemical (electrometallurgical) processessuited for metal fuels(Figure 8).7
The European Commission has funded numerous projects over th#ecadesto assess the
methodology, progress, andechnological readiness of theseprocessesthrough projects such as

PATRICIAGENIORS and SACSE®Hs review focusses orhydrochemical processes

Research into lydrochemical PTshas exploited and tested the selectivity ofcountlessligand
classes such as: carbamoyl methyl phosphine oxides (CMPOsgarbamoyl methyl phosphonates
(CMPs) phosphine oxides phosphates, amides, and diamides (Figure 9) amongst othersto

advance nuclear reprocessing®
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Figure 9: Commonly researched ligand structures for the partitioning oirradiated nuclear fuel

Figure 10 highlights a number of successful ligands identified foadvanced PTss described in
the SACSESS report fro@015 (Figure 10). This report also showcases the variouPT flowsheets
that have been developedglobally with potential operating conditions and their technology
readiness levels(Figure 8).7:14 Not all the ligands detailed are entirely CHONyith some still
containing phosphorous whilst others are sulfonated¢z88 therefore there are continued efforts to
identify CHON conforming replacement ligand®.99 As noted, many of the PTs developed build on
the existing PUREX process however, GANEX has been developed an alternative technolagy t
first extracts uranium, then the transuranics are coextracted. Tdreplacement of TBP with DEHIBA
allows the whole process to be CHON compligiwhilst 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.91z93
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Figure 10: Examples ofthe diverse range ofsuccessfulligands described in the SACSESS report

Figure 10 highlights a range of molecules that are largely carbon, hydrogen, nitrogeand
oxygen those thatcontain phosphorous and sulfumprovided unrivalled performance at the time of
publishing in 2015.7 This collection of ligandsis small in comparison tothe candidates that have
been tested for nucleareprocessing>5.949% with structure playing a pivotal role in controlling the
selectivity of these ligands With many of thesuccessful ligands revolving around an amide bond
this project aims to explore, optimise and compare amide bond formation methodologiesn a

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

identified to achieve this®”

1 The behaviour of fission products in these systems

1 Radiolytic stability of ligandsand any impactof degradation products on the process

1 Process related issues such as kinetics, loadirapd third phase formation

1 Interface between the separation processes with the dissolution and the conversion
Most hydrochemical PTs that extract the trivalent actinidesuch as americium and curiumrely

on a three-step approach?

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

ligands such asTBP and monoamide®ffer good selectivity forthis extraction.

2) The wextraction of trivalent lanthanides and actinides. Here dior tridentate ligands like

diamides and CMPOs®ffer excellentextraction for trivalent f-block elements.

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

to selectively extract the actinidedree of the lanthanides®®

It must be said thatPTs are not always threestep processesand although a process may be
three overarching steps, each steprequires a multitude of stagessuch as forward extraction,
scrubbing, stripping and purification, therefore each of these steps is highly complend refined.
These advanced PTare still under rigorous investigation to ensure robustness understanding,
and success if industrialised.Test results have been promisingfor many of these processes
especially EURGGANEX and iISANEXith >99.9% separation of thetrivalent actinides from the

lanthanides 40,100z104
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In summary P&T technologies do notliminate the need for a GDF, instead GBEanbe smaller
as thevolume of HLW s dramatically reduced, minimising GDF costs whilst maximising the energy
potential and wealth in irradiated nuclear fuel P&T alsoreducesthe environmental concerns
associated with the final disposal of HLWby shortening the safe storage time of this waste
dramatically.195 In the future PTsmay allow near complete recyclability ofirradiated nuclear fuel,
supplying diminished natural resources back into the globaéconomy, howeverfor now, the focus

lies with removing the long-lived radionuclides.

1.2. Extractant Ligands

Choice of ligands) is the major difference between the various hydrochemical PTs in
development10 Whilst PUREX uses TBP, other PTs rely on alternative liganffsgure 9 and
Figure 10) for their successwith research into novelextractant ligands a key driving force behind
the next generation of PTsThese organic ligands preferentially extract ionic species from the
irradiated nuclear fuel depending on their chemical and steric structureCommon motifs include
amided diamides, organophosphorusand hybrid ligands, although more complex structures exist
with pyridine and triazole motifs.85 A key characteristic ofmost is their oxygen donor sites that
facilitate chelation to hard metal ions in solution8> Oxygen is crucial to the effectiveness of these
ligands because actinides are oxophilic, therefore the extraction caelectively partition actinides.
The oxophilicity of f-block elements comes from thenigh charge density(hard nature) of these
elements196 This strong interaction between oxygen and-block elements supports the hardsoft
acid-base principle07z110 By exploiting this property, the f-block elements can be separated from

the less charge densé¢ransition metals.
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The early actinides are renowned for existing in a diverse range of oxidation statésr example,
neptunium can range from +lll to +VII, this can be tunedvia the nitric acid concentration or by
redox chemistry for many of the actinides!!! Manipulation of the acid concentration is often
exploited to avoid extracting unwanted species and enables stripping of nuclides from the organic
phase Whenirradiated nuclear fuelis dissolved in concentrated nitric acid uranium exists as U@
whilst plutonium exists as Pdé*.112 For the MAs, neptuniumcommonly exists as N@:* and
NpQO22+ 113 whilst americium and curium often exist as An¥* and Cn$* respectively114.115
Lanthanides are also preferential to the +3 oxidation state adding complexity to the selective
extraction of americium and curiumusing oxidation state aloneThetrivalent actinides are difficult
to extract with monodentate ligands, therefore bi and tridentate ligands have become the focus
for trivalent actinide extraction.116z118 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 ligandigands
designed to only dissolve in aqueous media nahe typical kerosene baseddrganic phases)with
nitrogen donor atoms have been developed such as £Bh-BTP (ulfonated 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?9.120

SO3Na SO3Na

SO3Na SO3N3

Figure 11: Chemical structure of S@Ph-BTP (ulfonated bis triazinyl pyridine)
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Organophosphorus ligands like phosphates (TBP) were one of the first extractants
implemented for the reprocessing ofirradiated nuclear fuel. They are advantageous due to their
ability to preferentially extract actinides over lanthanides and FP& This isusually because these
ligands are monodentateso chelate to MOz2+ and M+ species.The most notorious extractant in
this industry is TBP, which succeeded due to the desible properties that it exhibited for
partitioning uranium and plutonium from irradiated nuclear fuel to produce nuclear weaponsat
the time. These properties includegood radiolytic, thermal and chemical stability, low toxicity, low

flammability and good extraction efficiencyand separation factorsfor uranium and plutonium.121

Nevertheless TBP hasits drawbacks, such as itsrelatively high solubility in the aqueous
phasel?2 and troublesome degradation products produced byhydrolysis or radiolysis leading to
dibutyl phosphate and monobutyl phosphate. These degradation products are toxic and add
complexity to the stripping stageswhen present123.124they 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® Such chemistries include phosphine oxidesother phosphatesand CMPOsThis
review does not discussorganophosphorusligands in detail as many organophosphorusligands
have been tested andhis is not the target for this project Many organophosphorus ligands
demonstrate great promise, but all have the same limitation, their inability tocompletely
incinerate after use generating secondary contaminated wasteThis disadvantage adds more
steps and costs to reprocessingvhich can be overcome byuse of entirely CHON containing

molecules
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Figure 12: Chemical structures of TBP, and its troublesome degradatigmroducts dibutyl
phosphate and monobutylphosphate

In 1960, T. H.Sidall suggestedN,N-dialkylamides as replacement extractats for TBR12> due to
improvements over TBPasmost were less soluble in the aqueous phas&ss prone to hydrolysis
radiolysis, and oxidation. Despite these findings Sidall was keen not to move away from
organophosphorusligands and published his findings on CMP$¢ Thesehybrid ligands had their
own degradation problems but were capable ofextracting the trivalent actinides, proving the
effectiveness of the amide grougt chelating to the actinidesand the affinity of bidentate ligands

for trivalent species12?

Amide-basedligands suchas the monoamides, diglycolamides, and malonamidésve proven
to be effective extractants, overcoming limitations faced by organophosphorus ligands2¢ The
ligands in question are entirely CHONcontaining, therefore are entirely incinerablewhilst also
providing other favourable properties for nuclear reprocessingDue tothe prevalence ofamide-
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 Tetrav alent
Species

Although chemically simple monoamides are highly effective ligand$or the extraction of tetra-
and hexavalentspecies like uranium and plutoniuny29%131 this extraction can betailored 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 specialisedmonoamide ligand used in step 1 of the
GANEX processfor the selective extraction ofuranium 132135 The GANEX procesecovers 99.9%
uranium at a high purity, then coextraction of the transuranicelements ensuesvia more complex
multidentate ligands. The initial separation of uranium simplifies any future transmutation of
these materials and reduces proliferation risks.10 Alternatively, DEHIBA has receivedrecent
attention in the US forhigh assay low enriched uranium (HALEU)emoving reliance on Russia for

valuable resources1.92

Figure 13: Chemical structure ofN,N-di(2-ethylhexyl)isobutyramide, DEHIBA

As DEHiBAextracts uranium, GANEXhasthe potential to replace PUREX entirelyalternatively
N,N-di(2 -ethylhexyl)butyramide DEHBA can beised to extract uranium and plutoniumdue 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 hydrolysisthey
are well suited for nuclear reprocessing3¢ DEHiIBA® selectivity toward uranium isreliant on the
oxygen donor atom but isheavily influenced by its alkyl groups Modification of the branched
isobutyl group to a linear butyl group DEHBAreduces 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
DEHiBA as it is less hindered37.138 As the extraction efficiency for uranium decreases when
switching from DEHBA to DEHIBA so too does thextraction efficiency for plutonium, but to a
greater extent, therefore, DEHiBAIis more selectivetoward uranium alone making it the ligand of

choice for GANEX
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DEHiBAaddresses andvercomes many of thdlaws with TBP, these include:TBPs inability to
incinerate a end of life leading to large volumes of secondary lovievel radioactive waste,the
generation of degradation productsthat decrease the stripping efficiency of TBP, and thirghase
formation at high metal loading Theseadvantagesmake DEHiBAan attractive alternative, yet a
strong driving force is necessary for the nuclear industry to adopsuch a changes new facilities
will be needed for this process and multitude of hot testing is likely neededIt is imperative that
work in the area of partitioning continues to support and promote this advancementin nuclear
waste managementThe simplicity of DEHiIBAS structure isimproves its chemicalstability but also
improves feasihility for large-scale, lowcost manufacture This helps drive down the cost of

nuclear reprocessing

Due to the divers structures of monoamides that have been tested and are availabl€i§ure
14) it is unlikely that all reprocessing facilitiesin the future will adopt monoamides, or everthe
same monoamidel3® However, the core synthetic step will be the amide bond formation
combining a carbonyl grouptypically with a bulky secondary amine especially as many promising
amide ligands have limited functional groups aside from the amide bon@he structure will likely
be dictated by the process choserand aims of the fuel cyclefor example GANEX opts to use
DEHIBA due to the requirement to selectively extract only uranium in the first stepVhereassome
nations/ organisations may prefer DEHBA oalternative monoamides due to specific benefits It is
likely that monoamideswill be employed in future industrial reprocessing, with specificinterest
from CEA similar empirical formulae to DEHiBAcan be expectedas thesemedium length alkyl
chains (6-8 carbons) have provenmost effective in testing.140 Alternatively, DEHBAand DHOA
(N,N-dihexyloctanamide) are direct replacements br TBP,offering improvements over TBP whilst

still extracting both uranium and plutonium and may be preferred in some case€d4! These
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promising monoamidereplacementsfor TBP also showpotential for neptunium recovery further

addingto the benefits that these extractants offe#42

Figure 14: Chemical structures ofa variety of monoamides that have been tested for nuclear
reprocessing emphasisingthe diversity of alkyl groups

The synthesis of DEHiBANd the other monoamide ligandss relatively simple, thisis 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 ligandsdespite
the limited availability and relatively high cost of these research materials Instead, the
publications that synthesise these molecule®pt to enlist highly reactive (acyl chloride), costly
reagents due to their effectiveness at achieving high yields and ease of purification on a small
scalel30 Despitethesereagentsbeing readily available on a small scaléhey are lessaccessibleon
a large scale angrovide avoidable storage andhandling risks in large quantities143 Specifically
the reagents mentionedare 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 aracyl chloride starting material 55142145 Acyl chlorides are more expensive
than their respective carboxylic acidlogically, generate toxic waste gases and are prone tofast
paced exothermic reactions.146z148 |f the an acyl chloride is necessary to synthesise tonnes of
ligandsit may be more appropriate to synthesise the acyl chloride in sitwia a chlorinating agent
such as thionyl chloride (SOG), which is another highly reactive and toxic reagen{Scheme 1).
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Although this synthetic route often leads tohigh product yields, the produdion of toxic hydrogen
chloride and sulphur oxide gasesplus challenging anhydrous conditions areessentialincreasing
process complexity and costOf course,this route is common practicein the pharmaceutical
industry, and is even used inlarge scalepharmaceutical manufacturel4® however alternative
routes are possible and should becompared instead of defaulting toa route, especially when
manufacturing any significant volume of ligand59z156\With the technology available today this task
can beautomated via high throughput screening, althouglthere is asignificant costequipment

barrier to this.157.158
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Scheme 1: A commonly published synthetic route to monoamides via an acyl chlorideith an
examplechlorination step included

There is a plethora of literaturedescribing synthetic routes to amideswith 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 arenot atom uneconomi@l and could beapplicable toligandslike DEHIBA54 The main
uncertainty with moving to these new techniquess that most published methods synthesis
secondary amides using primary aminesvhereas amides of interest to PTs are typically tertiary
using more hindered pranched) secondaryaminesso may not beapplicable.15> An exampleof this
incompatibility is highlighted by CDI (carbonyl diimidazole) a highly effectiveactivating agentthat
has been widely used for amide synthesi¥? To its detriment CDlis typically used for secondary
amide synthesis asCDI alone struggles to mediatethe synthesis of bulky tertiary amides The
literature generally suggeststhat CDlis ineffective toward bulky secondary aminesunless the

amine isfirst combined with CDland iodomethane.159.160
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In conclusion, monoamides are promising ligands destined for deployment inndustrial
reprocessing a good understanding of their propertieshas been establishedvhere DEHIBA is of
most interest to a uranium only extraction such as GANEXtLycle or for HALEU.However, more
literature is neededto better guide the synthesis of thesdertiary amid es, providing options and
comparison of possible synthetic routes for researchers topursue and guide estimations of cost
for ligands used in economic evaluations of nuclear repcessing A host of synthetic routes also
provides backup routes in the event that the chosen route becomes unvialdee to supply chain
shortcomings. Further research into the synthesis of these moleculexan reduce barriers to
research andthe cost of thesehigh cost research materialsaiding the transition toward

deployment ofadvanced PTs.

