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Abstract

Continuous flow chemistry has developed over years into a large
encompassing field that has begun to appear more and more in the fine
chemicals industry, due to its wide array of benefits over more traditional
batch approaches and initial drive from regulatory bodies. However, most of
the focus has been on developing continuous flow reactions, with only few
reports of continuous purification. After a continuous flow reaction, most
reports of work up have been carried out in batch. This leaves a problem
where reaction steps are efficient, but separation and purification aren't.
Furthermore, with a goal of carrying out continuous flow multi-step
sequences, work-up stages in between reactions need also to be
continuous.

With this in mind, and a focus on fine chemical applications where
carboxylic acids and amines are ubiquitous, dissociative liquid-liquid
extraction appears as a good option for numerous reasons. This
intensification approach focusses on different, structurally similar chemicals,
having slightly different dissociation constants and partition coefficients,
allowing regions where high separation can be achieved, which would
otherwise be very difficult. Additionally, doing this in a liquid-liquid format
allows for easier transfer to the next step, particularly in a fully flow process,
where solid formation would present further complications in transfer to
subsequent steps and redissolution would add further time delays.

Work in this thesis aims to develop novel, continuous work-up
methods, by bringing modern approaches to the benefits of dissociative
extractions and the overarching titration process, for which research and
discussion has gone quiet in recent years. This includes integrating
reactions and extractions in a continuous format and applying self-driven
algorithm-controlled optimisation experiments, exploration of the influence of
dissociative extractions on multistage designs, model-based comparisons,
and integration of this model approach as a feedforward controller, going
from a reaction to predicted, optimised extraction.
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Chapter 1. Introduction

1.1 Amines and Carboxylic Acids in the
Pharmaceutical Industry.

Pharmaceuticals utilise a wide range of functional groups to achieve
the desired therapeutic effect in the body. Carboxylic acids and amines are
among the most commonly seen throughout production and in the final
active pharmaceutical ingredient (API). A report in 2016 noted that 10.9% of
6891 drugs investigated contained at least one amine and 14.9% contained
at least one carboxylic acid group in the final product.*

Frequency and Amount of each Functional Group found across Drug Molecules
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Figure l1.1 Distribution of functional group frequency adapted from Mao et
al.

Of the 14 functional groups evaluated, carboxylic acids and amines
were found to be the third and fourth most frequently seen, exceeded only
by alcohols and esters. Their importance comes from their ability to interact
within the active site as well as improving drug solubility, transfer and activity
due to their ability to change between a charged and neutral species under
different pH conditions.>

Additionally, amines and carboxylic acids are intermediates to several
functional groups, most notably amides (both can play a role) and esters
(carboxylic acids are frequently used). Both classes of molecule also have a
large importance in pharmaceuticals, with these being the most prevalent
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transformations carried out in an evaluation of a reactor's use across 17
years.>® In particular more green and efficient methods for amide synthesis
was brought as a top priority during a roundtable discussion across 6 key
pharmaceutical companies.’

1.2. Current Synthetic Routes for Forming Amines and
Carboxylic Acids

1.2.1. Formation of Amines

There are several methods used commonly in industry to incorporate
carboxylic acids and amines into a new molecule. In terms of amine
introduction, two of the most common are illustrated on Figure 1.2. Despite
many methods for amine synthesis, the two provided are observed
frequently for aliphatic and aromatic introduction.®

Reductive Amination:

)o]\ NaBH, NHR,
+ H2N_R3 —_—
R "R, H* R1)\R2

Buchwald-Hartwig:

NHR,
— PACl,(dppf) —
\ + H2N_R2 — \
R/ NaO t-Bu  R{<_/

Figure 1.2 Common methods of forming aliphatic (Reductive Amination) and
aromatic (Buchwald-Hartwig) amines.

1.2.1.1. Reductive Amination and Potential Impurities

Reductive amination is perhaps the most common method for forming
an aliphatic amine, found in roughly 21% of all methods of pharmaceutical
production.® It is a wider term for a series of reactions that exchange a
carbonyl group for an amine. The mechanism involves the formation of an
iminium ion which is in turn reduced. The Eschweiler-Clarke and Leuckart
reactions offer variations on this, utilising different reductants and methods
to a form the imine, but reach the same endpoint.®
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N /\)<
N H-/\ N COH,*
H H
Iminium ion
(Schiff Base)

Scheme 1.1 General mechanism for a reductive amination.

Impurities can arise from the manner in which the reaction is carried
out, such as solvent or temperature which induce side reactions.® This
makes it difficult to identify the cause of their formation, though standard
impurities occur with reaction types, due to similarities in their pathways. For
reductive aminations there is potential for over amination, where the desired
product is a primary or a secondary amine, but the by-product of a
secondary or tertiary amine is found due to cascade reactions such as that
found on Scheme 1.2.1112

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

-------------------

Desired Product Unwanted By-Product

Scheme 1.2 lllustration of over amination from a primary amine (starting
material), through a secondary amine (desired product) to a tertiary
amine (unwanted by-product).

The choice of reductant has a large role. If borohydride is used, borate
salts are frequently seen as an aqueously separable by-product impurity.
NaBHs3CN or NaBH(OAc)s mitigate the need for initial imine formation as well
as being milder reductants, leading to decreased impurity generation. An
example of this is the addition of cyclopropyl groups to amines where the
reduction step causes ring opening leading to a range of three potential by-
products.'® If heterogeneous catalytic hydrogenation is used, the precious
metal may leach into the solvent, leading to trace toxic impurities.#

The most frequently found impurities in these systems are the
interactions of the amines, carbonyls or reductants with alternative functional
groups within the molecules or themselves, such as two aldehyde
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compounds undergoing an aldol condensation in the presence of a
potentially strong base (depending on the amine used).'® Aside from these,
minor side products include alcohol formation and a degradation amine
derivative from undesired side steps taken the imine formation, with N-oxide
formation causing concern due to uncertainty around its mutagenicity.t>16

1.2.1.2. Buchwald-Hartwig and Potential Impurities

The Buchwald-Hartwig reaction is a relatively new reaction initially
developed in 1994.1718 |t is a clean method to directly form a carbon nitrogen
bond with an aryl system creating an aniline type derivative. It is a catalytic
cycle utilising initially a palladium(0) species and a sacrificial base to remove
a halide. It is one of the few methods to produce clean aryl amines in the
presence of other functionality and is used widely in pharmaceutical
synthesis.1®

Pd catalyst R
Ar—X + R-NH, ———— » Ar—N
Base, Solvent

A
R
Ar—N Ar—X
. L,—Pd° _—
Reductive Oxidative
Elimination Addition
Ar Ar\ ,X\ /Ln
L,—Pd" ,Pd{__Pd!
N_R Ln Ar
H
R—NH
NaX L, Ar 2
HOBuU pg!!

X
NaOBu i
R

Scheme 1.3 Generalised catalytic cycle for the Buchwald-Hartwig reaction.

Despite this, the workup can be complex and the propensity for
impurities can be relatively high as the reaction is very sensitive to additives
and solvent choice.?® Similar to any other reaction, unreacted starting
material acts as an impurity to separate, but in this case an aniline derivative
must be removed cautiously due to its potential as a genotoxic mutagenic
impurity (GMI).2! The palladium catalyst has also been found to be difficult to
remove and can lead to final product or next step carryover creating
potentially complex unwanted reactions.??> However, some success can be
seen in reports on an API scale-up within AstraZeneca, where catalyst
recycling was tested. They compared ligand designs to mitigate palladium
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leaching and scaled to a continuous flow bench design offering 50 grams per
hour of >90% pure product.?324

Despite the potential presence of by-products, they weren’t discussed
in terms of structure or formation (aside from the removal of the halide from
the aryl halide starting material) and may suffer from the cascade over-
reaction observed in the reductive amination. Despite this, even a high
yielding reaction may still be problematic with carry-over of GMIs into the
product unless a highly efficient separation-purification is identified.?! It is
common to make, characterise and analyse for key impurities to enable
development of a robust purification procedure. This then allows their
monitoring within the process, to control their purge, to maintain the product
within the defined chemical specification.

1.2.2. Formation of Carboxylic Acids

Similar to amines, much progress has been made in methods to
introduce carboxylic acid groups. This functional group is present in
numerous APIs on the market, due to their strong polar influence.?® Some
notable approaches include ester hydrolysis, CO:2 insertion and
electrochemical oxidation.?6-22 However, the most frequently observed
method is chemical oxidation of alcohols or aldehydes.?°3°

Historically, harsh chemistry was used to oxidise alcohols, such as
dichromate salts or potassium permanganate.3® These reagents are
unfavourable industrially and within fine chemicals for the potential safety
and environmental implications of using carcinogens. Moreover, they have
low selectivity and can react with other functionality in the molecule to create
impurities.3? Milder oxidants that have been developed are hypochlorite
(bleach), TEMPO, and DMSO in the Swern oxidation, all of which are used
regularly in synthesis.?®

However, more novel catalytic oxidation pathways have changed this
drastically to create much more industrially viable reactions for carboxylic
acid generation.3°

1.2.2.1. Oxidation and Potential Impurities

Sodium chlorite has been used to convert aldehydes to carboxylic
acids. This reagent is relatively clean, with the by-products being oxygen,
HCl and water. It is also quite selective when coupled with hydrogen
peroxide, though can still leave toxic hypochlorite residues that require
removal.®® In combination with TEMPO catalyst it has been used for single
step oxidations from primary alcohols to carboxylic acids (Scheme 1.4).%°
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TEMPO (catalyst)
OH  NaOCl, OH

S

R" NaocCl (co-catalyst) Ri™ "0

Scheme 1.4 Reaction scheme for the oxidation of primary alcohols to
carboxylic acids.

Despite its selectivity to form carboxylic acids, it will also oxidise
primary and secondary alcohols.3* This can lead to a range of different
impurities and residual starting material, requiring complex purification,
unless protecting groups are used which increase the number of reaction
steps.

The selectivity for primary alcohols has been demonstrated through the
use of a copper(l) co-catalyst alongside TEMPO to consume oxygen for the
initial alcohol to aldehyde oxidation step.® This reduces the waste to copper,
TEMPO and residual hypochlorite.

1.2.2.2. Aerobic Oxidation using Metal Catalysts and
Potential Impurities

A hopeful direction for the future is to use dioxygen or air, for a greener
catalytic approach. A system reported as far back as the late 1800s but
developed mainly in 1960, uses platinum as a catalyst and air to oxidise
alcohols.®® This homogenous catalytic methodology has been developed
further by Stahl, Waymouth and others.3":38

Heterogeneous catalysts have been developed for industrial
processes, for example Co/Mn/Br for xylene oxidation to terephthalic acid,
used in plastics.®® A more selective BiPdTe carbon catalyst has been used in
pharmaceutical applications, and overcomes the main problem of acid
poisoning.?® Leaching could still take place for this as has been
demonstrated for palladium on carbon supported catalysts previously in
cross coupling reactions.** This requires monitoring and appropriate
purification steps like all previous metal catalysed methods discussed to
ensure minimum transfer of potentially toxic and catalytic compounds to the
final product or subsequent reaction steps.*?

1.3. Purification Methods

These reactions illustrate some common methods of introducing amine
and carboxylic acid functionalisation, along with some of the likely impurities,
either analogous by-products or waste reagents that are generated.
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Unfortunately, they aren’t the only potential area for impurities to be
introduced during synthesis with feedstocks and carryover from previous
steps potentially introducing the most problematic impurity profile due to the
similarity with the starting material of that step.*® All of these impurities give
good reason to introduce downstream or workup processes between
synthetic steps at lab and industrial stage. Although there is some reason to
telescope reactions for efficiency, this can lead to increased impurity
generation if tight controls aren’t in place.** Whether looking toward
telescoping or not, there will eventually be a need to purify the synthesised
compound.*

1.3.1. Fundamental Purification Methods

Purification processes are carried out using a number of methods
within the pharmaceutical industry. The most prominent separation methods
are distillation, liquid-liquid extraction (LLE), crystallisation and
chromatography.#® These are all classified based on the physicochemical
properties used to differentiate the desired component from the other
components. They are also all methods of separation of solutes or
components of a mixture and shouldn’t be mistaken for bulk separation
methods such as solid-liquid separation methods (filtration) or liquid-liquid
separation methods (gravity or materially enhanced), although distillation
inherently separates the components into two streams.

1.3.1.1. Distillation.

Distillation separates components of a liquid mixture based on
differences in boiling points and relative volatility between different species.*’
As the solution is heated and temperature rises, the vapour pressures
increase leading to one with a lower boiling point distiling at a lower
temperature than the higher boiling point components, allowing for
separation. Under ideal assumptions the physicochemical relationship
between the gas and liquid for a species can be described by equation
(1.1).48

yP = xyPs (1.1

In equation (1.1), the current pressure (P) and vapor fraction (y) of a
component are equal to the liquid fraction (x), the activity coefficient (y) and
the saturated vapor pressure (Ps) of the component.
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This method of purification has been heavily developed to lead to
continuous distillation with multiple stages for optimal separation, however
within pharmaceuticals, single stage batch or semi-batch methods are more
common. The major operations that distillations are used for, are solvent
removal for swapping, or concentrating down for later crystallisation, and for
potentially removing volatile impurities.*® There are limitations within its use,
where pharmaceuticals frequently have high boiling points due to high
molecular weights and large amount of polar functionalisation. These
functional groups also lead to potential thermal degradation pathways.®° This
problem is alleviated through methods like vacuum distillation, however
there are equipment constraints on low pressures that can be achieved.
Additionally, steam distillation may improve structural preservation and reach
high temperatures, but due to high boiling points it is rarely seen as a
method for product removal.5152

1.3.1.2. Crystallisation.

Crystallisation is one of the most prominent unit operations within
pharmaceuticals. The method of separation involves creating conditions
where the desired component is unstable in solution so aggregates with
itself, forming crystals as it falls out of solution. The thermodynamic basis for
this is illustrated in equation (1.2).