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

Whilst DEHIBA hasreceived continued interest for decadesfor its selective extraction of
uranium which has led to the development of the GANEX flowshe®tl31 Many process variables
have been investigatedusing DEHIBA to extract uranium(VIthroughout the literature, however
it can be difficult to compare extractionsdue to the number of relevant variablestype/structure
of ligand, ligand concentration, metal (uranium) concentration, nitric acid concentration, phase
(SA) ratio, and temperature The difference in uranium/metal concentrationbetween publications
often makes comparison between extraction studies challengifi§?162 with no publications
investigating all variables (to our knowledge) and few investigating more than three of these
variables. The investigation of all variables wouldead to hundreds if not thousandsof conditions
to be exploredwhen changing one variable at a timéo optimise the extraction of uranium(VI).
Generally,however trends for each variable can be understood and largely predictegbarticularly
when using 1.0-6.0 M nitric acid concentrations a commonly investigatedvariable. Therefore,

models are commonly employed to predict these extractions due to good fundamental
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understanding and published dateéf2.135The investigation of temperature and SA ratio has however
seen little investigation despite the significant influence of temperature on the exothermic
extraction and the ability toinfluence operational throughput respectively?4.163 Few publications
acknowledge theneed to understand the influence of temperatur®n the extraction of species like
uranium, despite the potential consequencesf incomplete extraction orcoextraction of nuclides
As for throughput, many publications solely investigate a 1:1 SA ratighich is likely sub-optimal
in terms of loading the organic phase although the concentration of each phase cant&itored to

account for this to some extent.

The majority of accessible data for thextraction of uranium with DEHiBAfocuses on labscale
batch extractions, howevemany variables have not been investigated in thavailable 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 alrecently published uranium extraction data using 1.5 M DEHIBA textract
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 tointensify the process of extracting uraniumfor the purpose of
HALEUrecovery in the United States. Although 1.5 M DEHIBA has been previously investigated in
the literature, uranium concentrations have been very low, often using tracezoncentrations and
not quoting specific concentrations These investigationsused 1.5 M DEHIBA solutions to
maximise uranium(VI) loading of the organic phasedemonstrating benefits in terms of the
extraction efficiencyover 1.0 M DEHiBA25.138.164finding no issues with third phase formation The
publication mentions potential viscosity restraints for the organic phase but does not provide
guantifiable data, only potential problems!é> Despite the aim to maximise uranium loading in the

organic phase, SA ratio was not investigated.ower SA ratios (using a greater volume of aqueous
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phase) would likely achieve higher uranium loading of the organic phaseavoiding such high
agueous uranium concentrations that likely have highaqueous viscosity, causing handling or
process issuesAdditionally, this study refers to loss of performance with elevated temperature 4
but does not reference theemperature for these extractions it would be beneficial and interesting
to measure theseextractions across a range of realistic temperaturesfor example 1540 °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. eladll 22
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1.2.3. Diamides: Targeting the Selective Extraction of Transuranic
Elements

Asmonoamides typically favour chelation to tetra and hexavalent metal ions, additiondigands
and stepsare needed tocompletely remove all the actinides particularly curium and americium
that typically exist in the trivalent state166 EURGGANEX is onef the promising steps after GANEX
1st cyclefor the extraction of plutonium, neptunium, americium and curium via diamides with 2
or 3 oxygen donor atomgq Figure 16) facilitating chelation to a range of oxidation states including
trivalent species. As previously mentioned, agueous holdback/stripping agents are required to

avoid the extraction of unwanted species likegirconium and the lanthanides with the actinidest20
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Figure 16: The chemical structure of a malonamid®’ (left) and a diglycolamidelss (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 trivalenttfiock
elements and plutoniumi6® Their success islargely down to their ability to avoid third phase
formation in most solvents and in the presence of nitric acid commonissue faced by many ligands

that must be avoided ina reprocessing facility70

h -Dimethyl-. h -dioctylhexylethoxymalonamide (DMDOHEMA)is a ligand used in the
EURGGANEX process to reduce third phase formatiownhilst increasing Pu loadingvia its
bidentate nature. The ether backbone grouplargely 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. h -Dimethyl-. h -dioctylhexylethoxymalonamide
(DMDOHEMA)

Diglycolamidesemerged in the 1990s as another promising diamidextractant technology?172
These tridentate ligands became renowned for theipowerful ability to extract trivalent f-block
elements a crucial discoveryfor the recovery of americium Diglycolamides offer better
distribution ratios than malonamides fortrivalent actinides whilst their tridentate nature reduces
the number of ligands per metal ionThe use of malonamides in conjunction wittdiglycolamides
provides an excellent framework fortransuranic extraction, asseen in the EUR@ANEX process
where . h . h-teBahn-oétyl diglycolamide (TODGAFigure 18) and DMDOHEMA work hand in
hand. Although multi-ligand processescan achieve desiredorocess outcomes, the complexity of
the overall process escalatesover time due to radiation effects on the ligands producing a
multitude of degradation products that may have unfavourable interactions This results ina
concentration reduction of the desired ligands which needmonitoring and adjusting to maintain
performance and selective extraction.Therefore, a simpler system is desirable and constant

researchaimsto achieve this.
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Figure 18: Chemical Structure of h . h-teBahn-odtyl diglycolamide (TODGA)

Diglycolamidesare effective extractants for trivalent actinides and lanthanides in preference to
other metal ions such as the transition metals in irradiated nuclear fuelThis is due to their
tridentate nature andthe hard-soft acid base concepas previously described!08110 Similar to the

monoamides the diamidesextraction properties are highly dependenton the chains bound to the
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amine groups of the amide.This has beerextensivelytested and verified by altering these chains
from straight alkyl, to branched alkyl, through to aryl groups173.174 To summarise, bulkier,
sterically hindered ligands demonstrate reduced complexationability ,compared to shorter chains
that provide more effective chelation, and so, higher distribution ratios. Despite this,
diglycolamideswith short alkyl chains have higher aqueous solubilityand are more prone to third
phase formation, therefore a balance between short and loragkyl chains is needed to be optimum
Aryl groups were not found to beas suitable, tlerefore, the most promising diglycolamide was
identified as TODGA Figure 18) as the medium length alkyl groupsprovide well balanced

properties.

Nevertheless, TODGAIs not a perfectligand, foremost it has reduced extraction efficiency to
improve its solubility, however there are other diglycolamides of interest that are utilised across
different advanced PTsTwo of which have modified alkyl groups, whilst the other possess a
slightly modified backbone (Figure 19). The first to mention is TEDGA,. h . h-tetBakethyb
diglycolamide, a water solublediglycolamide O O A A A QA AAA ECBE 1 arkiAiAnodations
to SQ-Ph-BTBPhowever in this case preferentially chelating to the lanthanides not the trivalent
actinides. TEDGAIs used inthe EXAm (extraction of americium)processand is present in the
agueous phaseto hinder the extraction of unwanted lanthanides into the organic phasefor
selectiveamericium extraction, beneficially this hold back reagent is CHON compliant however the
organic extractants are not’3 Alternatively, T2EHDGA. h . h-tetBaR2-etfylhexyl diglycolamide
is a similar ligand to TODGAempirically but with branched alkyl chains adding further steric
hinderancel’3 T2EHDGAIs under consideration for use in the ALSEP d4ctinide-lanthanide
separation) processas a alternative TODGAexhibiting similar overall performance with some
loss in extraction efficiency and the need for a phase modifier to avoid third phase formatiérp.176

Although TEDGA andr2EHDGAare structurally different to TODGA their synthesis will be very
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similar to the synthesis of TODGAevolving around the necessary amide bond formations
Therefore, by optimising the synthesis of TODGA the optimaéaction conditions and workup will
likely be similar. Recent literature has shown an interest in m@jlycolamides with modified
backbones, a commonexample is 2-(2-(dioctylamino) -2-oxoethoxy)-N,N-dioctylpropanamide
(TWEZ21), however more extensive modifications have also been investigated such as the
replacement ofthe ether linkage with a nittogen AT A A OOE CE A EMFETAVE21 @1 UAT I
another potential alternative to TODGA that possesses an extra metton its backboneand could
seeuse in theiSANEX and EURGANEX processeas a replacement for TODGALI4.65 The extra
methyl group influences the basicity of the central oxygen atomwhilst modifying the steric
interaction of this moleculewith ionic species both of whichare known to impact a the ligands
performance. Igbal et al177 found that the increased basicity of the central oxygen atom frorthe
methyl group in TWE21did not make up for themore challenging steric constraintresulting in a

poorer performancecompared to TODGA.
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Figure 19: The chemical structures of TODGA, T2EHDREDGAand TWE21
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In summary, a whole host of interestingligands for the partitioning of irradiated nuclear fuel
have been identified and efforts continue tamprove on the current state of the artto alleviate
problems faced by current flowsheets Many of these ligands show promise and offeihighly
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 likly see the simplification of PTs by reducing the
number of ligands usedHowever, any successful ligands musieet many demands whilst leing
economically viable,therefore the synthesisof promising ligands requires more attention and
optimisation. Asamides and diamides are very popular groups of ligandsis imperative that their
synthesisis investigatedto ensure their viability. The next sectionintroduces the topic of amide
synthesis, a transformation thatis crucial to the success of this work and of extreme importance

to the chemical industry.

1.3. Amide Bond Formations

Amide bonds areabundant in everyday life, forming the DNA upon which life relies, to the
pharmaceuticals medicines,and vaccineghat we rely upon. Amidebond formations are essential
in both the natural and synthetic world, and yet we still have not mastered this Gimpled
transformation, relying on atom inefficient processego achieve a task sacommon in nature.
Finding a general@reendmethod to amide bondsthat avoidsthe use of additional stoichiometric
reagentsthat do not contribute to the final product masss of great importance to pharmaceutical

and specialty chemical manufacturerand has been fowell over a decadég®0.155.178
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Scheme2: The retrosynthesis of a tertiary amide

Carboxylic acids (Scheme 2) are often used by process chemisisa starting material for amide
synthesis due to their abundanceand low cost in addition to being more benign than other
functional groups like anhydridesand acyl chlorideswhich may becommercially available but are
typically more expensive Suchfunctionalities are often derived fromthe carboxylic acid, hencethe
increased cost yet the need for activating agents with the carboxylic acig can outweigh the

benefits of using these materials.

In addition to a carboxylic acid the corresponding amineis also required, unfortunately the
transformation does notprogressupon the combination oftheseraw materials alone. Instead, the

combination resultsin a proton shift from the carboxylic acid to the amingScheme 3).154

O o}
R + P ®
JJ\OH HoN* R = RJJ\OQ " HNTR
pKa ~4-5 pKa ~10-11

Scheme3: 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 toachieveamide bond formation. Instead of forcing this direct
amidation with high temperatures and pressureshat can degradeorganic materials synthetic
chemists more commonly exploit stoichiometric coupling reagents These reagentdower the
energy barrier by generating a reactive intermediateprior to amide bond formation and are

discussed in more detail later in this sectiorffScheme4).
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Scheme4: Activation of ageneralisedcarboxylic acidvia a coupling reagentfollowed by a
nucleophilic substitution from the amine, removing the good leavingroup

The reagentdisted in Table 1 are examples of commorcoupling reagentsemployedto enhance
the reactivity of carboxylic acids generatng an activated intermediate susceptible tonucleophilic
attack, resulting in a subsequent reactionlike amination to yield an amide bond (Scheme 4);
Ultimately, this transformation is at the expense of a stoichiometricreagent that does not
contribute to the massof the final productresulting in increasedwaste volumes andfurther waste
when purifying the product. Coupling reagentsare often highly reactive towards water, for some
the reagentis simply deactvated, 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 agentsghlighting the atom
efficiency when employing each(see list of abbreviations for compound names.)
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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 scaleNot to mention the wasteful nature of these reagents due to thepoor atom efficiency.

Without a good leaving groughe conversion ofcarboxylic aids to amidesequiresa high energy
barrier to be overcome. To overcome this energy barrier, high temperatures (for organic
chemistry) and/ or catalyss are alternative methodologiesto coupling reagents(Scheme5). Other
reaction pathways toamide bondscan be foundn the literature . However, these methodsare often
immature with niche applications thusare yet toreplace coupling reagentsas a general approach

to amide bond formations155.17%183

Thermal Amidation Catalytic Amidation
JOJ\ RZ\N,R3 A Catalyst R3\N,R2 j\
R" OH H H HO R
Traditional Approach Ester Amidation
B RE RO )i
i ﬁ\ N ﬁ\ o Ry RT ROTR
i R" "OH  Coupling | RT N7 H j\
| | : -
. Reagent | R R,N~ “R!
X = Br, | Transamidation
1 or N1
H co RZ‘N’R3 H” O R HO™ "R
Carbonylation of H
Aryl Halides

Scheme5: Examples ofamide bond formation reactions. A modified figure fromT. Sheppardet
al 155
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In 2007 the ACS Green Chemistry InstitutPharmaceutical RoundtablgGCIPR)voted Gimide
bond formations avoiding poor atom economy reagentsas a high priority challengethat needs
addressing!84 Since 2007 researchhas continued globally to developgreener strategiesfor amide
synthesis,most of which focus on catalytic methods. Despiteits sustainable reputation, catalysis
does notensurethat the reaction will be greener or cleanerThis hasbeenhighlighted by Sheppard
et al1%5 who identified and discussedthe advantages and disadvantages ehtalytic amide bond
formations. Thispaperincluded process mass intensitfPMI) datafor various amidation methods
in the literature to compare the green credentials of various routedinding that current catalytic
techniques do not yet meet all the requirements to replace coupling reagensnd can often be
more wasteful. It is often desirable forreactionsto feature low PMI, whilst provid ing high product
yields with high purity and retrievability using affordable, costfriendly reagents that do not
possess risks thatinfringe on safety especially whenlarge scale production isrequired. In 2018,
11 years on from the ACS GCIRReeting and publicationa follow up paper was published!®s this
time involving more pharmaceutical companies and again green issués the industry were

discussed andassessedUnsurprisingly , cleaneramide synthesis wasagaina toprequirement, this

s N~z .A s oA

time tited O' AT AOAT 1 AOET AO £ O AAOAI UTGENTD @OQdes ] AAT

that since theinitial publication in 2007 the scientific community hasyet to find an all-purpose,
atom efficient route to the amide bond, hence the reliance orstoichiometric coupling reagents

remains prevalent in thechemical industry.

Dunetz et al188 further emphasisedthe reliance on coupling reagent®y publishing areview on
large scale amide bond formationsin the pharmaceutical industry. This review showcases the
abundance of coupling reagents that are used on the large scaleilst discussingthe pros and cons

from an industrial perspective.
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The popularity of EDC, 1-ethyl-3-} edamethylaminopropyl) -carbodiimide hydrochloride is
highlighted asthe coupling reagentof choice for amide synthesigFigure 20). Thiscarbodiimide,
EDCand its corresponding urea by-product, EDU(1-ethyl-3-} aedanethylaminopropyl) -urea) are
considerably more soluble than other popular carbodiimides such as DCC
(. h-didyclohexylcarbodiimide) and DIC}j . hdiisépropylcarbodiimide) providing much of its
successOf all the reagentsdescribedin Figure 20 boric acid and the boronic acids are thenly
catalytic reagentslisted. As previously mentioned, catalytic amidations area relatively immature
technologythat often lacks generalapplicability . However, with more time and research catalytic
methods maystart to displacethe dominance ofstoichiometric reagents alasfor now reagents like

EDC thionyl chloride, and CDlare 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 scalel86 See the reference for the full names of these coupling
reagents Costs were mostly taken from Merck/Sigma Aldricin 2022 although some could not
be foundthe volume or weight costs were then calculated as a cost per mole
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Carbodiimides like EDCare so effective because thegre prone to nucleophilic attack froma
wide range ofcarboxylic acid containing target moleculesto yield an activated ester, otherwise
known as theO-acylisoureal®’ This reactive intermediate then has three optionsijt can undergo
nucleophilic attack from theamine to yield the amide This processeliminates the ureaby-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 acidand 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 byproduct, as indicatedin Figure 21, consequently this consumes the
carboxylic acidand coupling reagent These threeroutes areillustrated in Figure 21 for benzoic
acid and ageneral secondary aming illustrating general pathways by which EDC andother

carbodiimides like DCCcanfollow.
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Figure 21: Three reaction pathways foramide synthesis using EDMenzoic acid and a general
amine.
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EDCis advantageouswhen it comes toproduct purification as both EDC and EDU are highly
water soluble and can be removed via a simple water wash. This is often true for ti¢acylurea
by-product; hence the crude product can benostly purified with relative ease. However, other
carbodiimides like DCC,the urea by-product, DCU {,Ndicyclohexylurea) is insoluble in most
organic solvents, therefore reactiongesult in precipitation and frequently require filtration to
remove this by-product, this adds furthercost and process steps/complicationgeinforcing the

preference for EDC over other carbodiimides
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Chlorinating agents areanother widely used coupling reagentin academia and industry for the
generation of acyl chlorides that can then react with an amine to yielthe amide(

Rl .R? o
O socCl o) N I
J —> N RN
R” “OH R™ >l 22
HCI

Scheme 6). Thionyl chloride and oxalyl chloride aretwo popular chlorination agents being
somewhat safer than alternatives like phosgene and triphosgertbat are moredifficult to handle
especially on the large scaladding an oftenavoidablerisk. Though it should be noted thathese
reagents are allheavily toxic and release toxic gaseswhen making and usingthem, therefore are
harmful reagentsto the environment. These reagents still see widespread use and popularity
because of th& exceptional compatibility and ability to achievehigh product yields in a short time
with ease of purification. As chemistry moves toward net zerpalternatives will be needed and
these reagents may bephased out, therefore it is essential that significant investment in

generalised, green methodologs for amide bond formation are pursued and identified.

Rl .R? o
O  socCl o) N I
— = RN
R” “OH R™ >l 22
HCI

Scheme6: Generalised chlorination of a carboxylic acid and subsequent amination to yield an
amide.

The SchottenBaumanreaction (Scheme7) is commonlypracticed for amide synthesis andhas
beenused tosynthesiseamide containing ligandslike TODGA!88 Here, an agqueous basesuch as
sodium hydroxide is employed to mop upthe eliminated HCL Alternatively, organic bases like
triethylamine can be employedavoiding the use of an aqueous phas@roving to be a popular
methodology forthe synthesis of amides like DEHiBA As most of the publications that synthesise
extractants for nuclear reprocessingrequire small quantities of these molecules for testingacyl
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 achiewes a good yield in a

single step. Alternatively early publications that discuss the synthesis ofliglycolamidesstart with

the cyclic anhydrides whilst later publications use a chlorinating agent to generate the acyl
chloride. To our knowledge ligandsfor nuclear reprocessing have not yet been synthesised
without the use of a coupling reagent or @a activated starting material. As these ligands are
chemically simple (despite the use of secondary amines)n comparison to active pharmaceutical
ingredients (APIs), an effort should be made forthese amides to be synthesised via alternative

cleanerroutes, reducing the cost of manufactureand environmental burden prior to scaleup.

R' _R?
0 N 7
PR _H 5 Rt
R Cl Aq Base R '\.‘
(NaOH) R?

Scheme7: Generalised tertiary anide bond formation via the SchotterBaumann reaction

It should bementioned that enzymaticamidation reactions are reportedin the literature 189 and
evenused infor large-scale manufacture of amide bondby giants like Pfizerl?0 However, these
enzymes are typically highlyspecialised andimited in their substrate scope often requiring days
for reactions to complete this makes them unlikely candidatesfor the synthesis ofligands like
DEHIBA and TODGWithout targeted research to identify a suitable enzymeBeneficially however,
when a suitable enzyme is identified the synthetic process is highly efficient and selective which is

beneficial for complicated and typically highly selectivgoharmaceutical synthesis.

The screening of amide bond transformations isften vital to find suitable reagentscompatible
with the desired starting materials. This processis typically time consuming, labour intensiveand
wasteful, however automatedsolid and liquid handlers paired with well plates allows dozens of
batch reactions and conditions to be screenedith minimal interaction, speeding up the screening

process prior to the optimisation and comparison of promising synthetic routest>8.191x196
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Unfortunately however, there is a significant cost barrier to this equipmenthindering accessto

this powerful resource. Selfoptimising flow reactors offer the capability to screen multiple
synthetic routes at once by exploring and optimising multiple continuous and discrete
variables97 however this is more complex than an automated batch system with more limitations
These limitations include incompatibility with non-homogenous reactions, limited solvent
screeningand an inability to perform reactions simultaneously.Additionally, each solution must
be preparedlikely by a human and as some solutions are unstabtkegradation over the course of
the campaign can lead tdias. A simpler option is the individual screening and optimisation of
synthetic routes in continuous flow using seHoptimising flow reactors. The data from each

synthetic route can then be compared to identifyan optimum route and conditions156

1.4. Flow Chemistry

OverrecentUAAOO OEA 1T OCAT EA AEAIT EOOB8 0O ihlinfluérie®® EAO
from industry 3.0 and 4.Q1982200 One of the mossignificant changes has been the development of
continuous flow chemistry, especially small scale flow reactors for lab-scale research
purposes189.190 Batch chemistry in glass vessels has long been the primary option for chests
when synthesising and purifying target materials, however,lbw chemistry provides ample and
new opportunities especially automation and process intensificatiod01z206 Despite many
considering flow chemistry as a replacementto traditional batch chemistry, the reality is more
complex and flow chemistry should be considered acomplementary technique to conventional
batch chemistryas not all chemistry is suited for continuous flow%” Flow chemistry is the act of
flowing reagents as a continuous streamthis can take place throughvarious media such as

reactors and separatorsto achieve chemical transformationsor purifications respectively. The
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development of labscale flow equipmentenablesmore efficient process developmento take this.
This canminimise waste volumes, and the ease of scalabilitymeans that little R&D is required to
transition a lab-scale flow reaction to a larger flow platformso long as the flow path andceat
transfer does not change significantly98.209 The term flow reactor encompasses botltontinuous
stirred tank reactors (CSTR$ and plug flow reactors (PFRsFigure 22) such as tubular plate,and

microfluidics 2102213

Cooling Plug Flow Reactor

Water Enter \ o —
-
Reactants —é) ﬁ) )—} Products

Products
>

Cooling
Water Exit

Figure 22: illustration s of typical continuous stirred tank reactor,214 and a plug flow reactor.215

Plug flow reactors are beneficial for high throughput reaction optimisation due to ther
compatibility with automation and ability to reach steady state quickly with certainty when
changingreaction conditions, minimising waste volumes which can be essential when usingpstly
materials.216 Comparatively, CSTRs have broader residence time distributionthan PFRs Figure
23) which canlead to cross contamination between reaction conditions and longewvait times for
steady state which extends the overall optimisation time whilst consuming more material than an
automated optimisation in a PFR17 Advantageously CSTRs can handdelids better than PFRs and
provide better mixing, which can be needed whenperforming liquid-liquid extractions in
continuous flow or for multiphasic reactions like the SchotterBaumannreaction.28 Overall 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 costslug flow can be adopted removingliffusion across the
reactor and thusthe need to wait for steaq state, although this adds complexity to the setup and

sampling foronline or offline analysis?16.219

— CSTR
PFR

Tracer Concentration

Time
Figure 23: Typical residence time distribution of a CSTR andRFR reproduced from N. Kapui20

Despite the advantageghat continuous flow chemistry offers, batch reactors and processes
have been standard practice at boththe small and large scale for decadedhis is mostly due to
their robustness and operational easgyet batch chemistry carries limitations, most notably the
level of control over the reactionand difficulties with process intensification. PFRgpossesssmaller
dimensions for enhanced control over the reaction, such asbetter mixing, and enhancedheat
transfer.221.222 Theseofferings can enhanceproduct quality and reaction efficiencyby hindering
unwanted side reactions223 A major benefit of PFRsis the excellent heat transfer properties
requiring reduced energy input to heat or coolksolutions, further reducing operational costs224z227
Thus solutions can be evenly heated or cooled for enhanced process contesisuring quality
control. Additionally, when heated reaction solutions are exposed to ambientconditions they

equilibrate quickly to the surrounding temperature unless insulated?24 This can be used to quench
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reactions quickly, aids to control of exothermic runaway reactionsand reduces safety concerns of

hot effluents.

PFRs arepopular 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?2¢ Additionally, flow chemistry
supports the safer use of toxic reagents, pressurised reactions, and gassseagentswith relative
ease?24229 The hazard of using dangerousand 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 telescopedallowing a secondary chemical

transformation to take placeremoving the need to isolate and handle dangerous materiats!

Flow chemistry opens the door to new possibilities for new anald chemistry allowing access
to novel process windowsand cost savingsthat can be achievedsia 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 exampleswhy flow
chemistry is becoming extremely attractivein both academa and industry with giants like BASE
AstraZeneca and Pfizer transitioning chemistry into continuous flow as early as the discovery

Stag e209,2322237

Despite the potential advantages of flow chemistrynot all chemistry is suited for continuous
flow, and doesnot alwaysprovide advantages over batch chemistry Areview by Hartman et al 238
discussesthe merits of batch and flow chemistry, finding that reaction performance when using
flow does not necessarily exceedbatch, plus developing a processn flow is often more time-
consuming and requires a more specialist skillset and equipmer?7.238 Flow chemistry does

however offer an easier route to scalp compared to batch chemistry due to better mixing of
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reagentsand even temperature profiles across the reactiong\lternatively reactions can be scaled
out and product can be generatedcontinuously.11> Further limitations for continuous flow
typically include an incompatibility with solids and precipitate formation, therefore starting
materials must be solubleprior to the reaction, following this the reaction mixture should remain
in the liquid phase to avoid problems9%4 Not all reactors and pumpsare incompatible with solids,
for examplenanoparticle synthesisand catalysis areaccessible 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 optimisatior?3® This allows a large number of
reaction conditions to beinvestigatedin a short amount of timeor continuously without the need
for human interaction.240 Traditional reaction screening and optimisation is dong, expensive and
tedious processin batchwhen performed manually. The long process of repeatedly weighing out
material for each reaction vessetan be mostly avoided in flomvhere severalreservoirs can be
used forhundreds of experiments. Thiscanfurther enhance the reproducibility of these reactions
reducing human error from repeated weighing although degradation or precipitation of stock

solutions can be problematicand should be monitored

Flow chemistry is therefore a complementarytechnology to batch chemistry, allowingsuitable
chemistry to beinvestigated in novel ways, facilitating process intensificatiorto improve process
metrics. Yet continuousflow is not compatible with all chemistriesand 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 an be a powerful synthetic tool
when used under the corect circumstancesfacilitating process intensificationvia access to novel

process windows, but is not a replacement technolog!.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 years3.244 To expand and improve on this the inclusion of
machine learning(industry 4.0) with automated flow chemistry hasseen the rise oself-optimising
flow reactors/platforms capable of optimising single and multistep synthesis?4> These
machine-learning driven platforms can locate optimum conditions for a given reaction iminimal
time and experimentscompared to traditional one variable at a timesynthetic optimisation.246
Automated chemical optimisationvia selfoptimising flow platforms is typically more accessible
than published automated batchplatforms 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 code247z249 The use ofmachine learning
algorithms to optimise objectivesis an efficient advancement over statistically driven Design of
Experiments (DoE)capable ofsolving more complex problemsand identifying global optima.250
DoE has been used in abundance to optimise many reaction stdpg it does not enable complete
autonomy 251,252 Tg complete the automationoop self-optimising flow platforms require a form of
inline/ online analytics for process monitoringand the quantification of experimental outcomes
this adds complexity and cost to these setupdepending on the analysis however a simple UVis
spectrometer can besufficient. A whole host ofprocessanalytics have beerused in combination
with flow such as infrared (IR) spectrosmpy, U\Vis spectroscopy, high performance liquid
chromatography (HPLQ, benchtop NMR spectroscopy, gas chromatography (GC),and mass

spectrometry.243.25%256
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Figure 24: A simple selfoptimising flow reactor setup where thepump and reactor temperature
are controlled by the optimisation algorithmyvia a feedback loop.