As S T,
Ina =Inxge:Vser = fus (1 — m)

"R (1.2)

This describes the activity of the compound (a) in the solution (as a
standard the combination of its activity coefficient (ys,;) and the
concentration (xg,;) of the component) which relates to the solubility of it.
This is driven by the entropy of fusion for that compound (As,sS) and the
differential temperature for which it melts (T;,,) compared to the current
temperature (T). The gas constant (R) is present as a molar conversion of
kelvin to energy units for this. The entropy in terms of this would vary
depending on the conditions the component is about to find itself in within
the liquid through the potential various solvent environment and impurities.53

The reason crystallisation is so widespread within pharmaceutical
purification is due to the innate ability to generate high purity products from
mixtures. These are easily filtered and separated from a mother liquor due to
the two different states of matter. This can lead to minor impurities that can
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be present due to co-crystallisation or surface adsorption, but purity is often
improved even further with slurry washes and recrystallisation.>*

Crystallisation is a kinetic process and has problems with variability
batch on batch, which may be improved running continuously, however this
can be difficult to control with encrustation known to be a large problem.>®
This is due to competitive kinetics associated with crystallisation occurring
on the vessel walls or other components. Control of this process is also vital
to ensure the correct polymorphism which can have an impact on the API
activity and is additionally addressed within ICH guidelines due to this
importance.®®5” The use of seed crystals can decrease the rate of
encrustation continuously and control the crystal size distribution at the end,
but use of one polymorph seed may not necessarily lead to the desired
polymorph overall.58-60

There is a safety hazard in operator handling of crystals, so limiting
exposure with potentially toxic chemicals would prevent risks from initially
taking place. Nevertheless crystallisation is a reliable and efficient method
for final product purification, where purity is most important and
polymorphism becomes an additional concern.5?

1.3.1.3. Liquid-Liquid Extraction.

Liquid-liquid extraction (LLE) is a technique where two immiscible
liquids with a large differential density are mixed within a vessel and allowed
to settle. As the system is mixed, different molecules partition between the
two phases based on their preferential interactions with the different solvent
environments.®? This leads to segregations and selective extraction based
on partition coefficients (Kp) where there is a difference in the activities found
in the organic (ap,ganic) and aqueous phases (aaqueous)-*

Kp _ aOrganic (1 3)

Qaqueous

For separation of by-products, LLE is used routinely, however for
purification it is used less, in favour of crystallisation or chromatography,
which one author noted to be impacted from an increased solvent screening,
but this is also likely caused by an increase in requirement t00.%* The wider
use of LLE for purification might be achieved through planning and
optimisation, by selecting an appropriate solvent and incorporating a
multistage design.®>¢® This breadth of solvent choices can lead to lengthy
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experimentation, but gives an array of options at the outset for phase
conditions, and has been improved through developments of semi-empirical
and fully computational models.?#67-6° These two considerations alone (not
considering variables such as pH, temperature and salt) can reduce excess
solvent wastage and lead to high efficiency, high purity product at the end
with the desired component potentially ending in the desired solvent for the
next step, mitigating safety risks associated with exposure.

One additional limitation is the formation of emulsions, which can be
troublesome and time consuming to separate, leading to extended operation
times or insufficient phase separation between the bulk solvents.’®"t
Demulsification can be effectively achieved through using material based
separators, electrical or microwave demulsification methods, as well as
adjusting conditions leading to emulsion destabilisation.”?

1.3.1.4. Liquid Chromatography

Liquid chromatography is a method of purification by which a sample
moving in a flowing stream is introduced to a solid surface, where the
surface is chemically functionalised (although others such as size exclusion
chromatography don’t rely on this). This creates attractive and repulsive
forces for each compound in the sample between the liquid and solid
phases, generating a chemical drag and allowing different compounds to
elute from a chromatography column separately.”® The fundamental theory
behind the relationship is similar to that described by liquid-liquid extraction
where an equilibrium (K) exists between the surface adsorbed (a,4) and in
solution (ag,;) concentrations.”

a
K =—= (1.4)
Asol

Unfortunately, this is only the underlying thermodynamic overview of it
as an adsorption equilibrium, but due to the flowing nature, there is a time
dependence intrinsically linked to this mode of separation. Where the other
methods could be left to reach a thermodynamic endpoint, this will not as
each component has a residence time within a column.’ This also means
that although the system is flowing, the use of a stationary phase makes this
is a batch process. Continuous methods have been developed through
simulated moving bed chromatography amongst others that will be
discussed later.”
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This makes it more difficult to find optimal chromatography conditions,
but even in the batch mode it is complex to design a separation. However,
once the separation is defined it can give exceptional levels of purification for
multiple, similarly structured components, at the same time making it a
powerful tool for analytics.”® This can be seen in work done by D’Ercole et
al., separating the structurally complex eptifibatide from structural impurities
on multiple scales, taking it from 66.4% to 98.3% purity at a pilot scale.”’

There are some limitations that account for why many try to avoid
chromatography at scale. It requires a large amount of a mobile and
stationary phase relative to the sample, meaning the columns are large, the
samples have to be dilute and a lot of solvent is needed for the operation.”®
The larger columns also mean that they’re wider, leading to transversal flow
and mixing more likely to occur, where laminar flow is observed at smaller
scales that yield sharper peaks with less spreading. However, there are
other important considerations that impact this like particle size and the
flowrate, as described in the adjusted Van Deemter equation for
chromatography.”
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Table 1.1 Comparison of different methods of purification used within pharmaceutical production.

Physicochemical

Purification Method Benefits Drawbacks
Property
Boiling Point - Can remove volatiles and solvent - API intermediates can be
Distillation - "
Volatility easily. temperature sensitive.
- Can yield extremely high purity - Potential exposure.
Crystallisation Solubility - Easy to separate bulk solids by - Fouling.
filtration. - Also requires polymorphic control.
- Can end up in next step solvent - Extra solvent requirement.
o _ Biphasic Partitioning from washes. - Potential for emulsions.
Liquid-Liquid Extraction Equilibrium - Multistage can improve purity
without any additional solvents.
- Can operate at high concentrations.
Surface - Cc'.;m sepqrate multicomponent - Low concentrations.
Chromatography Adsorption/Attraction mixtures in one step.
Equilibrium - Large amount of variables providing

flexibility in design.
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1.3.2. Process Intensification for Liquid-Liquid Extraction

As the title of this work suggests, liquid-liquid extraction will be
investigated for pharmaceutical purification, focusing on carboxylic acids and
amines. Compared to the alternative methods discussed so far, it has
significant benefits for impurity removal at intermediate points in synthesis,
reducing the potential formation of thermal degradants seen in distillation,
removing the need for operator handling that would be potentially required in
crystallisation and allowing for high concentrations to be run, reducing the
solvent requirements seen in chromatography. It does have some problems
with additional solvent requirement and the potential for emulsification of the
phases, but a large portion of this can be significantly reduced through
intensification methods (e.g. pH adjustment that would increase salinity).2°

The method for this intensification has a common similarity across
three of the four mentioned methods of purification (distillation, crystallisation
and LLE), with chromatography having variations in stationary and mobile
phase chemistry that can also account for this.882 For the other purification
methods, a reversible chemical reaction takes place within the purification
process, allowing two different physicochemical properties to induce
separation, not just the single one mentioned for each so far. The most
commonly observed within LLE is the use of the dissociation constant which
underpins the additional impact observed when looking at reactive or
dissociative separations.8384 Enantioselective liquid-liquid extraction (ELLE)
is also common, where the influence is the diastereomeric interactions
between the two enantiomers of a desired compound and a single
enantiomer extractant. It has been carried out using the reversibility of weak
organic acid-base chemistry, but doesn’t necessarily require it.8>86

1.3.2.1. Reactive and Dissociative Extraction

The dissociation constant of amines and carboxylic acids generally
resides within the limiting region of water (this is the given pka and pkan
regions of the solvent. For water it is between -1.7 and 15.7) making them
very suitable for purification where manipulation of the pH or another acid or
base introduction can take place. This is what in effect dissociation and
reactive extractions are. They are different from one and other with reactive
extraction’s goal being to extract a compound from an aqueous stream into
an organic stream when the component has a small partition coefficient (it
will have a higher preference for aqueous solubility over organic).®3 This is
displayed below in Figure 1.3. To achieve this extractant compounds usually
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have large aliphatic chains centred around a heteroatom that can interact
with the component to be extracted.?’
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Figure 1.3 Visual representation of liquid liquid reactive extraction of a
carboxylic acid.

It is most frequently used in the extraction of carboxylic acids from
fermentation broths, but has also found use in the purification of penicillin G
fermentations.® For these, amine and phosphorous-centred extractants are
common, where examples of the extractant structures can be seen in
extractants like trioctylamine, alamine 336 and tri-n-butyl phosphate.8%: In
the case of some carboxylic acids, the ability for the carboxylate dimer
forming hinders the expected extraction if this were an exact titration
process.®?

Dissociative extraction in comparison to this, is based on a more
organically soluble component reacting and becoming more aqueously
soluble.®? In the case of amines and carboxylic acids, this would involve
adjusting the aqueous pH using acids or bases to protonate or deprotonate
(depending on whether it's a base or acid), creating a charge on the
compound which in turn influences the preferential solubility between the
phases.® This is illustrated on Figure 1.4.

Generally this is done with hard mineral acids and bases leading to full
dissociation within the aqueous phase, although there are cases where
small organic acids such as acetic acid are used.?® For organic extractants
like acetic acid, the size of the aliphatic chain and overall polarity becomes
important due to the potential for large organic extractants to form salts that
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may have a preferential organic solubility in the same way as extractants in
reactive extraction.
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Figure 1.4 Visual representation of liquid liquid dissociative extraction of a
carboxylic acid.

Both methods find use within pharmaceutical synthesis, but within
classical small molecule synthesis, dissociative extractions would have the
more dominant use. This is due to reactions being carried out in an organic
solution and organic drug-like compounds have a higher tendency to solvate
better in organic solvents.®* This can be seen in the literature for dissociative
extractions where most examples are given as problems between
structurally similar components.®? Research in this area has slowed and
development of dissociative extractions is less common.%®

An example of the benefits of dissociative extractions is illustrated in
work carried out by Chartoire et al., who presented a general extraction
procedure for Buchwald-Hartwig reactions.?® In this work they look at the
purification of an API intermediate from starting material. They use a mild
acid (to prevent removal and interaction with the catalyst they’re attempting
to recycle) to identify optimal conditions of approximately pH 5 to 5.5. This
retains the bromo starting material in an organic toluene phase along with
the catalyst, but extracts the desired product near completely. This works
well, but fails to address the residual N-methylpiperazine that would also be
extracted into the aqueous phase as it was used in a minor excess and
would have a higher pKan than any formed aryl amine. This would require
further downstream adjustment to back extract the desired product, but this
is expected as it is a middle component of three to extract across as the pH
decreases. Overall, this does highlight the benefits that dissociative
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extraction has in terms of simplicity to achieve high levels of segregation
between components when an endpoint is reached.

1.3.2.2. Kinetics of Reactive and Dissociative Extraction

This relies on a kinetic method to reach the endpoint, which can be
described by two different theories for reactive and dissociative extractions.
These encompass five different broad potential methods for how reactants
end up close to one and other and the rate for which the reaction can take
place.96-98

There are two general theories that incorporate these two actions, the
interfacial reaction model and the homogeneous reaction model. The
interfacial reaction model applies to systems where the neutral partition
difference between the reactants is extreme i.e. they are both heavily
segregated into either phase. For this to work the components transfer to the
interface where the reaction takes place, from here the reaction product
transfers away from this interface into one of the bulk phases.®®

The alternative approach to this is to assume the reaction takes place
in a single phase. This is what Doraiswamy and Sharma in 1984 described
in the four different regimes, that they discussed in the homogeneous
reaction model.®® They accounted for different factors that impact the
kinetics causing the extraction to range from very slow (regime 1) to
instantaneous (regime 4), with characterisation to do with the rate
differences between the reaction and the mass transfer.®’” This has been
applied in some cases for both liquid and gas extractions.%

1.3.2.3. Improvements on Intensification Over Standard
Methods

Both reactive and dissociative extractions lead to the final extraction
equilibrium that’s intensified compared to the standard partitioning achieved
from liquid-liquid extraction. This removes some of the limitations in terms of
extractability allowing normally organically or agueously soluble mixtures to
be separated efficiently between the phases reducing the solvent
requirement as concentrations can be increased in either phase significantly.