As flow chemistry is so well suited to automation plus the ability to conduct chemical
manufacture in an economic and sustainable manngespecially with lakscale flow equipment,
there is no wonder why reaction optimisation in continuous flow has received great
interest.233.257.258 Continuous fow enables temperature, residence time, pressurereactant
concentration, and equivalencyto be accurately controlled with ease reducing error and
improving repeatability. With such a range of variables that can be optimised the task becomes
very complexand time consumingfor a human. Machinéearning algorithms such as SNOBFIT
(Stable Noisy Optimsation by Branch and FITP5® BOAEI (Bayesian Optimisation with Adaptive
Expected Improvement)260 and TSEMO {[Thompson sampling efficient multiobjective
optimi sation) provide efficient solutions to this complex task allowing multiple variables to be
changed at oncewhere a human could only change ondo understand the impact of that
variable.261 These algorithms are not discussed in detail here (see references for further detail),
but are able tofind global or localoptima for a given objective. Whilst SNOBFIT an BOAEI work
towards the optimisation of a single objectivesuch as yieldor purity, TSEMO can optimise
multiple objectives simultaneously. Typically, multi-objective algorithms are employed for

conflicting objectives such asproduct throughput/ spacetime yield (STY) and reaction mass
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efficiency (RME) If a reaction has slow kineticsthese objectives usually compet&s6.197 The

algorithm optimises each objective individually as well as the conditions in between where a

trade-off between the two objectives is metAs both objectivescannot be optimised under the

same conditions a trade-off curve is identified, otherwise known as the Pareto front (Figure

25).262 The Pareto £0T 1 O AT 1T OAET O A
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chosen for scaleup subjective towhich objective is more favourable alongside any otheprocess

metrics of interest such as cost or yield.
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Figure 25: A depiction of the Paretofront for two given objectives262

Examples of seHoptimising flow chemistry are demonstratedthroughout the literature , mostly

focussing on the synthesis of molecules and a recent focus on telescoping chemical

transformations, again mostly the synthesis stepk6.228,243,245,255,260,263266 Crucially the successof

these platforms has beendemonstrated through the optimisation of synthetic steps to the

industrially relevant Osimertinib (AZD9291) using the SNOBFIT algorithr#> Other successes

include nanoparticle synthesis?6” Claisen condensation reactionsé and SiAr transformations>s3

to name a few.Overall, a high level of succesdhas been achieved withthese reactors where

optimum reaction conditions are identifiable in minimal experiments compared to traditional

approachesHowever, these casestudies typically focus on the front end of chemical manufacture

achieving a crude productwith exceptional process metricswithout obtaining a pure product
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which is usually required.The purification of organic materialcan be complexywith 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 seemlited interest in the literature.268z274

This area ofresearch is applicable to real world problems where it can cut down ooosts and
labour so that chemists can focus on more pressing problems insteadmbnotonous manualtasks
that can be achieved through automationAs the nuclear reprocessing field focuses on testing the
performance of ligands and flowsheetsthe cost-effective large-scale manufacture of ligands to
achieve this requires more attention. The application of sekloptimising flow platforms is a
promising route and methodology toachieve this task in a resource, time, andost-effective

manner.

1.5. Summary

This literature review introduces the benefits and challenges faced by the next generation of
nuclear reprocessingflowsheets that can extendthe supply of energy dense materials andare
earth metals. The industrial uptake of such processes is cost intensive, firstly requiringighly
tailored processes and ligands to selectively extrat¢arget nuclides from a hostileenvironment in
a safe and predictablenanner. The ligands in question are constantly under development and
testing, but a few of these are highly likely to be implemented in future reprocessing facility.
There are limited suppliers for these high value research materialand with little to no demand
outside of the nuclear industrythe 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-scaletesting of these ligandss necessary to ensure scalability of these processaberefore
access toarge volumes of ligands is required butan be a barrier to research due to high costd
unoptimized synthetic routes to these ligands in the literatureThe 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 aa molecule of great interest to the research community whilst
being a simplerligand with minimal steps for manufacture Recent attention from the United States
further demonstrates the relevance of this materialand need for further research into its
manufacture and performance testingCurrently it is unknown what effect impurities will have on
the extraction of uranium or other radionuclides thereforethe testing of DEHIBA from differing
synthetic routeswill aid to understand the effect of potential degradation products or impurities.
There are many variables that can be optimisefor 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) ratig and temperature. Although
the type/structure of ligand is commonly compared throughout the literature, other variables
particularly ligand and metal concentration, SA ratig and temperature receive lesser attention
The optimisation of these variables can maximise throughputeducing operational time ensuring
irradiated fuel that can be reprocessedn a timely manner, whilst increasing extraction efficiency,

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

Although DEHIBA has been identifiedor this work, more complex ligands likeTODGA are of
great interest and require similarresearchand optimisation. The methodologies employed in this
work are applicable to various other ligandsso long aseach step is broken down individually and

not telescoped,it is possible to optimise a telescoped flow platformhowever more advanced
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methodologies will likely be needed forsuch multi-step, telescoped reaction optimisatios.
Nevertheless itis possible through these methodologiesto optimise the manufacture of other
ligands, including more complex structures bynvestigating 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. Tis is a threat that impacts the longterm
viability of this technology. Nuclear reprocessing and recycling offer a solution to improve the
sustainability and extend the supply of nuclear fuel. 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 ensureheir 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 li& 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 nliterature 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 theseechnologies.
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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 proces8nethodology for the manufacture of organic
ligands for use in advanced nuclear reprocessing, specificalfpcussing onthe synthesis and
subsequent purification of N,N-(di-2-ethylhexyl)isobutyramide (DEHIBA). This involves the
exploration, optimisation, and evaluation of synthetic and purification routes, usingndustry 4.0
optimisation techniques toidentify a highly efficient and scalable process. Specifically, the project
employs automated flow reactor patforms for the optimisation of chemicaltransformations via
machine-learning algorithms to efficiently optimise key process metrics and identify promising

reaction conditions for continuouson-demand manufacture.

Subsequently DEHIBA from these optimisations will be tested for thdorward extraction of
uranium and verified against commercially sourced DEHIBA and the available literature datehe
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 routé&o expand on the available literature data
variables like SA ratio, nitric acid oncentration, and ligand concentration will be investigated for

a moreefficient extraction of uranium(V1).
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1.8. Thesis Overview

The results chaptersof 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 beginfinally the purification of DEHIBA
was optimised in continuous flow. During the uranium extraction work the bulb for the UWis
spectrometer deteriorated and halted repeats and furtheoptimisation work that was planned A
new bulb could not be sourced as the supplier would not ship to the UK, instead a different-W\é
spectrometer was purchasegdhowever 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 thecontinuous 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 whersteady
state had been achieved. This was done using random experimental conditions and analysing via
online HPLC and offline GEID where applicable. Experiments were repeated in randomised
orders and a range of wait timefeactor volumes to determine when steady statehad 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 randomexperimental conditions to ensure reliability, all of
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which were highly repeatable to the significant figures quoted, plu$iPLC and GE&ID analysis

were found to bein agreementwith one another.
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Chapter 2: A Sel-Optimised Approach to Synthesising DEHIBA for
Advanced Nuclear Reprocessing, Exploiting the Power of Machine -

Learning

Thomas Shaw, Adam CClayton, Ricardo Labes, Thomas M. Dixon, Sarah Boyall, Oliver J. 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 cestfective pathway to
synthesise the ligand DEHIBA (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 nuclearfuel. The high cost of DEHIBA therefore restricts access to
essential largescaletesting 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 a#fitcy, yield
and productivity target functions by exploiting the power of machinelearning algorithms for rapid
process development. Ultimately, we have identified an efficient and cesffective solventfree
route to DEHIBA from isobutyric anhydride and @2-ethylhexylamine for <€£100 (current prices)
per litre of DEHIBA 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 ¢ with conditions also capable of
productivities around 75 kg L1 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 né€x80 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,
Oi 1T OA AEAEAAEAODI @ OOD &ribkdsaie AuestitnAhoviE dustainable is nuclear
fission as a whole? The clean energy benefits and low carbon emissions associated with energy
production from nuclear power is indisputable?. 6 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 timeframe. Currently, two overarchirg routes exist for the management of used
nuclear fuel: direct disposal in geological facilities, and nuclear reprocessing/recycleFor 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 criticB13 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 epdction of uranium and
plutonium.14-17 This selective extraction is achieved through a series of liquiliquid extractions

and is governed by the ligand trn-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?l. 22 To enhance the capability of nuclear
reprocessing, researchers have developed and tested a host of different ligands over a series of
decades?3-26 Dialkylamide and diamide ligands are two successful groups of ligands for the
removal of longlived radionuclides such as the actinides with the dialkylamide, DEHIBA
(N,N-di-(2-ethylhexyl)isobutyramide) proving to be an ideal replacement for TBFL 2729 DEHIBA
offers improved selectively for uranium and does notextract plutonium,30-32 thus enhanes
proliferation resistance for processes that employ DEHIBA likehe GANEX (Grouped Actinide
Extraction) process33. 34 Notably, the GANEX second cycle flowsheets employ more complex
ligands like the diamides to facilitate transuranic extraction downstrean$>-3” Recent publications
from Hall et al. highlight the continued interest and relevance of DEHIBA for the selective
extraction of uranium, their research focussing on process intensification of uranium extraction,

ensuring performance under various conditionss. 39

The specialist nature of DEHIBA makes it flmgh-costresearch 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 largescale performance testing that is necessary to further
the technology readiness level. A less costly approach is to synthesise ligands like DEHiBAduse
using procedures outlined in the available literaturet® with Thiollet and Musikas being frequently
referenced4! 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 wat, thus being
unfavourable for scaleup. 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 byproducts will reduce downstream

purification costs.

..............................

s EDC.HCI )ﬁ("‘/\(\/\ ____________
(o) o :DMAP o A+ o (O

......................

Figure 26: Four synthetic pathways to DEHIBA, (d) are the different routes that have been
investigated in this work, where routes (ee) 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
platforms capable of rapid process development and optimisatiof?-48 The emergence and success
of these technologies has been largely then and adopted by academia with the chemical industry
to save valuable time and money needed for chemical developmeft!l Selfoptimising flow
reactors that utilise machinelearning algorithms in conjunction with online/inline analysis and a
feedback loop are one of these technologies that has gained considerable interest of féte&2 These
advanced chemical reactors, automatically adjust operating conditions depending on the reaction

outcome in order to optimise reaction performance?-58 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 timelines.33. 59. 60 Furthermore, a continuous flow
process facilitates continuous manufacture with enhanced process control, offering high product

throughput with the beneficial ease of reatime process monitoring4?

Reagents

s
Product

Reactor Inline/Online
Analysis

Pumpsn

Figure 27: An illustration of a selfoptimising flow reactor platform for the automated process
optimisation of chemical reactions.

In this work we have employed seHoptimising 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 edinuous 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 chemistiyThis
facilitated process intensfication 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 fesisyb
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 largecale
continuous manufacture. The productivity of each procesds of importance and has been optimised
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in this work, here Pareto fronts have been identified to understand any tradeffs between process
metrics for each route®2 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 ttiecision
making process for scale up. A combination of singland multi-objective optimisation algorithms
have been exploited to ptimise product yield, reaction mass efficiency (RME), spadene 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 scalgp of DEHIBA in the future. This
work further validates the power of selfoptimising flow platforms by identifying a scalable, high
performance route to DEHIBA, a specialist ligand for advanceuliclear 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. 4limethylaminopyridine (DMAP;
99%), acetonitrile (MeCN; HPLC gradelN,N-dimethylformamide (DMF; Extra Pure), hexane (97%)
and chloroform (99+%) were purchased from Fisher ScientificLtd. 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 UkKd.
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Reagent costs were acquired as of March 2022 and can be found able 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-B¥®z3 tee-pieces.
Reactors of desired volumes were made from either PFA, PTFE or 316 stainless s{8&)tubing
ipTpoleepd®w 1 )$ A O 0&! Al A 0)4sepdiedbly Polyflodl o ¢ 6
Technology Ltd andCole Parmerthese were fitted to a cylindrical aluminium block and heated via
a Eurotherm 3200 temperature controller. Sampling was achieved using a VICI Valco EUOAW
sample loop (4port) with0.5-n8me t, ET EAAOETT OI1 O0i As 2AAAQEI
badk pressures using Upchurch Scientific back pressure regulators (100/250 psi), whilst route (e)
employed the TescomM 26-1762-22 control pressure regulator to achieve a pressure of 210 bar.
Quantitative analysis was performed on an Agilent 1260 Infinity 1l series HPLC instrument fitted
with an Agilent Poroshell 120Ee&t p ¢y OAOAOOA PEAOGA AT 1 OI 1T juv Al 1
particle size). TheHPLC method can be found i@hapter 6, Section 1 (HPLC and &ID Methods)
experimental section. The automated platform was controlled using a custom written MATLAB

program, the optimisation algorithms were also written and implementedn 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 forthree 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
AT A OOAA O1 ET & Oi OEA 1 POEI EOAdnk jgeheraik th€riexdseO E |

of reaction conditions.