Aside from this there is potential to reduce emulsification, particularly
for dissociative extraction which would have higher potential use on large
scale synthesis. These extractions in particular use acids or bases to form
salts increasing the overall ionic strength of the aqueous phase. This would
likely disrupt the emulsion by generating initially larger droplet size
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increasing coalesce, leading to cleaner and faster separations, which can be
a problem as scale-up takes place.®°

1.4. Continuous Processing in the Synthesis of API’s.

Additional benefits to the rates and consistencies of extractions could
be found through the integration of continuous methods. Flow chemistry is a
method of performing synthesis operations in a moving component stream.
In theory this allows for the entire route to go from initial starting materials to
final end product with little to no intervention leading to a consistent product
which minimises batch variations.99:100

This method has been employed for decades within the bulk chemicals
industries where products are sold at low cost, high volume. This is moving
into the high cost, low volume fine chemicals industry, particularly
pharmaceuticals, where patents running out introduces competition in
generic production.t®! This requires methods for synthesis that can produce
consistent volumes of product in an efficient manner to reduce costs,
maintaining competitiveness. The movement of pharmaceutical production is
useful for a large number of drugs requiring a wide range of techniques and
types of reactions. This unfortunately may not be applicable to every single
drug for the primary reason that some APlIs aren’t required in a large enough
volume that continuous production would be economically viable, but the
suggestion of using it across all synthesis is still present.19?

1.4.1. Advantages and Disadvantages of Flow

There are some significant benefits at all levels observed with flow
chemistry, including safety, reaction selectivity and control.1%® As opposed to
batch reactions where reactants are combined in a single large vessel, the
flow reaction takes place in a much smaller volume tubing or series of tanks.
This means hazardous conditions can be better managed allowing for more
extreme conditions to be used.1%* Additionally increasing pressures allows to
push past standard solvent boiling points, increasing reaction rates, making
this form of synthesis more efficient.19

An increase in safety is also achieved through the formation of
reactants that are explosive, acutely toxic or have other high safety risk
attributes in situ.'%* This mitigates the requirement for handling or storage of
highly hazard chemicals in a reaction and means only a small amount of
these chemicals are present at any point in the synthesis before rapidly
being consumed. From an industrial standpoint this means more options to
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achieve a potential transformation, that could be limited by batch alone such
as the incorporation of required halogen groups or the synthesis of
azides.1°6'1°7

The selectivity in reaction product distribution, and therefore levels of
impurities can also be reduced leading to safer products, which is caused by
the improvements in heat and mass transfer that can be achieved in flowing
systems.103198 Mass transfer in terms of homogeneous mixing can be well
controlled through piping design and flowrate adjustment to aid in achieving
appropriate laminar (Re < 2300) or turbulent (Re > 4000) regimes as
described by the Reynolds equation (equation (1.5)).1%° This dimensionless
value represents the comparison between the inertial forces (calculated by
the product of density (p), velocity (V) and tubing diameter(D)) and the
viscous forces (using the kinematic viscosity (u)). For low values in the
laminar region the propensity for the fluid to move forward overshadows any
attraction and drag that would cause eddying and back mixing to occur. As
this increases above 2300 the fluid moves into a transitional range that
allows some characteristics of laminar and turbulent flow to be present, but
past 4000 the system is considered turbulent leading to a well mixed fluid.
This doesn’t account for mixing in bends, static baffled mixers and active
mixing from continuous stirred tank reactors (CSTR) which requires
adjustments to determine the turbulence generated.1°

pVD

Re = W (1.5)

This control over reactor dimension also contributes to improved heat
transfer. As the tubing tends to be thinner in diameter than the inner
diameter of a large tank, this gives a larger surface area to volume ratio
improving heat transfer into the solution, leading to better control over the
reaction.'’® This can be seen in the standard heat transfer equation which
relies on an area (A) term between the two interfacing components where
heat is transferring. Aside from this it uses the heat transfer coefficient (U)
and difference in temperature (AT) to gauge the heat transfer (Q) in Watts.103

Q = UAAT (1.6)
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This improved surface area to volume ratio also applies to
photochemical and electrochemical reactions where the light or charge is
transferred through the walls of the reactor into the flowing stream.1.112

The surface area to volume ratio benefit is an integral feature broken
down into each of these mechanics of mass, heat, photon and electronic
transfer, that brings benefits from flow chemistry to not only reaction
selectivity, but control of product consistency. However, this can rely on
numerous experiments to explore wide process space and determine an
optimum for a range of different objectives. Automation within continuous
systems can help reduce this time and effort through algorithm driven
experimentation within feedback loops to predict optimal regions based on
already run conditions.'*?® This is simpler to carry out continuously where
reactions can be run successively iterating into an algorithm and adjusting
conditions automatically without the need for human intervention.'4

Despite these benefits there are some current limitations to continuous
manufacturing. There is a large equipment cost for each unit operation due
to more unique requirements and design that needs to be taken into account
for flow.1*® If moving to a full synthetic route, there must be a piece of
equipment for each unit operation.'® In contrast batch tanks can be very
versatile and are used for a number of operations.'” Even at lab level this
can be seen with additional costs in pumps, fittings, tubing to even consider
continuous synthesis.1®

Aside from this, the other major limitation with current continuous
processing is a requirement for progression. There are some limitations in
dealing with various multiphase systems that are easy to handle in batch,
such as control of separation in liquid-liquid systems and dealing with solid
deposition for liquid-solid.11%-121 This is the current place where a lot of novel
research is moving to address, particularly complexities in work up which is
inherently a multiphasic process to separate components. ¢

1.4.2. Multiphase in Flow: Focusing on Downstream

A focus so far has been developing reactions and introducing synthetic
methods that are frequently seen in batch into flow, however this has left a
system that can carry out reactions continuously, but then needs to purify in
batch. This creates a discontinuous process that leads to backlogs, complex
workup for hazardous/unstable materials and doesn’t take advantage of the
potential for fully continuous processes.*?? Currently work has begun and is
ongoing to deliver working purification methods that can lead to fully end to
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end manufacturing with examples beginning to emerge more frequently for
full API formulation from initial starting materials.'?3

eI
— = — = —

Figure 1.5 An illustration of the current situation where reactions can take
place in flow, but workup is carried out discontinuously in batch,
compared to the goal of a fully continuous synthesis.

1.4.2.1. Solid-Liquid

Solid-liquid interfacing has been seen to be one of the most challenging
and has gained a lot of attention due to problems to overcome as well as its
prevalence in pharmaceutical downstream processing previously
mentioned.*?* Solid-liquid interfaces can be found in both crystallisation and
chromatography, that observe the difference in phases from objectively
different perspectives. This is also true of them in flow, where
chromatography is a stationary solid, one that other things will move around,
but it will not, and crystallisation is a mobile solid, where the crystals can
move and float about freely.1?®

As previously mentioned, both methods of purification are heavily used
within pharmaceuticals and have applications for continuous manufacturing.
Chromatography itself is a flowing process, but due to the sample being
input to separate out, it is batch in nature. Adjustments have been made to it
that allow for it to be used continuously, most notably simulated moving bed
chromatography which has applications for batch processing too. In this
case multiple columns are used with potential inlet and outlet ports at each
position. Samples are flown into one of the columns and output after a later
column, the valves that enter are switched after timings to simulate both the
liquid and solid moving counter currently to one and other (Figure 1.6).126
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Figure 1.6 lllustration of the design and adjustment of valves as time goes
on while running simulated moving bed chromatography.

Although this does show applications in continuous processing for a
number of systems, there is a suggestion that it is less than ideal for
complex purifications of multiple components.t?5-127 Alternative methods that
may be more applicable were presented by Fitzpatrick et al., using
supercritical CO2 to reduce time for separation to occur and multiple columns
with timed valves to allow for parallel separation.??® This allowed for semi-
continuous separation of a number of varying reaction outputs. Aside from
this another semicontinuous method was introduced by Orkényi et al.
through centrifugal partition chromatography. This used a combination of
liquid-liquid extraction and then chromatography of the two phases to
function, but did yield very good final purity from a telescoped reaction.'?°

All of these appear to give good improvements allowing introduction of
chromatography to continuous methods, with the supercritical fluid
potentially offering the most due to the mobile solvent being easily separated
once done, which would allow for high concentrations for successive
transformations. Unfortunately, these still all require complex systems to be
designed. On top of this, separation methods can be difficult to develop for
simple chromatography on its own, not to mention multiple columns with
moving interfaces.

Continuous crystallisation has taken a lot more attention and
unfortunately can suffer from severe problems when run continuously.
Fouling or when it's a severe problem, encrustation, occurs when
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competitive crystallisation takes place with imperfections on surfaces that
contain the mixture being separated. This leads to deposition taking place on
crystalliser walls, probes and agitators.>® This is less of a problem in batch,
where it can still occur, but the reactor is washed, a process that can’t occur
during prolonged or nonstop use. This can lead to decreased crystal
formation as an insulating layer is grown, as well as clogging, leading to
equipment damage and failure.>®

There have been several methods employed to resolve this. Thermal
cycling aims to reheat outer walls resolubilising any deposited crystals which
lead to encrustation, while still allowing for periods of crystal growth.30
Seeding, which incorporates smaller crystals that can increase the rate of
crystallisation relative to encrustation by skipping a slower nucleation
step.13! Triphasic flow, which allows for slug mixing to reduce deposition and
variation in reactor design that adjusts flow patterns to decrease
encrustation through agitative removal.>5132

The reactors come in a few designs, a simple plug flow crystalliser
which has a history of encrustation, mixed-suspension mixed-product
removal (MSMPR) designs which is a stirred tank reactor design for series
crystallisation and is often seen with a product recovery segment attached,
and continuous oscillating baffled reactor (COBR) where a tubing is
designed with baffles intermittently, generating miniature stirred tanks. High
mixing is generated in each using an oscillating pump at the initial inlet of the
reactor.!33

MSMPR

a) MSMPR MSMPR

Stage 1 Stage 2 _)} |_) Clear Liguor

Solids Recycle —l—) Product

l Gravity Driven Separation

Figure 1.7 Left: A schematic of a two stage MSMPR with a continuous
separation section, reprinted with permission from Li et al. Copyright
2022 American Chemical Society.'®* Right: a COB reactor design,
reprinted with permission from McGlone et al. Copyright 2022 American
Chemical Society.13%
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All of these work to allow for continuous crystallisation and mitigate
some levels of encrustation, but unfortunately, not all and is an area of
continuous development. This is the largest problem for continuous
crystallisation which would act as a good method of final API purification.
This is unfortunately not feasible for a fully continuous intermediate
purification as redissolution would need to be integrated and there are
potentially simpler strategies for this, liquid-liquid systems being the simplest
for this with solvent switching allowing for step to step transfer.136

1.4.2.2. Liquid-Liquid

The alternative liquid-liquid separations fall into two separate stages
similar to that of the MSMPR with integrated separations. The first is a
mixing and through that extraction step for materials to segregate, and the
second is the bulk separation step.

This initial extraction can take place through baffles or agitation, but
the simplest is within an unbaffled tube. Due to the liquids being immiscible,
different complex flow regimes can take place which impact how material
can exchange due to different interfacing areas formed between the phases
(Figure 1.8). The formation of these flowing regimes is due to multiple
factors relating to systematic choices (ratio of each component, flowrate,
method of phase introduction, and vessel dimensions) and physical
properties of each phase (interfacial tension, density and viscosity).*3’
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Figure 1.8 Four general different flow regimes of a biphasic system through
a tube. Each shows varying amounts of surface area between the two
phases which can greatly influence mass transfer.

There is another impact that has been observed in the phenomenon of
internal convective mixing. In slug flow, mixing can be generated due to
shear drag on the wall-slug interface. This recirculates in the centre of the
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slug as it is pushed forward from previously entering phase. An illustration of
this can be seen in Figure 1.9.%3 It can lead to efficient mixing within slugs,
but also allow consistent phase transfer between two slugs as the material in
each slug is constantly moving.

Slug Liquid-Wall Interface

\

Liquid- L|qU|d Interface

Figure 1.9 lllustration of convective mixing within two different slugs that
allows for improved mixing, increasing homogeneity and improving
mass transfer.

This has been employed readily in mixing for separation means and
proves consistent for a number of extractions.'3%139 However to ensure
complete transfer under the different dynamic processes as the reaction
takes place, various contacting methods have also been developed to suit
the small scale plug-and-play flow chemical lab development. The most
mechanically simple of the two methods is static mixing and initial phase
introduction. The phase introduction is key and utilisation of angular varying
T and Y junctions can vastly impact the homogeneity observed immediately
after.140 Additionally static mixers that incorporate baffling inside a tube can
induce turbulence by deflecting and disrupting flow paths which promotes
radial mixing.'*! The flowrate extremes will additionally impact the level of
mixing achieved from the static mixer design.14?

The alternative to static mixing, is active, in which there is additional
agitation of the flowing solution from wall motion or some form of impeller (in
the case of small scale, this is most likely a stir bar).143144 There are
numerous designs, but the most applicable to scaling down are CSTRs.14°
Several variations have been developed by a number of groups, all using a
tank and some form of agitator.144-146 An easy to use method has previously
been developed within the Institute of Process Research and Development
(iPRD) as a simple plug in and play module that sits on a hotplate and can
be numbered up easily.1*® The major benefit of CSTR designs is the ability
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to adjust mixing speed, decoupling the mixing directly from the flowrate
without needing to redesign static mixing or tubing dimensions.

Mixing is the initial step where the mass transfer takes place, but this is
futile if the two phases aren’t separated into discrete streams. Similarly to
the mixing step, large advantages can be seen from separation occurring in
flow over batch, such as the enhancement of slow coalescence through
material science integration such as preferential wettability observed with
membranes. This is one category of types of separation, but the benefit of
flow can also be found in the bulk phase separation, where there is an
increase in options. This expands into two major groups: gravity or materially
enhanced. The extraction and separation are physically decoupled as unit
operations in this case, where both mixing and separation could take place
in one tank or separating funnel in batch, there is separate equipment
needed in flow.'?! These alternative options present large improvements on
coalescence rate due to a small volume being separated as when things are
run continuously at any one time only a small volume needs any operation
performed.

Density Preferential

Based Wettability
A

( ) ) (Membrane) ( Filter ) ( Contactor )

Figure 1.10 Flowchart of the different liquid liquid separation methods.

In terms of density based separation there are two different types,
gravity and centrifugal separation. Gravity separation is the most
fundamental, simply relying on gravity and natural coalescence rate to
separate two phases. Some examples of this have appeared within flow
processing, one notable contribution from the Ley group. This separator
(illustrated in Figure 1.11) worked by utilising a webcam and coloured floater
that was selectively buoyant in the lower phase. The webcam identified the
level of this float and controlled a lower pump flowrate to maintain its level.14
This method worked very well allowing for workup post reactions with denser
and lighter components than water making it very versatile for a range of
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applications.4”148 This requiring a camera to maintain level is quite
advanced in terms of computational processing for the control of output
pump flowrate and meant a raspberry pi microcomputer was needed for
what could in theory be a simple floatation valve controller.14° Apart from this
there is little mention of the floats visibility in separations where a slower

coalescence rate occurs leading to minor emulsions being observed.
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Figure 1.11 Schematic of the gravity separator, reprinted with permission
from Hu et al. Copyright 2022 American Chemical Society.4®

Overall gravity separation works well, but due to the simplicity in
separation does have problems with scalability from potentially slow
coalescence. Centrifugal separators offer an enhanced method of separation
by densities and is also seen widely in continuous processing, but small
micro/meso scale versions haven’t been reported. Bench scale units are
used to highlight the improvements in mixing and separation rates, where
under normal gravitational methods coalescence would take significantly
longer.10
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An increasingly common method of separation is the use of materials to
enhance the separation through wettable surfaces. They can either be
surface or depth-based materials. Membrane filters are a common method
of surface wettable separation. They act as either a hydrophobic or
hydrophilic barrier allowing selective wettability of either an organic or
aqueous phase. For proper function, there is a requirement for positive
pressure across the membrane (Py.,) to transfer a desired continuous
phase, but this pressure difference must be below that of the capillary
pressure (Pcqp) ON the retained side, so as not to force too much material
through the membrane leading to breakthrough. It also must not be so low
that it is below the pressure on the permeate side (Pp.,) as this leads to
retention of the phase that should transfer.'® The capillary pressure is
calculated using the interfacial tension (y) between the liquids, the contact
angle (@) of the phase to be transferred and the radius of curvature of the
interface (r). The permeate pressure is a product of the transferring flowrate
(Q), the viscosity (¢) and the membrane thickness (L), divided by number of
pores (n), their radius (R) and pi (r).
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A limitation with this is a requirement for consistent control over this
pressure differential, which has acted as a large barrier for membrane use
over a number of years.4” However, more recent designs have focused on
some form of active pressure control from lab to pilot scale offering good
options for scalability.’>* Adamo et al. initially introduced this form of
membrane control through the use of a diaphragm between each stream
after the membrane (Figure 1.12). This was in built to control the pressure
differential between the two phases by blocking the retentate when the
pressure was too high on the permeate. This allowed pressure to build on
the retentate increasing the pressure differential to the functional region.1%®
This was subsequently commercialised in the form of the Zaiput separator
unit and has been used on a range of applications in fine chemical
development.136.151
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Figure 1.12 Internal structure of the Zaiput with sections for the membrane
(red) and diaphragm (green) highlighted. This was adapted with
permission from Adamo et al. Copyright 2022 American Chemical
Society.11?

The Zaiput is one potential control method to reduce membrane
problems, with others focusing on active control through sensing, computing
deviations and then adjusting to reduce these issues within membrane
separation.'>? There are also cases where control isn’t used at all creating a
more simplistic design with an outlet tank and pump to continue the flow at a
specified flowrate.'53 This does present potential difficulties in consistency
over time in an area where controlled separation would be ideal.

All of these allow for simplified membrane function, reducing the
requirement for active pressure control, but with so many variables in
membrane selection (material, pore size, number of pores), there is a large
requirement for full understanding of the separation before its even installed.
Without this, there can be an optimum window amongst disfunction through
retention or breakthrough. On the micro scale there is an alternative
approach. For this, a combined phase stream is introduced to a split of two
different materials which are selectively wetted by each phase allowing for
discrete separation, such as the situation illustrated on Figure 1.13.1%* Due
to the smaller dimensions there is a huge increase in the surface area to
volume ratio, meaning there is increased interfacing between the liquid and
wall material. This allows for the capillary forces to be enough to direct
stream flow and allow for adequate separation. Although only observed as a
small-scale phenomenon to date, this has brought into question the potential
to use these contact extractors on scale.> It has been trialled on difficult
separations, biofermentation extractions as well as enantioselective liquid-
liquid extraction (ELLE) systems,154-156
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Figure 1.13 A scheme of a liquid-liquid contact separator which uses
selective wettability to separate out the two phases into the two
different material streams.

However, this does have a large limitation where slow flowrates are
required meaning in some cases up to 2mL/minute can be processed, where
in others its 2mL/hour.15*155 An alternative to this and membrane separation
is coalescence depth filtration. It is a material based separation method that
doesn’t introduce pressure driven issues and can function at high flow rates.
It has been used within automotive and aerospace industries for some time,
but has not yet been applied to fine chemical processing.'%’

Flow Direction

Aqueous

Dispersed
Organic Droplet ,
Non-Woven Filter wetted by L
the Organic Phase

Figure 1.14 Operation scheme of a non-woven depth filter to help increase
the rate of coalescence.

The filtration method functions using largely porous non-woven filters of
selective material, allowing preferential wetting of a dispersed phase. This
increases the initial rate of coalescence by speeding up droplet formation.
Once large droplets have formed the fall of the filter through flow pressure
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and gravity leading to enhanced separation. A scheme of this is illustrated
on Figure 1.14.

Although small scale application of coalescent filtration isn’t yet present
within literature or industry, work by a colleague at the University of Leeds
(Dr. James Daglish) on this, as well as use of in some examples through this
work highlight potential for this technology in the field.1>®

1.5. Research Objectives

The two steps of mixing and separation make up extraction both in
continuous flow and in batch. Whilst continuous flow methods for reactions
are widely reported and actively researched, there is far less work on
continuous separations and purifications, and especially liquid-liquid
extraction. The exploration of new LLE screening and optimisation methods
has to date been very limited. This is an area particularly in pharmaceutical
development where consideration is important. As mentioned, carboxylic
acids and amines are found throughout in a wide range of synthetic routes
and can present a number of impurities in their generation alone. This is an
ideal area to develop and introduce screening and control methods for these
separations based on the intensification through the use of their pKa/pKan
and logioKr differences.

Dissociative extractions are present in small areas of literature, but as
an older technique it has lost focus and discussion. It is within this work that
a continued development and application of this technology will be explored,
in an attempt to bring more modern approaches to this older method. Key
areas covered in this are:

= The integration of modern small scale separators that improve speed,
reduce reservoir consumption, are easily reconfigurable and allow for
wide variable screening range.

= Incorporation of a small separation unit into a self-optimising setup to
allow for self-driven experimentation, exploration and identification of
optimal regions for separation to take place.

= Comparisons to model approaches that currently exist and alterations
to improve upon current models to advance where current work is.

= Attempts at incorporating the current model design, to actively control
extraction after a reaction for a continuous model-controlled
extractions, driven from reaction knowledge.
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Initially, Chapter 2 will focus on the transition of batch extractions into
meso scale continuous flow, with a focal point being the potential for process
analytical technology (PAT) integration. From here the final stage will be to
incorporate automated feedback optimisation algorithms to allow for simple
exploration of extraction variables to be achieved.

Chapter 3 explores a more complex multicomponent separation
problem case. Initially a single stage is screened and optimised, but
subsequently incorporated into multiple stages. Different configurations are
explored and compared to test improvements as these layouts change. PAT
is incorporated in between stages to allow for each separation design to be
analysed online to give a fully holistic viewpoint of the dynamics taking
place.

The fourth chapter takes a different approach to these previous two,
focussing more on modelled extractions. What has been done so far is
discussed as well as adaptations incorporated in this work. These are then
compared to the previous chapter's experimental results to discern the
success of these models in applying solutions to extracting systems.

The final set of work carried out attempts to integrate the previously
developed model into a control algorithm to act as a feedforward controller.
This will aim to explore the true ability of these sorts of models on live
accuracy as conditions change for a reaction outlet, with the goal to
generate a high purification and constant pH around what's expected from
the model.
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Chapter 2. Automated Screening of Extractions

2.1. Introduction

Within academia the screening of work-up conditions is frequently put
aside in favour of reaction development. Separations are often the least
productive and most costly part of a process, and, where a significant
amount of energy is consumed and waste generated.’®® With many
chemicals only being of value in high purity, key areas of process
optimisation are the purification and general downstream processing steps.
Liquid-liquid extraction is one of the most frequently seen methods of work-
up. It has the benefit of keeping the product in an easy to transfer liquid
medium, so has potential to be used throughout synthesis for intermediate
purification to simplify transfer to subsequent reactions. In addition, many
pharmaceutical products and intermediates contain protonatable/
deprotonateable groups within the pH limit achievable for water, so the
incorporation of a dissociative intensification method is favourable.

As discussed within Chapter 1, evolution of continuous processing
within pharmaceutical production is of high interest, but thus far has had a
major focus on reaction development. This has left a gap that has only just
started to be addressed through the availability of lab scale separation
equipment. This has led to a few examples of end to end synthesis, where

these dissociative liquid-liquid extraction methods would incorporate very
We".119‘139’152’160_162

An area within this that is receiving increased attention, is autonomous
self-driven experimentation, which has mainly focused on examples within
reaction studies.*® This could further be used to optimise conditions across
multiple different unit operations and as such the focus of this chapter is the
integration of continuous self-optimised extractions, to allow for process
surface screening for multiple variables.

To achieve this a continuous flow mixer settler system was assembled,
and integrated with process analytical technology. Also developed, was a
method to autonomously read the PAT data, interpret the values to an
objective and feed this into an algorithm to explore process variables. All this
was done using the two base system shown in Scheme 2.1, to validate
changes in the system against previously observed values and ensure the
results remained consistent throughout.
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2.2. Continuous Extraction System Design

2.2.1. Initial Batch Screening

A batch extraction was initially carried out to help inform the design of a
continuous extractor system and provide data for benchmarking. This
consisted of screening different acid concentrations and observing the
extraction of components from one phase into the other The protonation of
amines forms ionic salts, whilst that of carboxylate anions generates neutral
species and each species displays a different partition between an organic
and aqueous phase (Figure 2.1). Amines and carboxylic acids will partition
between the phases without acid or base addition, but using these to adjust
the aqueous pH, alters the speciation, hence their partition behaviour or
separation efficiency.

Neutral Organic Compound

Extracting Acid/Base

Protonated/Deprotonated
Organic Compound

Figure 2.1 The batch method of screening as acid concentration changes.
As mixing takes place the surface area between the phases increases
allowing for the reaction to take place.

Initial work was carried out in the group by Dr. William Reynolds on a
system of a-methyl-benzylamine and N-benzyl-a-methyl-benzylamine
illustrated in Scheme 2.1. This represented a sample system in which a
minor impurity was present in a mixture with a larger amount of desired
product with dissociation and partition differences making them suitable for
use in an initial screeing comparison. This was continued as a standard
system once the work was taken on as a PhD project.

The screening conditions were chosen with a total concentration of
0.87M to mimic high concentrations that would be desired at an industrial
scale. a-Methyl-benzylamine made-up 95mol% (0.825M) and N-benzyl-a-
methyl-benzylamine made-up 5mol% (0.045M) of the total. This model
system represents a frequently seen separation problem, with one product
formed in high concentration and a minor impurity to remove. It also
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demonstrates a case where a pH cliffedge is present, where the buffering
effects of the major component makes the largest impact, but once this is
exhausted there’s only a minute buffering region for the minor component,
leading to frequent excess extractant added and redundancy observed in the
purification step.

NH N
2 YO

a-methyl-benzylamine N-benzyl-a-methyl-benzylamine

Scheme 2.1 The two amine species of the high concentration desired a-
methyl-benzylamine and the minor impurity N-benzyl-a-methyl-
benzylamine used during the system design and testing.

Determination of the optimum mixing time required for separation was
investigated first by analysis of the organic composition by gas
chromatography. This was done to ensure the mass transfer equilibrium was
reached, so the system would be at a thermodynamic endpoint, Figure 2.2.
The overall kinetics for mass transfer indicated that equilibrium was
established after 200 seconds of mixing.

1.00-
0.99]
0.98—
0.97-]
0.96
0.95]
0.94]
0.93—
0.92-]
0.91—
0.90—
0.89]
0.88—

Organic Fraction

=@= a-methyl-benzylamine
=@— N-benzyl-a-methyl-benzylamine

(])IIIII6|OIIIII1£OIIIIléOIIIII24OIIIII34)0I

Time (secs)

Figure 2.2 The mixing time to reach steady state based on the observed
organic fraction of each amine.
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The extraction as acid concentration varied was next explored. The
mixing time was taken into account as the proton transfer is quite rapid when
using a strong mineral acid, so the mass transfer would act as a rate limiting
step. However, an additional 500 seconds mixing was given to ensure the
final equilibrium was reached. The pH was measured after phase separation
for each dose of acid. The extraction of each component was monitored in
terms of the logarithmic distribution coefficient (logi0Kp) and then the
extraction efficiency (EE) into the aqueous phase.

The component distribution between the phases is a general
expression looking at the combination of the neutral and ionic derivatives of
a compound and is commonly expressed as a logarithm.