\J | Flow Setups '
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iBA Pump :7(?2 (7b7)7(7)787‘ g 7); -“
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Et;N Pump
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Figure 28: (Top) This illustrates the flow reactor setups for the seHoptimisation 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 codedagents refer to the setups
for each specific route as defined ifrigure 26: Four synthetic pathways to DEHIBA, () are the
different routes that have been investigated in this work, where routes (e) represent one
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synthetic pathway but with different solvent systemsand the dashed boxes atop the setups.
(Bottom) The solventfree 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 (af) 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 tte-offs between key
process metrics are optinal for scale-up. This section provides an overview of how each route has
been optimised, whilst the parameter bounds for each optimisation are detailed i€hapter 6.1
The solvated routes (ad) were optimised at 0.01 mol dm3 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 (al). In
Figure 29, the minimum residence time was limited to 0.5 minutes for ease of STY comparison
between routes (ad). 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 coskffective 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 amourof 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 optmisation. 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 optimisatiorf? following
this Bayesian optimisation was employed to maximise yield for (@) to ensure setup and
parameter space feasibility!8. 53. 63 The core optimisation for each route was facilitated by the
Thompson Sampling Efficient Multiobjective Optimisation (TSEMO) algorithm to maximise STY

and RME or reagent cost>:64-68

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 formafigfure

30 can be found inChapter 6.1with additional process data such a3 able 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),20. 41,6971 gs 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 fotprint,
reactivity and toxicity of iBCl when considering scalaip 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 improvdteat transfer properties,

enabling greater regulation of exothermic, runaway reactions.



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 commonlaboratory 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 largescale manufacture due to the mvironmental

drawbacks of chloroform72. 73

Multiple flow setups were investigated for the optimisation of route (a) Figure S, however
the setup detailed inFigure 28 proved most suitable, with many conditions reaching the maximum
theoretical STY (374 g 2 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 traef
between RME and STYgure 29), whereby the data formed a right angle along a STY of 3744 L
h-1and an RME of 65%Table 2). No tradeoff was observed beyond 300 g-£h-1, however a gain
in RME to 68% was observed around 28300 g L1 h-1, this equated to a reduction in reagent cost
from £37 mol! to £35 mol! but at the loss of 7090 g L1 h-l. 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 inceased exposure of iBCl to elevated temperature. Ultimately this

benefitted reaction performance due to minimal tradeoff between these key pocess 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 throughts up to 944 g L1 h-1

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

66% even at900+ g L1 h-1, potentially due to the reduced exposure of iBCl to elevated temperature.
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Figure 29: Spacetime yield and reagent cost vs reaction mass efficiency data demonstrating
Pareto fronts for the solvated routes (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 upTable 2.

The most costeffective condition, £35 moi! equated to the optimum RME of 67.8%, and a STY of
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285 g L1 h'1, whilst the best STY and RME at 374 glh-l and 64.8% respectively required just
35 °C, and a slight excess of iBCl and triethylamin€he lowest cost per mole of DEHIBA for this
route was identified to be £35 mof. 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 theshort reaction time despite temperatures well in excess of 35 °C.

Table 2: Four optimum conditions identified via the Pareto fronts inFigure 29 of route (a),
whilst the last two were found to be optimal for 0.2 minute residence time conditionsChe 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) demonstratesfast 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
DEHBA. 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 acces® 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’4 This popularity is prevalent even for the largescale manufacture of
pharmaceuticals as highlighted by Dunetzt al’> where popular coupling reagents like thionyl
AEI1 T OE Aakbonyldinidadble (CDI) and Zethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) are discussed and comparethe 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
OEEO AAOA8 &OOOEAO O1 OEAOA AAT AEZEOOh O0AEUAO0B(
continuous flow,’¢ identifies EDC.HCI as one of the few coupling reagentstable 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 cosfffective

raw material than iBCI.

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 alonédditive screening in
batch led to the addition of 4dimethylaminopyridine (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

OAT ¢cA Oi oI 60A j Aqh AO 1 ¢ ANOEOAI AT OO 1T &£ AT OE %
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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.HCI, yielded almost complete conversion to
DEHIBA, although a 6 hour reaction time was required. The setup also denstrated 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 °Taple 3). We
hypothesise that the elevated temperature required by this setup encourages the formation of
N-acylurea, an unwanted, unreactive byroduct formed by the rearrangement ofO-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 inFigure 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 {383%, 59% of the theoretical
maximum) were achieved when using approximately 2 equivalents of EDC.HCI and iBA, this led to
uncompetitive reagent costs as low as £77 mél These poor RME and reagent cost metrics result

in an uneconomic manufacture route with his 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 dfna 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 iBAO{acylisourea) as
concentration reduces, whereas the rate of rearrangement from th@-acylisourea toN-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-pyoduct 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 diisopropyl ethylamine (DIPEA) resulted in a dramatic improvement in solubility of
EDC.HCI, unfortunately this led to a 680% reduction in reaction yield in addition to further setup
challenges. Consequently, attempts to increase the reaction concentration were abandorzet
work progressed to routes (ef) 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 imTable 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 reed for EDC.HCI.

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

Anhydride z 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, costeffective reagent, with reduced hazards relative to iBCI whilst also being ideal for
continuous flow due to the enhanced heat transfer that falitates 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 reactiorto 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
i Ffcqh xEOE 1TAAOI U EAI £ 1 £ O®AThe lpegt coAditibna BraRME 1
and reagent cost exhibited a distinct preference for 10030 °C, low iBAnhydride equivalents
(1.0-1.8), and longer residence times (up to seven minutes). Shorter residence times were typically
poorer yielding unless combinedwith 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 cake tost for
improving the STY dramatically reduces the RME, for example a maximum RME of 70.4% at a STY
of 24 g -1 h1, reduced dramatically to 45.6% for a minor increase in STY to 51 ¢ b-lor an RME
of 26.5% to achieve a STY of 326 g'lhl. 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 coseffective manufacture route to DEHIBA with reagent costs
as low as £26 mol. Still, a reasonable STY is necessary for continuous largEale 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 ifable 4 covering a range of performance
metrics for a more holistic understanding of this route. The tradeff between RME and STY is
further emphasised by this data, whilst the high temperature and equivalent dependence for

improved STY is best highlighted by tis data.

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

Residence Equivalents. Temperature YiEIq of Reaction Spac_e-Time COSF of
Time (min) iBAnhydride (°c) DEHIBA Mass Yield ~ DEHiBA
(%) Efficiency (%) (gL' h™) (£mol”)

0.5 5.00 150.0 83.2 26.3 326 51.2

7.0 1.00 127.5 86.1 70.4 241 26.0

0.8 5.00 128.5 91.4 28.9 224 46.6

09 4.50 143.5 91.8 35S 200 43.7

7.0 1.50 127.5 96.0 65.5 26.9 255

6.5 1.80 127.0 97.5 60.6 294 27.1
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the parameter space for each optimisation, finally a reduced dataset has been presented for
clarity. Whilst Figures S24 in Chapter 6.1illustrate reagent cost, spacdime 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/%80 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 esults not only results in a shift in the conditions required to achieve the
optimum RME but also a difference in the optimum RMEigure 30 illustrates this change through
the difference in optimal conditions for RMEwhereby the reaction in hexane (route (d)) favours a
lower temperature of 70 °C to achieve the optimum RME&f 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 lesthan 48 hours, emphasising the power

of selfoptimising 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).



Table 5 defines six of the best performing conditions for route (d) for contrast withTable 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 inFigure 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 (al), this section will briefly compare these routes.
Route (a) demonstrated near perfect performance with little to no tradeoff between RME and STY
resulting in unmatched performance when considering all process ntiecs 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 iBCI
as it is around 3 times the prce of iBAnhydride, limiting the reagent cost to £35 mdli whilst route
(c) was capable of £26 mol. Further to this the hazards of iBCl outweighed those of iBAnhydride,
these factors are of great importance when moving towards largecale manufacture as they add
cost and risk. Unfortunately however, the large tradeff between RME and STY for route (c)
largely hinders its performance making it unfavourable to scaleip at this stage despite the low
reagent cost involved with the synthesis. In an attempt tanprove this the setup of route (c) was
further optimised, the results of which led to route (e), a solvenfree synthesis that utilises the
same synthetic pathway as routes (c) and (d) but with massive gains in concentration and hence
reaction kinetics. Poute (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.HCI would afford
an alternative, competitive manufacture route to DEHIBA. Unfortunately, the performance of this
route was far from competitive due to limitations of this chemisty 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 eaction 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 solvenifree synthesis with close to perfect PMI, albeit
disregarding purification. The flow setup was tailored towards the opmisation 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 riskin 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 producimeasured to be 32 °@nd 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 vyielded excelleh 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 h-1, with RMEs of 72.%
and 72.6% respectively, plus reagent costs at £25 mb(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 concerdtion increase.

Table 6: Five optimum conditions for (e) identified via the Pareto fronts inFigures 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 theoregicmaxima. A 2.7 minute
residence time was however required for this, resulting in a STY of 14.7 kg'lhl, 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 dferent 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 traet#f was more pronounced at
lower STY as demonstrated b¥igure 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: Spacetime yield vs reaction mass efficiency data with Pareto fronts for routes (¢) ,
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 raites 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 reamon 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 99.2%d 97.2% for
the optimum RME of 77.5% and STY of 74.7 kgt b1 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 kgtlh-1 however the PMIs are most noteworthy for
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these runs at 1.29 and 1.36 g-grespectively due to the slight excess of iBAnhydride and

elimination of solvent facilitating the lessened environmental impact of this process.

Reagent Cost (Mmol2)

DEHiIBA Yield (%)

120 -
x XX ® %;
o &P
° o.o..‘ o
o %o
®e ..o
90 b ))(( [ J
°
X °
><>2 'Y
X XX
X
60 -
30 -
0 r r r r r r r )
0 20 40 60 8C
Reaction Mass Hficiency (%)
o Y. T
P .ff o . A A
®Teo g 0 ad iais0 gok
[ 4 B . A I:h‘l:l
°¢ s . 7Y 4o * gt
® 9 g = o qﬁ
80 - eo® ° o o
o N A o
o %o ° ;\%X
o' %XX * ’
° x o
° ; 0%%)( X
60 - ° ® X x
Y KX
0 0% XX X T
40 ... ° ) X
X X
. Z
20 - oy X
><><)>\<><><
X
0 b S T T T \
0 20 40 60 80

Reaction Mass Eficiency (%)
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for routes (a)

,(b) ,(e)l,and (f) x.
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2.4.7 Route (f). Solvent -free Direct Thermal Amidation

Route (f) is an alternative solventfree route with the potential to achieve a RME of 94.4% and
costs as low as £18.80 mdl due to the low cost of iBA, with water as the byroduct of this
coupling. Therefore, this direct thermal amidation was screened and optimised in the search for
another competitive route to DEHIBA, especially as the solveiitee 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 byroduct being water. Unfortunately a large energy barrier
must be overcome to achieve this, such as temperatures in excess of 18D. Often, such
temperatures are too extreme and cause chemical degradation, thus limiting the applicability of
this methodology, therefore this route is not commonpractice for the creation of amide bonds#

In this work the stainless steel reactor tubingwvas 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 reactoemperatures 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 analyis and were confirmed to be the thermal degradation
products of DEHIBA:N-(2-ethylhexyl)isobutyramide and 3-methylheptane (Figure 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-%) proved necessary
as the reaction demonstrated poor conversion at low iBA equivalents. Yield$ up to 77.8% were
achieved, with the highest yielding conditions proving to be the most cost effective at £27.20 ol
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 ihroute.

Overall, route (f) performed poorly at the shortest residence times, with the best STY conditions
requiring high equivalents of iIBA and leading to poor vyields, RMEs and reagent costs.
Consequently, a large tradeff between STY and the other process metsds 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 34850 °C, roughly 5 equivalents of iBA,
and a range of residence times betwan 513 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 Paretefronts. In conclusion, route (f) offers a reagent cost competitive
route to DEHIBA, however the additional capital for equipment, éating 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 irFigures 31 & 32.

Yield of Reaction Space-Time Costof

';fr:‘:‘r’r:ﬁ;’ equi:zf; . Tem’;’f::’)at“’e DEHBA  mass Yield  DEHIBA
(%) efficiency (%) (g L'h™") (£/mol)
17 50 366 523 238 7320 205
48 46 369 69.8 335 3731 30.0
6.3 45 353 71.0 34.7 2921 29.4
55 42 348 737 37.4 3619 28.1
13.2 50 338 743 33.8 1378 285
10.6 50 339 756 34.4 1734 28.0
54 50 346 777 35.4 3495 27.2

2.5 Conclusions

This research has utilised an advanced, fapticed 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 optimisatiowork, routes (ad),
employed solvent to control these reactions and their concentration for fair crossomparison.
Pareto fronts for key process metrics were analysed and provided insight into the performance of
each route by highlighting optimum and sckable reaction conditions. Routes (a) and (c) were most
promising in the search for a coseffective, scalable route to DEHIBA, whereas route (b)
underperformed in continuous flow, and the solvent choice for route (d) resulted in performance

loss comparedto (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 mamature 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 mal(not bulk costs), with product
throughputs up to 75.8 kg ! h-1. Mostadvantageously, the tradeoff 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 solventfree process in route (e) has largely

aided develop a cleaner more economical wetbunded and scalable manufacture route.

Route (f) was designed and optimised as another solveifitee 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. Theahdegradation 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 rhohowever 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 largescale testing and advance the technology readiness level of advanced
nuclear reprocessing technologies like GANEX. This methodologyrdaly reduces process
optimisation timelines and overall costs, whilst providing holistic understandings of each process
in the lead up to largescale manufacture. The application of this approach to other promising
ligands for nuclear reprocessing will ail 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 inChapter 6.2for further use by researchers, whereby alternative conditions

may be preferred for their own synthesis of DEHIBA.



2.6 Future Work

As this work focusses onmproving economic and environmental metrics forthe 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 3and provides a complete manufactureroute for

DEHIBA.