K. = COrganic _ COrganic neutral + COrganic ionic (2_1)
D

CAqueous CAqueous neutral + CAqueous ionic

The initial resting pH for the system is just over 11. It can be seen in
Figure 2.3 that as pH decreases, a-methyl-benzylamine changes from a
more organically soluble species to a significantly more aqueous soluble one
due to the increase in the proportion of the protonated salt form. This is
followed closely by N-benzyl-a-methyl-benzylamine experiencing the same
effect. As would be expected N-benzyl-a-methyl-benzylamine is more
hydrophobic with the addition of non-polar hydrocarbon substituents, so has
a larger logioKp value at higher pH values. It also transfers at a lower pH
indicating a lower pKa value than a-methyl-benzylamine.
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Figure 2.3 A plot of the observed distribution of both amines as pH changes.

The distribution coefficient can be further used to illustrate the extent of
the extraction by calculating the extraction efficiency.

EE = (2.2)

1+Kp

This can also be considered as the aqueous fraction (fag) of each
component once extracted. It is derived from the phase distributions so
effectively works out as:

EE = 1 _ 1 _ Caqueous — qu (23)

1+Kp Caqueous  Corganic CorganictCaqueous

CAqueous CAqueous

Figure 2.4 illustrates the extraction efficiency of each component. It
shows a similar trend to that discussed in Figure 2.3. As the acid
concentration is increased, the pH decreases and a-methyl-benzylamine
titrates across from an initial aqueous fraction of 0.36 to 1. It is then
completely protonated between pH 7 and 8. N-benzyl-a-methyl-benzylamine
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transfers to the aqueous phase initially in a significantly lower concentration
with an observed partition coefficient of 20. It also completely transfers at a
lower pH between 2 and 3 due to its lower pKan. Within these transfer
regions an area exists where a-methyl-benzylamine is in a high
concentration in the aqueous phase, while N-benzyl-a-methyl-benzylamine
is in a high concentration in the organic phase. This would be the optimal
region to perform the extraction. A comparison can be drawn between them
to observe this optimal point.
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Figure 2.4 The aqueous extraction efficiency of each amine as the pH
changes. As pH drops the amines distribute into the aqueous phase.

The metric used to compare the extraction efficiency and isolate the
optimal pH for extraction was the direct subtraction of one agueous fraction
from the other (AEE). Unlike the separation factor that is frequently used for
comparing extractions, this allowed for a more detailed response around the
optimum as noise was reduced. This is due to low concentration noise
visible by point-to-point variation on the HPLC and GC acting as a source of
error.

The treatment using the separation factor also severely reduced the
observed number of points, due to the presence of a zero denominator.
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From this it was decided that the AEE would act as a more optimal metric in
areas of extreme comparison where concentrations in one phase are low.

The primary reason for not using the separation factor is due to the use
of a series of divisions. If one concentration in the calculation of a Kp is very
low, the distribution doubling or halving is very likely due to random system
noise. With this variance, the separation factor could easily half or double at
any point around the maximum. This presents a limitation in the accuracy of
finding the maximum.

AEE = EE, — EE, o =S (2.4)

Kp3

Looking at the AEE data in Figure 2.5, a peak response is formed.
The observed extraction efficiencies highlight an area of approximately 0.5
to 1 pH units wide between the total protonation and extraction of a-methyl-
benzylamine and the beginning of the extraction of N-benzyl derivative. The
optimal extraction appears in this region, with the highest AEE of 0.92
observed at pH 7.2. This gives an overall molar purity of a-methyl-
benzylamine in the aqueous phase of 99.5% in a single stage.
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Figure 2.5 The comparative extraction of the amines (AEE) as pH changes.
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This system looks at the process from the endpoint pH, and as such it
views the system in terms of pKad, which removes the influence of
concentrations on the peak observed. This highlights the maximum for the
pH at the outlet of the aqueous phase, but identifies little about the pH or
acid concentration that is required as an input.

2.2.2. Continuous System Design

A continuous purification platform was put together with the aim of
recreating the thermodynamic endpoint values found. In batch, the same
equipment is used for mixing the two phases together and then separating,
usually via the bottom run-off, with the denser phase first. In continuous flow
systems, each of these operations needs to be carried out separately. For
this flow platform, water and acid were pumped at a defined rate into a
fReactor, which mixed both solutions, to give an acid stream of known
concentration.#®> The outflow would mix with an organic phase containing
the amines in a second and third fReactor. This then flowed into a Zaiput
membrane separator to split the stream into two, to assess individual phase
composition by HPLC along with the aqueous pH analysis.'®* The diagram
of this process can be seen in Figure 2.6.

Water
(Pump 1)
Acid
(Pump 2)

Toluene & Amine —Organic# pHand HPLC analysis
(Pump 3) s » were carried out offline

/ ' Zaiput Memb

fReactor CSTR Q;‘ ¢ ,/ \\ aiput Membrane
; \ Separator

@ Pump [ \ | Separating Unit @ fReactor CSTR

Figure 2.6 The flow diagram for the initial continuous system.

Initial testing indicated that a single fReactor was able to reach
thermodynamic equilibrium for the extractions. However, considering the
effect variable exploration could have, a second was added to ensure the
equilibrium was reached. The Zaiput was also tested to ensure that the bulk
phases would completely separate from one another over the different
volume ratios. Using a 0.45 um hydrophobic membrane, loading (where the
input stream doesn’t fully split at the membrane and a mix of the phases is
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retained) of the organic phase onto the aqueous side was observed at ratios
(Volume Organic: Volume Aqueous) of 1.25 and above. For initial screening
a volume ratio of 1 was used to match the batch data. With the system
assembled, the time to reach steady state was determined by looking at the
concentrations of amines in each phase as the system was run. The optimal
time to reach steady state was observed to be 1250 seconds.

This was used to screen the system of a-methyl-benzylamine and N-
benzyl-a-methyl-benzylamine at varying acid concentrations, determined by
the acid and water pump flow ratios. The logio Ko values found on Figure 2.7
indicate clear similarities between the two systems. The data for a-Methyl-
benzylamine has near identical coverage, continuing on to highlight the
regions at lower pH unseen in the batch data. N-benzyl-a-methyl-
benzylamine also shows good fitting, illustrating the reproducibility of this
continuous system. Minor deviation with the Logio Ko was observed at lower
pH values. This may be caused by increased error associated with the low
concentration of this component.

Overall, the continuous flow study validates that previously seen in
batch. The initial transfer of a-methyl-benzylamine can be seen followed by a
flat region at a negative Logio Kp, showing the protonated amine in the
aqueous phase. The opposite is again seen with N-benzyl-a-methyl-
benzylamine in which there is an initial flatter region at higher pH due to the
pKan of N-benzyl-a-methyl-benzylamine being significantly lower than the
starting pH.
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Figure 2.7 A comparison of the logioKp of a-methyl-benzylamine (left) and
N-benzyl-a-methyl-benzylamine (right).
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This can be further interpreted for extraction efficiency. The a-methyl-
benzylamine follows the same trend whether in batch or continuous, with
points matching tightly throughout. Similarly for the N-benzyl derivative,
however some excess deviation can be seen in the region it transfers. This
is likely due to minor fluctuations within the system that are more visible
when looking at a minor concentration component.

a-methyl-benzylamine N-benzyl-a-methyl-benzylamine
1041 »oe o® 0@ 1.0
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Figure 2.8 A comparison of the aqueous extraction of a-methyl-benzylamine

(left) and N-benzyl-a-methyl-benzylamine (right).

The AEE comparison on Figure 2.9 illustrates this matching of data
again with all points lying between the upper and lower bounds from batch
between the initial increasing slope as pH decreases. The lower end shows
irregularities, but are still observed within the error bounds found during
batch testing.
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Figure 2.9 A comparison of the observed AEE values comparing the batch
values with the continuous flow results.

2.3. Process Analytical Technology

With the transition to flow, and comparison with batch, indicating good
agreement between the data, the next step was to incorporate PAT. To this
point, all the analytical work was offline, but the next step was to incorporate
both inline and online analytical equipment.

These are some of the positional methods of reading and reference
whether a measurement is taken in the reaction stream or tank (inline),
sampled and run alongside the reaction (online) or sampled and measured
away or at the reactor (offline/at line). Figure 2.10 illustrates this naming
convention.
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Figure 2.10 lllustration of the different methods of sampling for PAT.

This is a common method of introducing measurement and can lead to
increased process understanding and control. It is particularly important in
flow where the potential for end to end processing requires a strict
understanding throughout so deviations can be accounted for and potential
offline analysis could be difficult with highly reactive compounds.®3 Inline
and online measurement are becoming more popular as methods to carry
out this analysis increases leading to live data recording of the processes in
complex analytical methods like FTIR, HPLC and NMR.164

For this, both inline will be used for pH, temperature (inline) and HPLC
(online) for both the aqueous and organic phases.

2.3.1. Inline Analytical Equipment:

With the initial continuous design put in place, incorporation of
analytical equipment was the next step to allow for continuous monitoring of
pH and temperature. To achieve this an Arduino board was coupled with two
Whiteboxlabs tentacle mini shields. Each tentacle mini had two positions for
circuits to be added, which was filled with an Atlas Scientific pH Ezo chip
and RTD Ezo temperature chip (Figure 2.11).165-167
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Figure 2.11 Images of (A) an Arduino Uno microcontroller, (B) Whiteboxlabs
Tentacle Mini, (C) Atlas Scientific pH Ezo circuit and (D) Atlas Scientific RTD
Temperature Ezo Circuit put together in a 2 pH probe, 2 temperature probe
configuration as a continuous monitoring device (E).

These were programmed using the standard Arduino IDE to generate a
set of conditions to look for a serial import that would then read the probes
and send the data in an ASCII delimited format back across the serial port.
This meant some code could be put together using MATLAB or LabVIEW to
give continuous monitoring and datalogging of the pH and temperature at
points throughout the system,168.169

To incorporate the two pH probes into the system, face coverings were
redesigned for the fReactors to allow for the probes to be directly mounted
into the units. The aim was to get a rapid response, but also take advantage
of the ease in setup and reconfiguration that the fReactor gives. The
fReactors were further customised to incorporate the large PT1000
thermocouples in the back, which allowed for automatic temperature
compensation. The setup and configuration of these is displayed on Figure
2.12.
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Figure 2.12 Images of the parts and configuration for the inline pH and
temperature probe holder.

The response time was tested, by looking at the response time as an
acidic stream was introduced into the fReactors. Active mixing improved the
rate of response, so both flowcells were incorporated onto the stir plate with
the other CSTRs. These were then incorporated at the two positions (A & B)
in the continuous system (Figure 2.13). This allowed for the acid
concentration to be truly assessed at position A, while post extraction
characteristics were determined at position B.
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Figure 2.13 The continuous flow diagram including the positions for each pH
probe. An initial probe was positioned at the fReactor generating the
desired acid concentration (Position A) and a final probe at the
aqueous outlet (Position B).

The residence time was then assessed, after incorporating the probes,
by means of pH response which is illustrated on Figure 2.14. The aqueous
stream was injected with a small amount of acid and proton concentration
monitored at the output of the reactor. The peak of the response curve was
observed at 400 seconds. 99.9% of acid passed through the reactor was
cleared after 1500 seconds so the time to steady state was taken after this
point.
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concentration interpreted from the observed pH values.

These gave good responsiveness over continuous screening with live

monitoring data examples seen below in Figure 2.15. The initial response
rapidly reached steady state at Position B after approximately 1000 seconds,
although left for 1500 seconds as mentioned. Once flowrates change, these

values rapidly readjust to the next steady state.
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pH in Position A, (Top-right) temperature in Position A, (Bottom-left)
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This allowed for further screening to be carried out (Figure 2.16) with
inline analysis of the process pH, monitoring both the initial acid
concentration and final post extraction pH to relate to the transferred amine.
The result is a similar extraction seen to the batch and initial flow results with
the maximum observed at pH 7.3, with a AEE of 93%.
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Figure 2.16 The comparison of the observed AEE values from both flow
screening with the batch values and continuous flow results.

2.3.2. Incorporation into the Online Kit.

In addition to the inline pH and temperature measurement, online
HPLC was incorporated for both the organic and aqueous phase. For this,
sampling loops that transfer small volumes into the HPLC were incorporated
after the separator and final pH meter. While incorporating the current flow
design into this, there were two potential large issues that came from the
sample loops:

a. The Sample loops gave imperfect volumes every time they injected.

This was resolved by incorporating internal standards into each phase,
however these needed to be selected carefully so they retained in their
required phase for measurement. For the organic phase the issue was easy
to resolve as biphenyl is a readily available internal standard that's
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commonly used. It has a large partition coefficient between water and
toluene as consistently none was seen during test injections.

The aqueous was significantly harder to resolve due to three things
required for it to work well as an internal standard:

- Have a complete partition toward the aqueous phase that doesn’t
change with the conditions.

- Have a chromophore present in its structure.

- Not to interfere with the extraction.

Several potential methods were tested including adding biphenyl in
acetonitrile post separation and then initial incorporation of salts like N-
methyl-pyridinium iodide. The most effective observed was benzylguanidine
hydrochloride for systems of bases and naphthalenesulfonic acid for acids.

b. The sample loops provided additional backpressure on the system.

This by far made the largest impact during incorporation. It caused
issues with membrane function and under initial testing, limited the working
maximum of the separator in terms of volume ratio and flowrate.

The Zaiput membrane separator was designed such that a diaphragm
maintains a pressure balance between the permeate and retentate sides of
the membrane (Figure 2.17). *°* When backpressure is applied after this it
can override the diaphragm giving no control over membrane function. This
is what occurred with the sample valves due to the tight joints. Any deviation
between the two valves internal volume and flowpath produced variation in
downstream pressure that caused disfunction of the separator.

Retentate Side

Diaphragm

N~

Permeate Side

Figure 2.17 The structure of the Zaiput membrane separator using a
hydrophobic membrane. The dispersed phase (organic) binds the
membrane allowing it to transfer across while the hydrophilic
continuous phase (aqueous) is repelled. This was adapted with
permission from Adamo et al. Copyright 2022 American Chemical
Society.'t®
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To mitigate this for initial control experiments, two micro splitter valves
were incorporated just before the sampling. This allowed for tuning of stream
pressure so manual control could be used to alter differential pressure and
ensure the membrane was functioning properly. Unfortunately, due to the
requirement for manual adjustment this would be insufficient for fully
autonomous experiments.

2.3.3. Testing the PAT incorporated extraction surface

This did however work well for an initial design of experiment to screen
the surface and examine the potential for consistency in results across all
datapoints. The flow system was setup as illustrated in Figure 2.18.

Water Pump @ /p—H\

Extractant
Pump

Organic Pump N\

@ Pump Separating Unit @ Sample Loop

@ fReactor CSTR ‘ pH probe 2 Micro-splitter

Valve

Figure 2.18 The process flow diagram after the full incorporation of inline
and online PAT.

The DOE was a full factorial approach looking at the extraction at
extremes in both acid concentration used and volume ratio of the phases.
This was a general structure which was altered to include three extra points
along the optimum previously observed in linear screening with accountancy
for the volume ratio changing. This combination would aim to give an overall
screening with visualisation of the possible optimum. From this approach,
models for the potential objectives were put together using Modde.’® The
observed acid concentration from the initial position held very well, and fit
with the expected concentrations from the pump. The same cannot be said
for the observed final pH, as the R? and Q? are very low indicating poor
fitting. Conversely, the acid concentration model does fit well and the centre
points show good reproducibility, but there is some issues with the validity of
the model. This is likely due to the titration curves natural S-shape making it
difficult for polynomial fitted models to represent.

There are also some problems with the differential extraction efficiency,
which similarly may be caused by the unusual shape that rises and then
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dramatically drops due to the concentration difference between the two
components.

Summary of Fit - DOE test 2 (MLR) iR
17 B
[] Model validity
0.8 [l Reproducibility
0.6
0.4
0.2
0_.
'02 T T
Observed Acid Concentration pH final dEE

Observed Acid Concentration (N=14; DF=10; R2=0.99),
pH final (N=14; DF=10; R2=0.93), dEe (N=14; DF=11; R2=0.56) — T ——
MODDE 12.1 - 10/12/2020 12:22:13 (UTC+0)

Figure 2.19 Summary of fit for each of the potential responses from the full
factorial DOE.

The model fitting although useful, wasn’t necessarily the reason for
running this DOE. The major reason was to rapidly assess the functionality
of everything together on a two-variable extraction. The reproducibility being
high proves this, as does the resulting titration curve illustrated on Figure
2.20. Additional points were calculated for testing along the optimum line by
identifying the acid concentration where maximum was previously observed,
and accounting for the different molar equivalencies due to volume ratios
being adjusted. Overall, the points line up well and illustrate the titration
curve as well as the varying levels of extraction that occur across this
surface.
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Figure 2.20 Titration comparison of the DOE experiment variables with the
AEE.

2.4. Self-Optimised Extractions

A DOE approach to these problems is possible and has been carried
out autonomously to screen extractions and crystallisation in batch by
Bristol-Myers Squibb.” This method offered an iterative screening approach
suggesting different DOE experiments after each iteration, to reach an
optimum allowing efficient space exploration. This can however be time
consuming, and although DOE approaches aim to minimise experimentation
in total, consistent iteration of these can quickly lead to large number of
experiments where alternative experimental approaches exist.

These come in the form of optimisation algorithms, and have been of
interest for chemical problems, particularly with the incorporation of more
inlab automation. They are split into three major solving methods: local
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optimisers; single objective global optimisers; and multiobjective global
optimisers.tt3

Local optimisations come in two forms, one of which as described in a
review is the DOE approach, the other a black box approach.!? This refers
to the lack of understanding the algorithm has for the problem to solve, it can
only see the areas it searches. A common method of this is a simplex
algorithm which uses triangulated experimental design, where future
experiments are reflected on a vertex from this. More complex versions of
this also exist such as Nelder Mead simplex algorithm which the reflected
point can vary in distance from the vertex allowing additional flexibility to
reach an optimum. This was undertaken by one dissociative extraction
optimisation, however this appeared to have been manually carried out.’!
Autonomous examples have seen more of an appearance in reaction
optimisations.172:173

Whilst local optimisations work well, they can end up in regions that
aren’t the overall optimum due to it finding a maximum local peak, instead of
the globally best condition for that objective. This is where global
optimisation methods are useful. These generate a modelled surface which
increases in accuracy as experiment number increases. SNOBFIT (Stable
Noisy Optimization by Branch and FIT) is one such method which generates
and fits a polynomial model and includes additional benefit in handling noisy
data such as live experimental systems.1’# This has been used for a number
of reaction examples illustrating a good ability to descipher reaction
response surfaces.1’®

The final of these three methods, is an advanced version of a global
optimiser which has multiple objectives and aims to find the trade-off region
(Pareto front) and explore it.}13 This allows for difficult decision areas to be
explored, leading to a rational compromise and better process
understanding to inform reaction conditions.'4

Numerous other optimisation algorithms exist, each directing towards
specific benefits. The choice of algorithm can have a large impact on the
results and efficiency of experimentation observed, such as the impact of
hypervolume exploration on multi objective optimisations.1’® For this initial
problem SNOBFIT was chosen, to allow focus on a single objective problem,
but also allow for a screening of wider space so that data could be used for
future model comparisons in Chapter 4.
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2.4.1. Self-Optimised Extraction Screening of a two Amine
System.

The SNOBFIT algorithm ran for 63 experiments, overnight
uninterrupted. The main objective of this was to test the algorithm for use in
separation screening with a single desired optimum. It explored within the
boundaries set on Table 2.1.

Table 2.1.The boundary conditions for the self-optimised extraction of
amines using the SNOBFIT algorithm

Minimum Maximum

Volume Ratio (Organic/Aqueous) 0.3 0.8
Acid Concentration (M) 0.1 1

The boundaries were set low to try and mitigate loading on the
aqueous phase that was previously seen and adjusted for using the DOE.
This is the primary reason for the decrease in volume ratio, where previously
excess organic phase retained on the aqueous membrane side giving
potential for inconsistent data and required manual intervention to adjust the
pressure. However, it still presented a problem in this case on a wide
number of datapoints.

Comparing the observed output from both streams in Figure 2.21 with
batch, which was possible due to the independence of pH from volume ratio,
gave a direct comparison. The results showed that the initial increase in
concentration, as pH fell from 11, was much more dispersed and gradual.
The maximum formed approximately 0.2 AEE and 1 pH unit below what was
normally observed. There was also an issue with the very low pH values
where AEE increased to as much as 0.5.

This indicates some problems with the online method of analysis and
after careful assessment of the data, appeared to be from several sources.
Primarily, loading was still occurring, which could be seen by the presence of
the organic internal standard in the aqueous stream. However, there was
also an issue with the aqueous sampling, where significantly lower areas
were seen than originally identified. This was to do with the low volume ratio
required for these experiments meaning there was between 1.25 to 3.33
times the amount of agueous phase to organic.
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Figure 2.21 A comparison of the observed AEE response from batch
screening with the self-optimised extraction using both organic and
agueous concentrations.

Removing the aqueous phase results and inferring aqueous
concentration from the observed organic illustrates the level of deviation
brought about by the aqueous issues. Figure 2.22 shows similar results to
the batch screening. The initial values at high pH are lower in AEE by at
most 0.2, which is within the error associated with the uncertainty of the
partition coefficient, which can be significant.l’” From here, the initial slope
lined up well, as uncertainty decreased. The maximum gave identical results
to that found in batch and the declining slope, although lacking in data,
matched closely with the deviation seen previously from all flow results in
this area on Figure 2.16. There was also a similar issue observed in samples
at low pH regions on both Figure 2.21 and Figure 2.22. The data indicated
an increase in AEE at these low acid concentrations. It isn’t clear what these
were due to, but at such low pH values the ionic strength of the aqueous
phase existed somewhere between 0.88 and 1M in a mixture of hard and
soft ions. These salting effects could have an influence In
stabilising/destabilising the internal standards partition into either phase
causing salting in (associated with soft ionic interactions) or salting out
(associated with hard ionic interactions).1’® An alternative problem caused
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by these high salt concentrations could be the impact on the stability of the
two phases as the salt increases. This is unlikely, due to the ability of salt
and low pH values to destabilise emulsions.’® The final potential cause of
this can be considered when looking at the localisation of these points (low
pH (<2) and low volume ratio (0.3 to 0.45)) which can be seen on graph
Figure 2.23.
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Figure 2.22 A comparison of the observed AEE response from batch
screening with the self-optimised extraction using only organic
concentrations and inferring from this the aqueous concentration.

Overall, the batch results compare well with this adjusted data in the
regions where transfer is taking place and so illustrates the point that the
system can screen for optimum extractions. Figure 2.23 looks at the self-
optimised results from a top-down view, in which colour is now the AEE. In
the bottom left corner, where there is a low volume ratio and as the amines
transfer, the phase ratio passes a point where there is greater
transmembrane pressure than pressure on the retentate side causing
additional breakthrough into the organic phase. Although there is no clarity
on any of these three potential causes, the latter appears most plausible,
because of low pH on emulsion stability and that the internal standards are
unlikely to change in partition that significantly, due to the high original
partition of biphenyl.
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Figure 2.23 displays a well characterised optimum across different
volume ratios, and appears invariant with pH. This was more a factor of pH
decoupling concentration, which is usually observed in any titration. There
are some gaps missing in the space between pH 3 and 6. This region was
associated with the phase transfer of N-benzyl-a-methyl-benzylamine which
was in an extremely low concentration. When the pumps changed in ratios
to adjust the acid concentration, the steps they could take in some cases
exceeded the amount of N-benzyl-a-methyl-benzylamine in the system so
the pH immediately dropped, and it was observed entirely in the aqueous
phase. This issue was caused by the potential pump steps, but also further
influenced by the volume ratio required for the membrane to function
properly and the fact that the pH was an analytical tool, so had no influence
on the value observed from the experiment. This led to gaps in the pH based
on the chosen acid concentrations.
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Figure 2.23 The response data observed from the self-optimisation
compared to volume ratio and observed output pH in the system. This
response uses the organic data to infer aqueous concentrations.

Figure 2.24 looks at this from the perspective of the acid concentration
to the observed AEE. The experimental region shows good levels of
exploration as hoped for with no gaps like those seen in Figure 2.23. It also
shows two major areas of experimental clustering that appear at true optimal
regions. These are at low volume ratio of 0.3 and acid concentration of 0.2 to
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0.3 and then a region of 0.6 to 0.7 volume ratio, with an acid concentration
between 0.5 and 0.6 molar. Moving from the left as acid concentration
increases there is an initial build in AEE as a-methyl-benzylamine is
protonated and transfers to the aqueous phase while N-benzyl-a-methyl-
benzylamine remains in the organic. The maximum observed AEE appears
to vary little and remains around 0.9. However, it's position does change. It
cuts along a diagonal that matches with the concentration of amine in the
system. This maximum is associated with a steep drop as acid concentration
is increased rapidly past the concentration of any N-benzyl-a-methyl-
benzylamine. Anything past this region is a poor area for purification.

0.80 @)

0.75 ® )
l o 0.80

0.60
0.40

0.20

AExtraction Efficiency

(@)

0.00

Volume Ratio (Organic/Aqueous)
o o o o o o o
> > o 0o o o N
o (63} o (83 o o o
1 1 1 1 1 1 1

o)
_ o)
0.35 - © o e
o

0309 o efneee o0 o oo

00 01 02 03 04 05 06 07 08 09 10
Acid Concentration (M)

-0.20

Figure 2.24 The response data observed from the self-optimisation
compared to volume ratio and acid concentration in the system. This
response uses the organic data to infer aqueous concentrations.

Finally, this was also looked at from a titration standpoint by comparing
the acid concentrations to the observed pH values, Figure 2.25. The initial
pH is high due to amine presence in the aqueous phase without any acid
present. As the acid concentration is increased, the pH drops into the buffer
region for a-methyl-benzylamine. As it is all protonated and transfers to the
aqueous phase, the pH reaches 7 to 8. There is then a rapid drop in pH. The
data appears to miss the buffer region of N-benzyl-a-methyl-benzylamine,
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further confirming the rapid phase transfer seen with Figure 2.25 and Figure
2.24. The diagonal associated with the amine concentration changing in the
system can also be seen. From this drop, the pH continues to decrease
slowly toward zero as excess acid is added with no amine to neutralise it.
The pH moves consistently, as if it were titrating a single amine, while
providing expected results that could be found on a standard titration curve,
which can be understood by the low-level concentrations of the impurity.
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Figure 2.25 The observed pH from the self-optimisation compared to
volume ratio and acid concentration in the system. This gives a clear
titratory response.