Although this work highlights the capability of selfoptimising flow platforms for chemical
synthesis, DEHIBA is a simpler ligand with only one synthetic step required. Further work is
needed to simplifytelescoped, multistep synthesis in continuous flow as this can be challenging
to optimise in continuous flow, enablingligands like TODGAo be more effectively optimised. It
should be noted that thisis not necessary for the synthesis of more complex ligands like TODGA
as each step could be optimised indidually 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 machindearning 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 oN,N-di-(2-ethylhexyl)isobutyramide (DEHIBA), a
specialized ligand in demand for advanced nuclear reprocessing. Bayesigtimisation drove the
purifications via feedback from HPLGand GCFID 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 agueous only extractions, adding
complexity to the purification. Three purification routes were optimized in continuous flow and
compared for their efficacy after a single extraction stag@®ptimisation of both product purity and
recovery process metrics was crucial to identify optimum Pareto conditins. 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 thatan 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 spotlight3 Purification
screening andoptimisation can be time consuming andabour intensive but can be overcome via

the adoption of automation and machindearning (Industry 4.0) for batch or flow processes:4

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 proceses boosts productivity whilst improving product quality
and consistency, with the telescoping of multiple steps into a single platform enabling robust
on-demand product manufactures Despite recent advancements focusing on muitep synthetic
optimisation ® optimized continuous purification has garnered lesser attentiort9 Traditionally
purification methods consume large volumes of solvents and aqueous phases to remove
impurities, leading to poor process sustainability and economics. The application of machine-
learning algorithms to chemical purifications offers the possibility to improve multiple process
metrics whilst yielding pure material.12.13 Seltoptimizing 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 laiscale
purification equipment,14 such as membrane separators and coalescing filtration, 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 piloplant
operations, reducing the cost and complexity. Advantageously liquiliquid extractions in flow can
be automated, requiring little human ntervention, reduced equipment downtime, and no solid
waste disposal costs. By adapting setfptimizing flow reactor platforms to incorporate continuous
separation/purification equipment, the automated optimisation of purification routes and
conditions is increasingly feasible. AD Clayton et &.has demonstrated the seHoptimisation 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 metrsc

Optimized and telescoped continuous synthesis and purification promises enhanced efficiency,
improved safety, reduced environmental impact, and greater scalabilit}® 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 reprocessittf? Therefore, as
previous work has optimized the synthesis of DEHIBA in continuous flo#, this work aims to
achieve a fully optimized and integrated process by optimizing the purification of crude DEHIBA.
Thus, the optimized, oademand manufacture of other ligands and chemicals can follow. The
objective for theseoptimisations is to produce DEHiBAvith >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 syntheticoptimisation of DEHiBA?) for product purity and
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recovery whilst minimizing aqueous waste, this work overcomes the challenge of muisiep
processoptimisation 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 DEHIBA on demand, granting improved
accessibility to large volumes of industrially relevant extractants with less economic burdeikey
advantages of this work is the ability to telesgpe the synthesis into the purificationleading 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 K,N-di-(2-ethylhexyl)amine) or N,N-dioctylamine, typical
degradation  products of popular amide ligands like DEHIBA or TODGA

(. h . h-tetfabctyldiglycolamide).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 purchddrom Merck

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

Two crude DEHIBA materialsfrom chapter 2 (Figure S31)were purified in this work, batch

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



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

Compositions and synthetic conditions can be found i@hapter 6.2 Figure S31.

3.3.2 Optimisation Platform and Procedure

The flow platforms are detailed individually inChapter 6.2and were setup as pefFigure 33 for
all optimisations, only the aqueous reservoir was changed betweeaptimisations 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 employéchosen to minimise waste
volumes whilst being large enough that phase separation can be maintainett) automate the
phase separation via conductivity measurements and a needle valve connected to a servo motor
(Figure S24 and J. Daglishet al16). The platform was controlled via a custom written MATLAB
script, where the optimisation algorithms were also written and implemented. Automated mult
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 stat&igure 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, agasampling to the
HPLC!8 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-G(D
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 selfoptimizing flow purification platform employed in this work to automate the
optimisation of purification conditions.

The concentration of DEHIBA in the agueous 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 stardland was not found
in the organic phase post extraction. As the starting materials and froducts are not U\active
their concentrations were quantified by GE&-ID analysis, therefore organic samples were collected

at steady state and diluted for G&ID analysis using naphthalene as the external standard.

BayesianOptimisation with Adaptive Expected Improvement (BOAERE was integrated for the
closedloop selfoptimisation of chemical purification routes, identifying global optima in minimal
experiments and thus minimal waste, time, and cost. This optisation approach minimized
periods of inactivity due to the time cost of GE&ID 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 expensiveto-evaluate optimisation with minimal experiments. The weighted objective
combines and normalizes purity and product loss metric§avouring purities >95% and minimal
product loss. The algorithm employs a Bayesianptimisation 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 wasealized 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 Bayesianoptimisation algorithms to optimize both product purity and
recovery alongside minimizing the volume of aqueous waste. Ultimately, a product purity >99.9%
is required 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 processoptimisation. Batchpurification 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 liquidliquid 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 tre desired purity in a single stage with a large volume ratio of agueous to organic phase
or other wasteful methods, the goal isd minimize waste, risk and thereby cost so limits for volume

ratios were set for theoptimisations (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 rsd 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 thaptimisation and

minimize costs, but the incorporation of multiple staes 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 Sour synthesis run using high throughput condions identified in
previous work, to yield 72 kg L1 h-1 DEHIBA from iBAnhydride and DIEHA?2 The composition of
the crude material before and after base extraction is quantified via G&D analysis Tables 8 &
S14), where purity is calculated using molesThe starting material has a 44% product purity with

~1% DIiEHA 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 DIEHA wrt iBA wrt

(%) DEHIBA 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 aparation 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 saain bicarbonate was selected as a cheap, relatively
benign reagent, for comparison with 1 M NaOH, a more powerful, batso more hazardousand

corrosive basewith 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 NaHC®@ Overall, the combination of NaHCO
and hexane was most promising, offering a benign, cestfective route, with the addition of hexane
improving phase separation reducing operational complexity. Alternative bases like methylamine,

pyridine, and ammonium hydroxide weae also screened but afforded no benefitTlable 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 saurated 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 UVis absorption
of uranium(VI1),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 dut the insolubility of the fatty
chains in the polar aqueous phase. Nitric acid performed best with 707% purities, whilst sulfuric
acid and ammonium chloride produced purities between 641%, both benefitting from the
inclusion of hexane, nitric acid pufications were seemingly unaffected by the presence of hexane

here. Notably, no significant benefit was gained by increasing tlvelume 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 nitic 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 &ble 9). This work highlights the
importance of the DEHIBA to MeCN ratio for extracting DIEHA where increased MeCN improves
extraction, butincreased nitric acid hinders DIEHA extraction. Additionally, the absence of hexane
reduced the overall purity and extraction of DIEHAGreater than99.9% 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 needdr 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% .
Volume Ratio and Composition P'(”'O;'ty DIEHA wrt mol% ”.SA

0) 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
1:2:21  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 51
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 berfgted 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 nownore 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 singlestep 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 mininzing 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 comparisorFigure 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 beingmost 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
expensiveto-evaluate optimisation. BOAEI and the weighted objectivevere solely used for the

water and sodium bicarbonateoptimisations due to the improved efficacy.
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3.4.3.1 Nitric Acid and Acetonitrile Purifications

Nitric acid concentration was reduced from 20 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 thisptimisation 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 eganic, acetonitrile ratios
(dark blue markers). To contrast, minimal DEHIBA losfavoured opposite trends, favauring 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 thagtimisation 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 infable 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 gt 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-82% DEHIBA and
>2 times the aqueous waste without adeving 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:HNOs Purity DEHIBA AqueOL_Js.
Flow Rate Flow Rate y Loss Organic
Flow Rate - . 1. | Flow Ratio (%) .
(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 23 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 14.5
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 M nitric acid to understand and optimize the
influence of nitric acid concentration. Purity and DEHIBA loss comparisoRigure 35 & S33shows
little difference between 0.2 M and 10 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 flowdr these

conditions.
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Figure 35: Comparing purity and product loss metrics for the purifications with 0.2 M and DM
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 989% product purity, although product losses
>9% are met above 96% purity and increase with higher purity as illustrated irFigure 35. By
operating at 94-95% purity, product losses can be limited to 22%. 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 theoreticahinimum number of extraction

stages to achiever99.9% 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 purificaion 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 adjustedngal-time with this technology

to account for any process upset.

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

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 disposalsts. The
water, acetonitrile waste stream offers simplified recovery and recycle of starting materials,
by-products and solvents, lending to a gre®er, cleaner process, avoiding concerns with nitriacid,

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 mdel (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 tradeoff data for this purification route is overlaid with the data
from the 0.2 M nitric acid purifications for comparisonFigure 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 25% purity
minimizes product losses to ~3% after a sigle 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 conditionsIiable 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% DEHIBAAgain, the higher purity conditions here lose a
greater percentage of DEHIBA, especially over 96% purity. Lower volumes of agueous 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 996% purity due to the trade-off with product
loss causing product loss to increase significantly over 986% 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 tradeoff performance between purity and product
loss to the nitric acid purifications. To its benefit water is a mordavourable 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 agueous waste stream from the water purifications makes recycle of this
phase simpler and likely more cost effective than disposaf 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 heeded to identify the most optimum route.

3.4.3.3 Targeting iBA Removal: Sodium Bicarbonate and

Acetonitrile Purifications

Isobutyric 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 aamtitrile therefore hoped to yield
>99.9% purity removing both DIEHA and iBA in fewer stages with less agueous waste. Preliminary
work with saturated sodium bicarbonate and acetonitrile proved challenging due to precipitation
and blockages when combined. Tégconcentration 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 MATLABoptimisation code to avoid exceeding this, preventing blockages. Sodium
bicarbonate was chosen over bases like sodium hydroxide due tmeing less hazardous and

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

As fewer experiments were conducted during thioptimisation, due to limited crude material
and a refined objective for theBOAEI 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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agueous 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 tradeoff 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 foudimensions
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 & 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
agueous 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 agueous 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 theost of 10%

product loss and higher volumes of aqueous wast&d éble 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 (ac) 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-{ecompare 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, but is 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 acetonite 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 lossd 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 purityF{gure
S41) 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 teB% 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 lakscale purification equipment for continuous flow, in this
case a coalescing filter, has facilitated the development of a sefitimizing 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 andabour. The optimisation of
purification conditions is no less important than syntheticoptimisation, 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 agueous workp, 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 bicarboteawas 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 specializé¢ ligand for uranium

extraction.

3.6 Future Work

Next, the optimisation of a multistageor multi -step purification would be interesting to further
optimise the systemand achieve desired purities more easily. This systeiwas 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 theperformance of puified 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 DEHiBAso that
the suitability of DEHIBA produced via these routegan be confirmed Further work could work
on minimising the volume of the coalescing separator or CSTRs to reduce material consumption

further during process optimisation.



3.7 References

M

M N

~

wd ! @ {KSEtR2yS aSiNARO&a 2F INBSY OKSYAAUNER | YR
{dza Ay [/ KSYCODYBEZI HAMYyZ CI OH

td ad adz2NNl &3 Co woif tzfERNE[] Dd. SPKENE@ANI PR ¢ P
2F RSaA3dy 2F SELISNRAYSyGa 065290 NBIFOGAZY 2LIAY
VS aeyiKSGAO OKSYAAaUNRIchhoNHI ® A2Y2f / KSYZI HAM
ld 50 /flLeiz2yI WP | & alyazys /& Wd ¢Fef2NE ¢
. 2dzNYy ST ! f 32 NRLDKNMYEA FI2INA 2IRS2 BSORSYAOFE NBFOGA2
Mpawp pn e

ld ad® {OKgSAROYIYYyS ! ® 50 /fl&i2y> baod | 2fYSax
al OKAYS fSIFENYyAy3 YSSia O2y ai)dzyda@R ol iR QRKSY At
FNRYUG 2F YdZf GALX S 202S00GAGBSas (HSHYM OF f 9y IAY S
a® . ldzYlryys ¢ {d® az22Reéz ad {YeiK YR {® 2KIN
Ay GKS LIKIFNYIFOSdziAOFf AyRdza M3 molNH t NPOSaa w
a® azgdaraelysr 9 Ld td 5St06S1SE Wd . SNIz2ys / o
KFETFNR2dza OKSYA&AGUNER o6& O2ylAydz2dza cithag o0 SOKy 2
Wod . NRGG2Y yRIGSR) Oyl yd2dpri KB4 / KKY {20
MHT M®

¢ LOKAGAdZ I ad {23 { & aA dzMlizS L0 PO 24FFii2Ag/ 022 dzay
aeyuKSaArAa 2F QlLyAttAyS !/ccdédzpdl Ay [/ KSY 9y3x
ld 50 /fledz2ys wSOSyid 5S@St2LIy¥Syida Ay wSI Od2N
/| KSYAaiUNRPnmaSUiK2RA4Y HNHOYX 02X SHANHOANANNHM®

ld 50 /fled2ys ' d® ad {OKgSARUYIYYS>S D® /fSYSya
/| KEF YOSNIITAYZ bad YILHZNE ! ® WORLIAGRAENIIRERLIZE Y
NBIFOGA2Y YR &ASLI N} GA2Z2Y LINP@-Sta 3495ya3 AdyaShS/MNaR yva OKA

oynz mMHoonn®

16€



MMC® C® /I yigStt IyR ad [2AASNE AY [/ 2YLINBKSYaAgd
Hdqgo n n &

MHt ® W2NI @&8S@g> 5 wdzaaz>s Wod 5 ¢Ao6o0SGiazs !'od ad ({
a dzteorAe SOG A @S . I @ S&aA Wi 2ILD0 A &XyWGE Sidyedy BNMR Y GiNgRR S
GdzNLISYGAYSS / KSY 9y3 {OAZ HAHHI HNOTI MMc oy d

Mo{® ¢d YY2EI {d WP tIFINJAyaz2ys /& ,d td 2AfRAY
aeYUKS&AA RSHNISONBHIE2RIDVIBIERY A & GA2y T g2t &Y /|
Mpyp®