Overall, the self-optimised extraction screened a two-variable surface,
finding an optimum alongside the cliff edge and exploring this area well. This
provides information on potential limitations of running this extraction at the
overall optimum. Good coverage of the surface was observed and with inline
pH also analysing the aqueous stream, the relationship of the extraction and
titration can be clearly observed.

2.5. Conclusions

Downstream purification can be a challenging thing to consider during
process design. Within fine chemicals, liquid-liquid extraction exists as a
good method for intermediate purification, keeping the products in a constant
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liquid phase for easy movement between reactions. There have been few
approaches to optimising work up conditions, but these haven'’t specifically
investigated the advantages of dissociative extraction within a screening
platform. They either focused on broad work up through iterative design of
experiment or were less directed to exploring optimal conditions at
scale.’%180 |n this work a continuous method has been investigated for the
purification of a-methyl-benzylamine, a major desired product from N-benzyl-
a-methyl-benzylamine a minor impurity.

The initial objective was to design a continuous extracting system with
inline and online analysis, while using batch testing as a standard to
compare this all to. A fully self-optimised screening was run to identify the
impact of acid concentration and volume ratio on performance of purification.
This coupled within inline monitoring gave multiple levels of analysis for
increased detail and understanding of the process variables and optimal
condition values.

There is large potential for this moving forward, with additional
incorporation of discrete variables such as solvent choice or selective salts
to incorporate salting in and salting out effects. This could provide a potential
for any post reaction to be simply put on the system and conditions found for
the optimum purification as well as an understanding of the local area
around this to account for any process deviations.



-61 -

Chapter 3. Small Scale Cascade Separations

3.1. Introduction

Many reactions may not be as simple as producing a product and
single by-product/starting material impurity, where they’re both structurally
different enough to separate out easily. In reality chemical reaction systems
present a wide potential for multiple impurity presence in the form of starting
materials, by-products, catalysts and ligands.?%'81 Within fine chemicals this
potential is exacerbated as more functional groups and molecular complexity
presents potential for additional side reactions and the generation of
structurally similar impurities. 182183

All of these present problems for downstream work up, where now one
extraction is insufficient to reach the desired purity and yield of the product.
This was the case in the continuous synthesis of atropine presented by
Bédard et al. using a single stage, they achieved a final purity of 90% and
22% vyield. This was unfortunately at a 50% loss of material to waste, as the
crude yield was 44% and this was after significant improvements from a
previously reported continuous synthesis, and work up.38160 This not only
means a significant loss of usable drug compound, but also the generation
of a waste stream with additional excess pharmaceutical product that would
require purification or treatment before entering general sewage.'® To
resolve this, multistage extraction designs can be utilised to enhance the
purification process. This can be done by arranging single mixing-settling
stages in various arrangements by interconnecting the inlet and outlet
streams.*® Work within this has so far been incorporated in a great deal of
work up for general reactive extractions as well as some dissociation
extractions aimed for fine chemical production.85139.171

This chapter aims to explore the use and benefits of small-scale
multistage extraction incorporating the inline and online analytical techniques
in relation to dissociation extractions for enhanced process understanding.
Additionally, it will look at the use of altering crosscurrent and countercurrent
stage conditions to improve upon using a single concentration across all
stages in a multistage extraction.

The chemical problem is the separation of benzoic acid and ortho-
chlorobenzoic derivatives, similar to the iodation that was presented in a
piece of work investigating selective C-H activation near a carboxylic acid.
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By using an iridium catalyst and N-iodosuccinimide, Erbing et al. achieved
the selective ortho iodination of benzoic acid and numerous derivatives to
high yield (Scheme 3.1).186

HO.__O NIS HO.__0O HO.__O

[Cp*Ir(H20)3]S04

> I + | I

Scheme 3.1 The selective ortho iodination reaction described by Erbing et
a|_186
One limitation in this work was the excessive over iodination of this
position, leading to cases where the desired ortho-iodobenzoic acid would
be the middle extracting component between the benzoic acid and the
disubstituted iodobenzoic acid.

The chlorobenzoic acid derivatives were selected due to their additional
prevalence within agrochemical and pharmaceutical end products.'®” For
this, the distribution of compounds was set to mimic a reaction with 70%
conversion and 80% selectivity of the desired 2-chlorobenzoic acid. Overall,
0.6M of total acid was chosen to allow for future modelling to fit for the most
part within the accurate region of Davies equation (up to 0.5M). These were
dissolved in 2-methyltetrahydrofuran and extracted using sodium hydroxide
in water.

Table 3.1 Distribution, concentrations and pKa values (in water saturated
with 2-methyltetrahydrofuran) of benzoic acid derivatives to be

extracted.
HO._ _O HO._ _O HO_ _O
Cl cl cl
Benzoic acid  2-Chlorobenzoic 2,6-
acid Dichlorobenzoic
acid
Molar Distribution 30 56 14
(%)
Concentration 0.18 0.336 0.084
(M)

pKa 4517 +/-0.023  3.422 +/- 0.011 2.972 +/- 0.061
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3.2. Single Stage Extraction of Benzoic Acid
Derivatives.

To carry out the optimal condition screening at a single stage the same
equipment discussed for self-optimised screenings in Chapter 2 was used.
This consisted of a number of fReactors for multiphase mixing, a separation
unit, inline pH monitor and sampling valves connected to an online HPLC for
automated analysis (Figure 3.1).

Water Pump @ @

Extractant @ HPLC
Pump !
Organic Pump N\ @ I I

@ Pump Separating Unit @ Sample Loop
@ fReactor CSTR ‘ pH probe

Figure 3.1 A process flow diagram for the single stage extraction.

v

The previously used Snobfit algorithm was chosen to initially highlight
the optimum areas of the extraction with the aqueous purity of the 2-
chlorobenzoic acid used as an objective.’#

[2 — Chlorobenzoic Acid] g
Y.[Benzoic Acids] 44

Purity = 3.1

Similar variables were used to previous optimisation by allowing
automated control of the extractant base concentration and volume ratio
between the organic and aqueous phase. During each snobfit call the
previous experiments conditions and observed purity would be given as an
input. These would then generate new conditions that would be converted to
pump flowrates to run as an experiment.
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Table 3.2 Variables and boundaries used in the single stage optimisation of
benzoic acid derivatives.

Variable Base Concentration (M) Volume Ratio (Organic/Aqueous)
Minimum 0 0.5
Maximum 0.8 15

Apart from these factors remaining constant, an alteration to the
separator was incorporated. Previously there was an issue found while using
the Zaiput membrane separator where conditions would vary to such a large
degree that the formed emulsion would swap from an oil in water to water in
oil mixture. For the most part the membrane remained fully functioning.
However, with the Vici sampling valves incorporated, there was an additional
applied backpressure which reduced the function of the separator by
applying the pressure slightly differently to each stream. This limited the
control from the diaphragm in the separator and meant both phases couldn’t
be autonomously sampled consistently.

A colleague at the University of Leeds (Dr. James Daglish) had been
working on an alternative separator that operated by an active control to
maintain a constant separation level which alleviated the limitations with
loading found while using the Zaiput.!11%® The active control works by
registering the interface level using a conductivity probe. This indicates
whether both probes are in the aqueous phase (conductivity is reading a
nonzero value) or one is in the organic phase (a conductivity of zero is
present). This is read by an Arduino that controls the separation by adjusting
a diaphragm pump flowrate at the aqueous outlet ensuring the interface is
always near constant at the upper conductivity probe.66

N\ | Separator Unit

Bibhase Organic
PRESSN ~ | © nDpiaphragm Pump

Agueous Conductivity probe

Arduino Microcontroller

Figure 3.2 Control diagram of the separator controlled by conductivity
recording of the aqueous phase.

In addition to the active control, this separator benefitted from improved
coalescence by using non-woven material depth filters, to allow selective
droplet deposition, increasing the initially slow levels of coalescence.'®” To
start with, no filter was used, however some experimental points were found
to separate slower. This led to emulsion formation and expulsion of the
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organic raffinate into the aqueous extract stream. This was resolved using
10 layers of polybutylene terephthalate (PBT) nonwoven filter media which
significantly reduced emulsion formation and meant full separation was
achieved consistently.

r:l

Figure 3.3 Images of the conductivity-controlled extractor with no filters
present (left) compared to 10 layers of polybutylene terephthalate filter
used (right).

The self-optimisation was allowed to run for 22 experiments with points
shown below on Figure 3.4 in the order ran and response observed. An
optimum of 65.8% purity was observed after 21 experiments at 0.54M base
and a volume ratio of 1.5.
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Figure 3.4 Datapoints generated by the snobfit optimisation algorithm in
order ran along with the observed purity response.

This three-dimensional expression of data is quite complex and
although it can be useful as volume ratio impacts the overall mass of
components to be extracted, it won’t impact the purity and extraction
efficiency that use the concentration to form and are dimensionless.
Similarly, because it impacts the overall amount of compounds that can be
extracted in the system, it is linked to the required amount of base, as more
base would be required in a system with more material in it due to the same
logic as a standard titration. This means that the two can be directly related
by dividing the base concentration by the volume ratio to normalise it for
compositional changes.

This gives the option to convert the three-dimensional plot to an easier
to read two-dimension representation of data. The extraction efficiencies of
all the components are displayed in this format on Figure 3.5. The
discrepancy across datapoints with different volume ratios was very good
with a consistent trend apparent for each compound. Initially the 2,6-
dichlorobenzoic acid is extracted followed by the chlorobenzoic and finally
benzoic acid in close succession. This leads to a case where no component
is segregated from the other two completely.
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Figure 3.5 The extraction efficiency of each benzoic acid derivative as base
concentration increases relative to the volume ratio.

This lack of ability to fully segregate the components can also be seen
illustrated on Figure 3.4 by looking at the purity, despite an increase the
maximum was only found to be 65.8%. The two-dimensional plot of this
purity is shown on Figure 3.6 with the extraction efficiency of the desired
component also seen. The optimum base concentration/volume ratio was
found to be 0.36M for purity at which point 75.2% of the 2-chlorobenzoic acid
was extracted. The trade off to reach 95% would bring the purity to
approximately 58%.
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Figure 3.6. The purity and extraction efficiency of the desired 2-
chlorobenzoic acid as the base concentration increases relative to the
volume ratio.

Carrying out an extraction at either of these conditions would lead to
great loss of material for insufficient gains in overall purity. Consistent
repetition of this would eventually lead to high purity product, but at a large
detriment to the overall final material leading to an uneconomical purification
process.

3.3. Multistage Carboxylic Acid Extractions

To mitigate the problem of insufficient and unsuccessful single stage
extractions, the use of multistage or cascade extractions has been
developed. This is not limited to liquid-liquid extraction and can be found in
processes including stripping and most notably distillation, where towers are
built with multiple stages in mind to gradually enhance extraction by
exploiting differential vapour liquid equilibria.*®> Cascade separations can be
defined as the interconnection of one stage’s inlet, outlet or both into the
inlet or outlet of another stage.8 A stage in this case is a single mixing of
two phases and subsequent separation into two discrete outlet streams.

The definition is quite broad to encompass many different
configurations as additional inlets and outlets can also be incorporated.
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There are three generally broad configurations, but it should be noted that
due to the freedom to incorporate and interchange these configurations,
overall systems appear quite bespoke, and nothing like the general format.
The three configurations are cocurrent, crosscurrent and countercurrent, and
are displayed below in Figure 3.7 where the boxes indicate each stage.

Single Stage Crosscurrent Cascade
— > —> > —>
—> — —> 3
Cocurrent Cascade Countercurrent Cascade
—> > —> « < «——
—> > —> —> » —>
Mixing and

— Organic Stream ) Aqueous Stream

Separating Stage

Figure 3.7 Multistage configurations for cocurrent, crosscurrent and
countercurrent with a single stage used for comparison.

For these cascades a series of mass balance equations are frequently
used as a tried and tested method for extrapolating out single stage
performance to different cascade types.'®® All three are displayed below on
Table 3.3.

Table 3.3 The equations used when calculating extraction efficiency as the
number of stages increases.

Cocurrent Crosscurrent Countercurrent
Cr 1+E Cr (1+E/N)N Cr EN+1-1

In this, N is the number of stages, C is the concentration of the
compound extracted at the N stage or the concentration in the feed solvent
at the initial inlet. E is the extraction factor.*®> This under a standard
extraction is given as the product of the distribution coefficient and the
extracting solvent flowrate divided by the feed flowrate (equation (3.2))
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Figure 3.8 Comparison of the cocurrent, crosscurrent and countercurrent
improvements on a standard extraction as stages increase. Data used
was from a dioxane extraction into benzene originally used by
Seader.18
The most basic of these cascade formats is cocurrent, in which the two

outlet streams of one stage are entered as inlet streams into the subsequent

stages. This has been shown to provide benefits to systems where full mass
transfer hasn’t taken place and the two phases haven’t reached their
thermodynamic equilibrium, but apart from that there is no net gain in the
extraction of components which can be seen in Figure 3.8 above.

Considering that a single stage is sufficient to reach thermodynamic

equilibrium within these extractions cocurrent won’t be explored further.

Additionally, all of this information has played a vital role in the
development and implementation of both standard and reactive type
extractions, with an alteration in the expression of E required for reactive
extractions.1® Unfortunately the dynamics at the interstage and the influence
of interstage extractant concentration adjustment remain unexplored.
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3.3.1. Crosscurrent and Multiwash Cascade

Crosscurrent cascades show significant differences and improvements
on the simplistic cocurrent manner in a standard extraction. In crosscurrent
methods multiple of one or both stream types (organic or aqueous) are
added into stages forming an array of extraction stages that can take place.