Mnad® wod [/ KILIYIYyZ ad | & ¢d Yglyr DO YAYy3IAI Yo 90
D2y T+ fS8ST bA32T [d ! & ¢K2YLA2Y YyR ad 9 .| &ly
Ydzf GALKI & APt DR yOR YR AANE | YR hiNAy 3 NRBESARS ywS3 (B
MHGvio nm®

Mp! @ TRIY2X td [d | SARSNE bo 2 SSNI&REIKNIAIR R Vv R
ASLI NI G2NJ gAGK AYyGSaANF SR LINB A adziws yOryydi N2t = L

MCWd 5F3JfAaKE ! & W . fFO1SNE Dd RS . 2SNX { & WO
YR b® YI LWz2NE ! [/ Z[ X IBdzOR y3S IOA NJIGBEN2 yF 2INY R A & diZA (RA
| 2y GATEHZ2 dza/ KSYA & GWRE HINNAS t NBHDBIHRHY S MDPT D

MT! ® 50 /fledz2ys [® ! ® t26SNE 20 wd wSeyz2f Raz /
| K YOSNE FAYZ | & Wo .1# IO BNA A WR MBI OdbA &S dAE BN
STTAOASY (i RSGEE2UUYEYVi( RyFdz2rdiA ZHE 2 K SN @k a M n

My! ® 5 /flFed2y 9 hod te&l SNInYYylILIIE ad t dNRASZ
/| KFYOSNIITAYS ! @ Wo . I O1hSING A YWARS2I-NFAC26yp S 3 @ AZNIF B >
| 2yGAydz2dza Cf2¢ {eyiuKSaAirazr !y3aSglyRGS / KSYASS

Mp{ @ . 2dZNEBR D & RFSAHEII PWWK2RSE YR . & [/ ® | yazy:
A0N)Y 0S3e wag5 F2NJ ydzOf SFNJ aLISYyd FdzStyYy GKS {1/
¢SOKYy 2t 23ASa3 HAHANZ cX opd

Hawd al fYoSO1X 5 al3dydzaazyzr {d .2dz2NHZ ad /| NNP
azR2t23z ! ® aNfftAOK IyR / ® {2NBf> |1 2Y23Sy2dza N

16¢



FLad NBFOG2NDFSt aef @8FioSEH NI OGAz2y LINRBOSaa:x
OH PP
HMa® aAIJdZANRAGOKALIYS [@® / KFENBENBZ /& {2NBfx L@

D! b9 LINRPOS&a T2NJ 6KS NBLINROS&aaAy3d 2F DSy L

I+

HHCD {KI g ' & 50 /fledz2ys wod [106854Y ¢d ad S5AEZ2Y
| Fyazy2LOAYSEBR | LIINR2FOK G2 aeyikKSaArAaiay3d 591 A
SELX 2A0AY 3 (KSE 2NN 25F WS ORI VoS Y 9y IS HAHNZ

Hoa® / FNNRGGEZ YP .Sttt Wd . NRgys ! & DSAadGs / & D
Dd az2R2f23 5S@OSt2LISYymS2FNFGYFA TKSBSgaKE Fa dNE i
G9! Mhb9-¢ LINRPOSaas {2t Syl CSEDOMEQmMZY | yR L2y

Hn{® ¢ OKAY2NRA YR ,® a2NAiFZ L2ycHS®OKIy3IS I yR

p! ® . 1SNE ! ® CSftfax ad Wd /FINNRGGZT / & WP al KS
SEGUNI OQlGiA2Yy dzAAYy3I OSYiUNRTFdALf O2yil Oli2NE Ay (K
opppd

Hc! @ DA OSRYWS = {d . 2dzNHZ /& 9706SNA: | & DIt ys
WK2RS& YR wod ¢FHeft2NE !y 20SNBASg 2F az2f gSyi
I RO YyOSR ydzOf S| N |FHaSE NPNFSSOD/R ST didy SN QAN VB Ky 2 £ =
My Gy y M

I

HT5® 2KAGGITSNE ! ® DSAaGX D® az2R2t{23 wod ¢l &f 2NE
RAIfteO2fl YARS o6l aSR a2t gSyid SEGNI OGAz2y LINROSa
¢h5D!' Y {2t @Syl 9EGNI QiAz2yYnpgo®R L2y 9EOKIy3ISIT H

Hy! @ . {SNE !'® CStfaz ¢d {KIFg> mzid 3wd MHBEXSREY IR

dzNJ yAdzyY SEGNI OlGA2y 2y FyydzZ I NJ OSYdNRTFdAlIt 02y

HPD® . & 1 ffZX 9 [® /I YLIBSEEE bd t o SaasSys ¢o
[ dzYSGiGl 2 9EGNY OGA2Y 2F bAGNAO ! OAR FYR ! N} yAd
/| KSYE HAH@Y HWMHPE C T MM

onD® . ® I IffZ bd td .S3aSys tdo wd %l fdzLJa{ AT 9@

[ dzYSG Gl 2 9EGNI OGA2y 2F bSLNidzyAdzys t f dziem A dzY =

17C



9l Ke fnkBHAEENI YARS 06591 A . !0 4 1 A3K aSialrt [ 21
9EOKI Yy3ISST emwod nMZI pnp

oM5d *2LA E11E YP ~0FYOSNHZI ! @ az2if I yE dzf dLIKSNITSA v
O2YLX SE&& a0 8 6a2 NLIi A2y aLISOGNI RSO2YLIaAiAZYy =
cyco

Chapter 4: Optimising Key Process Variables for the Extraction of

Uranium with DEHIBA

Thomas ShawAlastair Baker,Richard A. BourneBruce 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 furtheefined 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.
DEHIBA concentrations of 1.00 M and 1.50 M were investigated and compared for their
performance across a rang®f 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 foufold increase in throughput of uranium led to sorne
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 hotests.
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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 fuell-3 with uses in advanced
nuclear reprocessing such as the GANEX (Grouped ActiNide EXtractior?) dycle process
(Figure 38),4 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 trin-butyl phosphate (TBP}.° for decades to recover uranium and plutonium-0-17
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 troublesonsegradation

products of DEHIBA lends this ligand to being of great interest to the nuclear industiy.
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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 substaally

reduces the longterm radiotoxicity and volume of nuclear waste for disposal®-21 Industrial

172



implementation of this technology requires concertedefforts from scientific and engineering

research to regulatory and economic planning9.22-24

Until recently, literature investigating the extraction of uranium with DEHIBA has focussed
on using 1.00 M DEHIBA as per the GANEX! tycle process?5-27 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. Hait al$
has investigated uranium(VI) extractions with 1.50 M DEHIBA to enhance uranium loading,
improving process efficiency whilst maintaining minimal extradion 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
DEHIBA are behind that of the PUREX process and must address performance and safety
criteria for DEHIBA to be implemented for nuclear reprocessing on an industridevel.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 tissis a limiting
factor,2® with access to ligands limited to those that can afford to purchase these higiost
research materials. Such costs negatively impact advanced nuclear reprocessing flowsheets
as the economics are even less favourable than the PUREX process due to the apsed
nature and novelty30 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 themperative of minimising environmental

impact whilst enhancing global security.
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Figure 39: Extraction performance of 1.00 M DEHIBA in a GANEX fisycle hot test as reported
by G. Modolo, A. Geist and M. Miguirditchigf.

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 publish&c3
of these, the irradiated tests show promise, yielding >99.9% uranium recovery and good
separation factors when using 1.00 M DEHiBAFigure 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) : agueous 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(/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-house via two routes from
iBAnhydride (isobutyric anhydride) and the thermal amidation of iBA; (e) and (f) respectively,
as described in previous work2® 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 PNNLS 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 (UQ(NGs)2.6H0, 98102%) 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-dodecane and
sodium hydroxide pellets were sourced from Sigma AldrichAll commercially sourcedmaterials
were used without purification. DEHIBA from routes (e) and (f) were sourced from previous

synthetic work.29

4.3.2 DEHIBA Materials & Purities

DEHIBA was manufactured for this work via two synthetic routes detailed by T. Shast al2°

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

The two crude materials, denoted as e56 and 23 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 & $43 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 chromatograpigme
ionization detection (GCFID) analysis to be56-58% DEHIBA for crude e56 and 224% 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 G&ID, resulting in nonlinear

calibration curves. The following purities have been determined by weight via GEID:

Table 13: Quantified composition of the five DEHIBA materials studied.
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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&8% by weight and is henceforth
referred to as €56. The crude €56 product was purified in batch viagliid-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 Kigure S44) by mass (residual biphenyl), this purified

material is referred to as €99.

The purified material (€99) was a colourless oil, with a density measured to be 0.85 g rhiMass
spectroscopy of €99 confirmed a molecular weight of 311.77 g mb(Figure S22). 1H and13C NMR

(Figures S20 & S21) confirmed the purity of e99 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 224% DEHIBA by weight and is
henceforth referred to as crude f23. Degradation products like-Bnethylheptane and the secodary
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 Bk 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.



4.3.5 Uranium(VI) Extractions, Analysis and Calibrations

Stock aqueous uranyl nitrate solutions were made to the desired concentration (typically OM)
using uranyl nitrate hexahydrate, and the respective nitric acid stock solution (2:6.0 M) in a

volumetric flask.

Extractions were performed by contacting thedesired 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 preacidification of the organic phase. The phases were then
separated via centrifugation at 2500 rpm for 2 minutes and the organic phase was thenntacted
with the desired volume of uranyl nitrate solution, each extraction was mixed for an hour at a
recorded room temperature before centrifugaton. The separated phases were then analysed

separately by UWVis spectroscopy?

The spectrometer (FLAMESUV-VIS, 20@850 nm) with thermoregulator (USB-TC) was
connected to ahigh-power MINI deuterium tungsten halogensource with shutter (2002850 nm)
via a cuvette holder (1 cm patHength) with solarization-resistant fibres (2 m, P40G2-SR). The
system wasequilibrated for 60 minutes, areference sample either nitric acid or n-dodecanewas
then used to collect the backgroundor the aqueous and organic phases respectivelysing an
OET OA ¢ O Addds inillisecoriel$, With 64 OOA AT O  Othe fidalspedtiirg A 6

Uranyl nitrate has a distinct signal between 356600 nm, typically a multiplet of nodes3* 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 (3300 nm) can overlap with the

uranium(V1) signal, therefore, measurements were taken above 400 nm whepossible.

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 fdfigures S47 & S48 respectively.

This was repeated for 2.66.0 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 €99 DEHIBA im-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-Wi¢ and
guantified to contain 0.011 M uranum(VI), therefore the organic phase contains 0.089 M
uranium(VI1). Subsequently the organic phase was diluted in series with the 1.50 M €99 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 measurementd={gure S52), with the maximum absorbance

at 430 nm.

4.3.6  Working with Open Sources of lonising 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 effectsch 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

OEA %l OEOT 11 AT OAl O0AOiI EOOET ¢ '20RACEQTAMA EAl 147 AcErl pEnhO
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:
E Careful dispensing and handling of materials to minimize the risk of contamination.
F Immediate disposal of contaminated material: tips, syringes, etc.
E Containment of any samples created in a secondary container.
E Storage or disposal of any stocks and samples not in use as soon as practicable.
F Radiation monitors are used to identify contaminated areas or equipment.

Equipment like pumps that comes in to contact with alpha emitting materials risks being
contaminatedAT A AT 1 £ZET AA O OEA OEI 086 1 AA EZE EO AATI
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 onevariable 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 (€56, €99, 23, and f88) were investigated to determine the
effect of impurities on the extraction of uranium(VI). Commercially sotced 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 concentraion, 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, 35> 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 impurigs 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 screning compared 1.50 M DEHIBA solutions of €99, crude €56,
f88, and commercial DEHIBA (CD) at 15 °T¢ble 21), 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 D (Figure S53), but was found to be due to
interference from oxidised DIEHA absorbing between 41:@30 nm due to its yellow appearance,
increasing the organic absorbanceRigure 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 D of ~8 for all. Therefore, the UWis methodology was modified
for the crude e56 organic measurements, where the bagkound was taken using the crude
material before contact with uranium. Additionally, extractions with 1.% M crude e56 led to a 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 DEHiBe to
the interference of impurities, whereby DIEHA interferes with U\AVis analysis, and the solubility
of isobutyric acid (and potentially other materials) in both phases not only changes th8A ratio,
but also has the potential tochelate to uranium(VI) or other nuclides which could unknowingly
contaminate waste or product streamsAs these impurities are potential degradation products of

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

Although the purified (€99 & f88) and crude (e56) DEHIBA materials demonstrated similar
uranium(VI) extraction performance to one another (b ~8), this differed from the distribution
ratio of 6.2 published by G.B. Halkt al.f when using the same concentration of uranium(VI) and
nitric acid at the same SA ratio, notably the temperature of this extraction was not referencéedt
was later confirmed to be around 25 °(y the author. Comparable performance was achieved at
22 °C with 1.50 M €99, this time a [of 6.3 was measured. This exemplifies the exothermic nature
of this extraction as described by P. Pathait al3> emphasising the need to understand how these

extractions perform across a range of temperatures.

The concentration effect of DEHIBA was investigated for crude56 and f23)and purified (€99

and f88) DEHiBAmaterials (Figure 40), typically ranging between 0.75 M up to 1.50 M, these were
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contacted withan equal volume 00.10 M uranyl nitrate solutions in 4.0 M nitric acid to understand
how the concentrationand purity of DEHIBA affects the extraction of uranium(Viand whether
any benefits from increasing the concentration of DEHIBA plateaGude f23 was only investigated
at a concentration of 0.33 M due to its low purityrestricting access to high concentrationsyand
the formation of three liquid phases following contact with aqueous uranyl nitrate the colouration
of this material also increased the organicUV-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 iRigures S54-S62.
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Figure 40: The effect ofDEHIBA concentration on the distribution ratio of uranium(VI)
comparing €99, crude e56, f88, and crude f24 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 2 °C whilst all other experiments took place at 15 °C
Overall, uranium(VI) extraction reduces as DEHIBA concentration reduces, in a nbnear
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 andli-(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 ambiet¢mperature, 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 extractiot. Over-
guantification of uranium(VI) in the organic crude e56 phasewvas only observedwhen using
1.50M DEHiBAas a greater concentration of DIEHA is present, thereforine accumulation of
degradation productssuch as DiEHAwithout suitable purification could add complications with

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

The reduction in extraction performance at lower DEHIBA concentrations was expected due to
lesser moles of available ligand for chelation. However, the ndimear 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 DEHiBAT@ble S21). From this data alone it is unclear why the
ratio of DEHIBA to uranium is not constant with varying DEHIBA concentrationghis could be
influenced by the amount of free ligand from nitric acid adduct formation. However, it does mean
OEAO EECEAO $%(E"! AT1TAAT OOAOGET T O EAOGA 11 0OA OAC
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 agaireda the difference in
ambient temperature, making comparison difficult Table 21 and Figure S63). The 2.00 M

DEHIBA solution extracted a significantly greater amount of uranium(V1) than 1.50 M DEHIBA with
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a Duof 11.6 vs ~8. This did not follow the second order polynomial curve fronrigure 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 eziction of uranium(VI) at higher
DEHIBA concentrations. The extraction with neat DEHIBA resulted in reduced performance
compared to the 2.00 M DEHIBA with a [bof 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 UWis measurement suggests increased uranium(VI) extraction due to
greater absorbancg Figure S56). The reduced D was deduced to be a result of the aqueous WXis
measurement Figure S57), where an overall shift in wavelength is observed compared to the
other extractions, leading to a poorer mass balance and ovguantification of the uranium(VI)
concentration. It is unclear as to why the aqueous phase was affected, however the actuaiD
expected to be greater than the 2.00 M DEHIBA extraction based on the organic-U¥

measurement Figure S56).

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 thaypical 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 conditiongurther work is needed exploring a range
of temperatures for these ekractions 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 literaturé. The extraction performance of €99 DEHIBA
was further verified against literature data published by G.B. Hadit al. for the extraction of 0.10M
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. Hallet al focussed on wing 1.50 M DEHIBA, our results with 1.00 M DEHIBA are directly
compared using the same extraction conditionsKigure 41). Back extraction/stripping conditions

at lower nitric acid concentrations (0.01 M to 1.0 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! tycle 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 caontactors 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,
1.00M DEHIBA may be favoured for the management and separation of a greater number of
radionuclides, specifically technetiun® Overall, both 1.50 M and 1.00 M DEHIBA concentrations
demonstrate increased uranium(VI) extraction as nitricacid concentration increases, bothailing

off around 5.0 M nitric acid,but to a greater extent when using 1.00 M DEHIiBAThird order
polynomial equations were fittedgenerating 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 €99 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 withiel0% of 100% (Table S22). Interestingly,
the UMVis measurement of organic uranium(VI) when using >5.0 M nitric acid led to a shift in
wavelength (Figure s S64 & S65), likely due to a change in the electronics of the uranium complex.
Little difference is observable for the aqueous uranium(VI) UWis measurements besides
intensity (Figures S66 & S67), although thelow absorbance of uranium(VI) for the 5.0 M and

6.0 M nitric acid phases may subdue any noticeable differences.



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. Instad, 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 Eall
al. However, in the work presentedhere 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

scaleup operations and improve process efficiency.

SA ratios from 2:1 down to 1:2 are reported irFigure 42 using 1.00 M and 1.50 M DEHIBA,
across 2.06.0 M nitric acid concentrations. The majority of extractions here were conducted at
22 °C, however four of the extractions with 1.6 M DEHIBA using 3.0 M and 5.0 M nitric acid were
conducted at 15 °C, identifiable by the noffilled 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, ovefextracting 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 differencan temperatures for some of the data, the trendlines should only be

used as a visual guide.
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Similar trends are observed for both the 1.00 M and 1.50 M DEHIBA extractions, where D
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 tbhe 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. Theuls best at higher (2:1) SA ratios for
both DEHIBA concentrations, therefore for maximum extraction efficiency, uranium throughput
must be sacrificed and thus a trad®ff between these metrics must be defined. This tradeff tends

to increase with nitric acid concentration, being most notable with 6.0 M nitric acid as the
difference between Dy is greatestbetween 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 3.05.0 M nitric acid, and finally 6% with 6.0 M nitric acid.
Comparatively, when using 1.00 M DEHIBA the difference 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 @r6.0 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 fourfold increase in uranium throughput. Whereas extraction efficiency drops
from 80% down to ~70% for the same condiions when using 1.00 M DEHiBA gpresenting a 10%
loss, double that observedwith 1.50 M DEHIBA Ultimately, these losses ar@ot detrimental to
performance given the increased uranium throughput, although a greater number of sequential

extraction stagesis needed to attain99.9% extraction.36

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 4-6.0 M nitric acid and up to 16% when uisg
2.0-3.0 M nitric acid. Further visual comparison of uanium(VI) extraction performance when

using 1.50 M and 1.00 M DEHIBA is plotted Figure S69 allowing visual comparison across fow
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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’ables S23-26, 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 eftgve 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 unclearHigure 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(VI1) are observed for all nitric acid extractions within the SA ratios explored. Interestingly,
4.0 M and 5.0 M nitric acid conditions lookd 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 yaxis would be interesting in future work.

30 B 6.0 M Nitric ACid, 1.0 M e99 y=8.37x+11.90
5.0 M Nitric Acid, 1.0 M e99
4.0 M Nitric Acid, 1.0 M e99 y=9.37x+6.91
o 25 7 4 3.0 M Nitric Acid, 1.0 M €99 y=0.67x+4.54
b= 2.0 M Nitric Acid, 1.0 M €99
g y = 8.66x + 4.62
- 20 [ |
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Figure 43: The effect of SAatio and nitric acid concentration on the ratio of DEHIBA to
uranium(VI1) at 22 °C using 1.00 M99 DEHIBA to extract 0.10 M uranyl nitrate.
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4.5 Conclusions

This work verifies the performance of DEHIBA manufactured Hnouse 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 f88 respectively
possessed near identical performance to commercially sourced DEHIBA 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 extractionof 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. Hadt al§ when extracting an equal volume of 0.10/
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 purificatiomethods 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 ratipvere 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 optiral. As the proposed GANEXtktycle forward extraction

employs 1.00 M DEHIBA, this work investigated greater concentrations of DEHIBA (180 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 processalthough the density
of the organic phase must be monitored as higher DEHIBA concentrations can lead to

complications when loaded with large amounts of uranium(V1).

The effect of SA ratio was assessed between 2:1 and 1:2, investigating the traffebetween
extraction efficiency and uranium throughput. Lower SA ratios (1:2) only reduced extraction
efficiency marginally in comparison to the fourfold improvement in uranium throughput, from
~90% extraction efficiencydown 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 1
cycle forward extraction, with at least a 10% extraction efficiency increase. It shouldowever, 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, whichmay better suit 1.00M 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 &ross 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 contactors3”

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. Additionallyincreased 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 futuredesign of experiments or machine
learning algorithms should be employed to optimise process conditionsaiding to explore and
understand synergistic effects between the various process variables that influence these
extractions. This work could be done ircontinuous 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 andntie restrictions
but would be beneficial to research in this field and would aid to minimise operator dose. By
conducting these tests in smaikcale continuousflow, the outlet streams could be monitorel by

UV-Vis spectroscopy to further reduce analysis time and maximise the number of extraction

194



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 hasdevised andemployed methodologies tooptimise the synthesis and
purification of DEHIBA in continuous flowusing Industry 4.0, exploiting automation and machine
learning algorithms to efficiently achieve desirable process metrics fothe manufacture of
DEHIBA This work has utilised self-optimising flow platforms, using this technology for an
industrially relevant application in the area of nuclear reprocessingrhese methodologies are time
and resource efficient requiring minimal operator input, facilitating the efficient optimisation of
key process netrics 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 consumptiohe 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 tradeoff conditions.
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Such methodologiesand platforms outlined are applicable to many other industrially relevant
chemicals including other ligands for nuclear reprocessing. Such applications armcredibly
relevant due tolimited accessibility to ligands like DEHIBA, especially on the large scaded the
high-cost barrier associated with ligands in this area of researchHowever, 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 literaturealso comparing to industrially sourced DEHIBAT his work
ensured that chosen starting materials and reagents were compatible with the end application of
extracting uranium(lV). Additionally testing in the presence of potential degradation products
allowed performance comparison to pure DEHiBAor the forward extraction of uranium(Vl).

Additionally other variables were explored to e&xpand onrelevant published studies with DEHIBA.

When designing chemical processeshe consideration of multiple performance metrics is
crucial to success Work in Chapters 2 and 3ptimises multiple objectives to achieve this and
develop well rounded processes witha choice of operating conditions depending on performance
criteria motives. TSEMO and BOAEI are used to do thigspectively, where TSEMQworks well for
the synthetic work identifying Pareto Fronts for a variety of objectives whereas the purification
work in Chapter 3 wasmaterial intensive and focussed orachievingspecific 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 limitedin terms of crude DEHIBA and thus a
more targeted method was used in the form of BOAEI with a weighted objecti\&oth approaches
used significant quantities of reagent, especially when performing contiraus chemistry solvent

free, the optimisation of these reactions withslug-flow would have further minimised cost and
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material waste however this approach would have beedifficult to adopt for the purification work
with the coalescing separator usedBoth approaches optimised and compared multiple routeo
identify an optimum on-demand continuous manufacture route to DEHiBAinding that crude
DEHIBA could be synthesised fo£23.60 mol-1 at 14.7 kg L1 h'1 or £24.50mol! at 75.8 kg L1 h-1
using iBAnhydride and DIEHA An alternative route was devised in the event that iBAnhydride
becameless or no longerviable, using iBA and DIEHAvia a thermal amidation routefor £27.20
mol-1 with a reduced throughput of 3.5 kg ! h-1. Additionally, it would also be possible to
manufacture iBAnhydride from iBA although this was out of the scope of this projedbut could
further reduce the cost of DEHiBACostanalysis of the purification routes and conditions were not
included in this work due to uncertainty with disposal costs of the agueous wastehowever,
assumptionscan be made thamitric acidwaste streams would be more costly and problematic
than a water waste stream or even the bicarbonate waste streanihese optimisations aimed to
reduce the volume of aqueous waste in order tminimise the cost of DEHIBA furtheralthough the

priority of this work was low product loss andhigh product purity.

Performance testing of DEHIBA identified promising conditiongor the forward extraction of
uranium investigating key process variables to understand how this affects the extraction
efficiency of DEHIBA SA ratio was used to vary the throughput of aqueous uranium adétermine
how extraction efficiency is affected by this variable, providing a range of processnditions that
could be employed depending on process criteriand goals. The DEHIBA manufactured from
routes (e) and (f) were found to becomparable to literature data and one anotheyjustifying the
use of either route to manufacture DEHIBA for uranium extraction in the futuréddditionally crude
DEHIBA dd not negatively affect the forward extraction of uranium however further work is
neededon the back extraction (stripping) to ensure no issues are faced, furthermoraore 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 developedn efficient methodology to manufacture
DEHIBA 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 (TODGAWwhere there is a demand for further studies, including largescale testing with
these materials to improve the technology readiness of advanced reprocessing flowsheets.
However, further work is needed to tackle more complex miti -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 DEHiBAustifying the
effectiveness of these methodologies he ability to have ligands like DEHIBA on demandds 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 byuyblishing the findings of this
OAOAAOAE 1T OEAOO ET OEA Z£EAT A AOA AAT A O1 1 AT OFEA
if they choose toFurthermore, the flow platform for DEHIBA can be reconfigured to manufacture

other ligands like DEHBA or DA on demand.

It is likely that future advancements in seHoptimising flow platforms will focus on improving
the usability of slug flow for more complex multistep 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 t@ptimise 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 lackThis 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 selfoptimising 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 2800 HPLC pumps. These solutions
were then pumped where streams would be mixed using Swagelok-380-3 tee-pieces according

to Figure 28. Tubular reactors were made from PFA, PTFE and 316 stainless steel tubing
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i p ¥ ©B)pthese 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 temperaturerior to an aliquot of the

reaction solution being sampled using a VICI Valco EUBAAW sample loop (4port) with 0.5 and

ndne t, ETEAAOEI1T O110O0i A8 4EA OAIPIA xAO OEAT .
HPLC instrument fitted with an Agilent Poroshell 120 E€C18 reverse phase column (5 cm length,
46mmiDand 2t i DAOOEAI A OEUAQ &£ O NOAT OEOAOEOA AT A
under a constant back pressure using an Upchurch Scientific back pressure regulator
(100/250 psi) for all setups however route (e) also employed the Tescof 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 reatime control and monitoring of al the
optimisation variables. The machinegearning algorithms in MATLAB were initiated with Latin
hypercube sampling where the number of experiments for this wasr-1, n being the number of

variables. This formula guarantees that each dimension is divided into+ 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 erabled 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 calculaiso

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 2023ng
the largest quantity possible to determine this

Raw Material Molecular Cost per mole
weight (g mol ™) (£ mol ™)
Di(2ethylhexyl)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)carbodiimid 191.77 23.96
hydrochloride EDC.H(I
4-dimethylaminopyridine
(DMAP 122.17 17.25
Isobutyric anhydride
(iBAnhydride 158.19 5.31
Triethylamine 101.19 1.68
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Figure S45: Six 4/5D plots demonstrating the reagent cost for routes (@), the synthetic route

for each is defined above the plots for ease of comparison. A consistent colour bar is illustrated
throughout, ranging between 080%, whilst the X, y, z and size ranges aisubject to the

parameter space for each optimisation, finally a reduced dataset has been presented for clarity.
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Figure $46: Six 4/5D plots demonstrating the spacedime 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 380%, whilst the X, y, z and size rangeare 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 (af), the synthetic route

for each is defined above the plots for ease of comparison. A consistent colour bar is illustrated
throughout, ranging between 080%, whilst the X, y, z and size rangese&subject to the

parameter space for each optimisation, finally a reduced dataset has been presented for clarity.
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