—> NN L 5 i Organic Streams

l l l l Aqueous Streams

Mixing and
Separating Stage

' !

Figure 3.9 A multistage diagram of a 2 by 2 array of crosscurrent stages.

This can be as simple as a 1 by 2 array which would appear as a
standard two step separation in a chemical lab, but can end up as an
incredibly complex array of interconnecting stages.%°

The use of crosscurrent cascades in terms of reactive extractions,
hydrometallurgical recovery, enantioselective extraction, and dissociation
extractions is less heavily documented with few mentioning it at all. Those
that do cover the topic, discuss it in comparison with generally more efficient
and desirable countercurrent methods.'8%1°1 This choice is potentially due to
it being less efficient than the countercurrent cascades.'®? The major use in
this method over others is in the stripping of single components treating
each stage as a separate wash to segregate complex mixtures.193.194

Within this study the previously used single stage was incorporated
twice and inlet/outlet streams configured to fit with a two-stage crosscurrent
system (Figure 3.10). The inline and online analysis was also incorporated
with this system to allow for continuous data collection of the pH at each
position and phase compositions after the final one. A valve was used at the
interstage organic stream for offline sampling of this.
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Figure 3.10 A process flow diagram for the equipment used in a two stage
crosscurrent and two stage multiwash extraction.

Online HPLC

To test this as a crosscurrent system, the aqueous outlet of both stages
were used. A 17-point grid search was put together encompassing
independent changes in each of the aqueous extractant streams with step
size of 0.1M between datapoints. Extra data was gathered where the
concentration of each stream matches (i.e. the aqueous concentration at the
initial stage is equal to that at the second stage), where points were taken at
0.05M intervals. The total amount of base used across both stages was set
to have a combined maximum mimicking 0.6M in a single stage, to match
with the overall expected requirement for base using a volume ratio of 1
throughout. This created a triangular formation of datapoints going from
0.5M in the first stage and 0.1M in the second stage to the opposite of this.

For this, the initial stage would be expected to mimic that of a single
stage which can be seen on Figure 3.11 comparing both the extraction
efficiencies and pH. Both responses mimic the single stage extraction
closely following the trend making for two sets of data that overlap. This is
what would be expected and illustrates to an extent that the multistage
system functions as would be expected and can be used to extend the data
examined in a single stage.
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Figure 3.11 A comparison of single stage and the first stage crosscurrent for

(A) pH and (B) extraction efficiency of components.

Coupling this to the second stage can allow for the initial extractant
concentration and second stage concentration to be independent from one
and other. This is displayed in Figure 3.12 as a scatter plot of the grid search
with the colour used to identify the purity. There is limited improvement in the
purity compared to the single stage, however there is a wide spreading also.
The optimal purity is found very similar to single stage at 65.5% as was the
extraction efficiency at 74.2%. The general trend also follows the same as
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the single stage, where there is an optimal hill with minimums on either side.
This is across in one direction, however there also appears to be an optimal
along the diagonal as opposed to all matching closely.
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Figure 3.12 The resulting purity of 2-chlorobenzoic acid as base
concentration varies between stages in a crosscurrent cascade.

This is one way it could be used, but this configuration could also be
applied by treating them as separate washes, losing the initial wash stream
as waste and then taking the final output as the desired extraction stream. It
should be noted that this would be more of a multiwash approach rather than
a crosscurrent cascade and be the subsequent wash that was mentioned at
the end of section 3.2 looking at single stage extraction. The objective of the
first wash is to remove as much of the 2,6-dichlorobenzoic acid possible and
subsequently extract all of the desired 2-chlorobenzoic acid with the second
wash.

The observed purity using this method, shows an optimal base
concentration at 0.2M from each stream, summing to the 0.4M and very
close to the optimum observed while using a single stage which was 0.36M.
This optimum has a significant increase in purity to 72.1% at this point.
Unfortunately, this improvement coincides with a large loss in the desired
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product where only 35.1% of the 2-chlorobenzoic acid was found in the
desired output stream.
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Figure 3.13 The resulting purity of 2-chlorobenzoic acid as base
concentration varies between stages looking only at the final stage like
a multiwash extraction.

Overall, no significant improvements were observed incorporating a
crosscurrent design and by treating it as either a crosscurrent or multiwash
system.

3.3.2. Countercurrent Cascade

The most common cascade type is countercurrent extraction, a
significant number of reports at present have used this compared to other
methods and that is for good reason. As already mentioned, it is the most
efficient method of multistage purification. The major benefit comes from the
interlacing of different stages in a reverse order such that the final outlet of
the organic is the initial entry stage for the aqueous phase.
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Figure 3.14 The multistage diagram for the countercurrent cascade.

The countercurrent design is illustrated above in Figure 3.14. The
aqueous stream will enter stage B and exit with some concentration of a
compound to be extracted. This enters stage A alongside the initial organic
inlet meaning that overall, there is a greater mass of the compound within
stage A that can be extracted leading to more being distributed to the
aqueous phase. This can then lead to enhanced extraction.

The use of countercurrent extraction within fine chemical studies has
been reported.13918 However, the discussion of complex enantioselective
liquid-liquid extraction (ELLE) has dominated reports of multistage extraction
in fine chemicals due to its cost-effectiveness compared with other
methods.®>86 The reason for its lack of general use, is the requirement for
continuous extraction equipment in a predominantly batch focussed industry.
This is achievable in batch, but is generally restricted to laboratory work-
up.1% This is due to the number of washes increasing to reach the same
steady state in batch that would be achievable in flow. For instance the
number of required washes to reach a 4 stage steady state would require
upwards of 15 mixing and phase separation events in batch.1%

The structure of countercurrent extraction has seen many changes due
to the continuing development over years. Complex additions have been
made on this such as the incorporation of a solvent stream and feed stream
which can positionally change stage to stage, as well as outlet refluxing. This
allowed for variation in concentration/dilution of the infeed as well as the
relationship between the solvent and wash flowrates without considering
reflux.t®’

To maintain simplicity for this example the outlet and inlet streams are
kept in direct opposition to one and other at either end of the stages. The
process flow diagram is described in Figure 3.15. The pH probes and online
HPLC were also incorporated with the sample loops attached to the organic
outlet and interstage aqueous stream. A valve was positioned at the
interstage organic stream for sampling.
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Figure 3.15 A process flow diagram for the two stage countercurrent
extraction.

Organic Stream

The stage on stage increase in overall amount of acid can be seen
within this system by looking at the pH and the inflection point compared
with that of a single stage extraction. Figure 3.16 displays the titration curves
at the interstage aqueous stream and the final outlet aqueous stream
compared with the curve observed from the single stage extraction. The two
different pH positions at low extractant concentration are found tight and
close together and expand from overlapping as the base concentration
increases. This difference between the two positions grows until eventually
the interstage moves past the inflection point and all the acid is fully titrated
into the aqueous stream. This occurs earlier than that observed in the single
stage indicating that there is less overall acid in the stage where the inlet is
the initial inlet for the aqueous stream. Similarly, the overall outlet pH is
lower than the single stage and still within the buffer region when the
inflection point for single stage is reached further indicating that there is an
overall increase in material within this stage due to the previously mentioned
initial extraction.
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Figure 3.16 The pH values at the interstage and aqueous outlet in the
countercurrent cascade compared to the single stage results.

The countercurrent design meant that there was an increase in the
aqueous phase of each component going into the final extraction stage,
where the organic stream entering had excess carboxylic acid and could
therefore extract more material. In addition to altering the pH, the extraction
profile between the benzoic acids was altered. This led to improvements in
the extraction profile and therefore overall purity.

The countercurrent purity improvement (Figure 3.17) shows agreement
with the final pH outlet when compared to the single stage where the profile
shifts to the right and an additional amount of base is required to reach
optimal extraction point. This indicates that more acid is in that final stage to
extract. An increase in overall purity is also seen moving from 0.65 to 0.69.
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Figure 3.17 The observed improvement on purity using a countercurrent
cascade as opposed to a single stage.

This improvement in differential extraction can also be seen in the
expansion of extraction efficiencies between components. Figure 3.18
presents the extraction efficiency of each component using a single stage
extraction compared to the countercurrent extraction. The central line of
points that is unchanged between stages are for the extraction of 2-
chlorobenzoic acid, while the other two components bend in a bow like
fashion on either side of this central line. This improvement can be seen with
the increased bowing of the two outer components from the inner centreline
compound. Between the single and two stage countercurrent there is some
very minor change in the bow shape produced by the 2,6-dichlorobenzoic
acid. The largest improvement is from the benzoic acid. The improvement in
overall purity as stages increase may be more due to the concentrations and
concentration differences between the two key components that are
extracting where there is more benzoic acid relative to the 2-chlorobenzoic
acid than the 2,6-dichlorobenzoic acid.



-80 -

1.0 A A
0 A Aa 28
] A A e ©
0.9 AA o® ©
| A
0.8 - @ -
> A L =
2 0.7 ®
@ ] A o’ B "
.E 0.6
J @
L A
= 0.5+
o 1 @ [
— ]
—
O 0.4 1 =
E 1 mE
% 0.3 1 ®
L 1 @ a® Symbol
0.2 O Benzoic Acid
E - mO 2-Chlorobenzoic Acid
0.1 - A @ m m A 2,6-Dichlorobenzoic Acid
U g Colour
0.0 - 8 e . [ | Single Stage
B Two Stage Countercurrent
—'_ T I T 1

—
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Base Concentration (M)

Figure 3.18 Comparison of single stage and countercurrent effect on the
extraction efficiency of each of the benzoic acid derivatives.

3.3.3. Interstage Adjusted Countercurrent Cascade

So far, correlating with well accepted literature, the countercurrent
cascade has outperformed single stage and crosscurrent designs for this
small system. In terms of countercurrent extraction there are some additional
considerations that have been touched on in literature, however one that
appears less focused on is the potential adjustment of concentrations in
between stages.

The closest in relation would be the concept of “Super Structures”
where multiple unit processes are configured together or complex design
alterations where additional amounts of solvent are dosed in between the
stages.'®® This adjustment in terms of pH control and monitoring has
potential to present large benefits in extraction efficiency and separability of
complex components. This may be more prevalent in cases where multiple
stages may be more difficult to achieve, such as in a predominantly batch
production facility where countercurrent extractions would take significantly
more holding tanks.
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Figure 3.19 The multistage diagram for the countercurrent cascade
incorporating interstage extractant concentration adjustment.

The general hypothesis behind this is, that for complex systems where
separation is initially difficult, starting to extract one component gradually
over another, would allow a difference in the ratios of components as the
stages increase. This occurs to an extent generally in countercurrent
extractions, but by including slight adjustments to the amount of extractant in
each stage there can be a more focused extraction of one component over
another. This would further build on that component stage on stage and
would be of greater benefit than performing one initial extraction. This could
allow for a situation where higher purity and extraction efficiency may be
achieved more easily with fewer overall stages. To do this the subsequent
stage concentration of extractant must be accounted for properly. Due to the
input of an additional stream, the new concentration is a combination of both
concentrations forming it. After this, the compensation for the ratio of
different phases needs to be added, to account for the concentration and
mass differences in between the two phases.

_CGA+GB
Caaj = A_I_—B-VT (3.3)

Where C is the concentration of base at the inlet (i) and the interstage
pump (j), A and B are the inlet aqueous and interstage pump flowrates
respectively, and Vr is the new volume ratio between the organic and
aqueous phase.

The continuous countercurrent system was setup generally as
previously within section 3.3.2 where the aqueous and organic streams are
flowing opposite to one and other. The main addition was the incorporation
of a third pump at the interstage aqueous point to allow for alterations in the
stage concentrations independently of one and other. Apart from this, there
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were two other alterations to the analytical configuration. The aqueous port
previously connected to the sampling valve previously at the interstage
positions was exchanged for a second three-way valve and the final
aqueous outlet was attached to the sampling loop to allow for immediate
evaluation of both outlet streams to assess purity and extraction efficiency.

Organic Pump

Online HPLC

Interstage
Aqueous Pump
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? Organic Stream

<> Pump \ | Separating Unit BxY Three-Way Valve

@ fReactor CSTR pH probe @ Sample Loop

Figure 3.20 A process flow diagram for the two stage countercurrent
extraction with adjusted interstage extractant concentration.

To explore potential variation a grid search would have required 58
datapoints. Instead of this a 20 datapoint Latin hypercube was used to
explore this space efficiently. The data gathered in this manner should also
be directly comparable to the countercurrent cascade, as the volume ratio
difference is already accounted for.

Figure 3.21 shows the pH data gathered at each of the final and
interstage streams for both the countercurrent and the countercurrent with
interstage adjustment. The pH comparison at each position highlights the
trend that as the base concentration increases so does the pH. The
countercurrent data fits well with the trend that was found incorporating the
interstage adjustment also.

The pH at the interstage position (Figure 3.21 (A)) is influenced by both
the initial and adjusted base concentration. The adjustment seems to make
a more dramatic impact on pH where large changes in extractant
concentration are found. The pH is more tightly tuned with the initial base
concentration, which corresponds to it being directly influenced by this,
whereas the adjusted base concentration only alters the amount of residual
acid entering that stream. The pH at the outlet stream (Figure 3.21(B))
shows more of an influence from the adjustment that’s carried out and that
the change in pH is more gradual from this. The pH is also considerably
lower at the final outlet which as was seen in the countercurrent is due to
additional benzoic acid presence after the initial extractant stage.
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Figure 3.21 The pH values for the countercurrent and countercurrent with
interstage adjustment at (A) the interstage and (B) the agueous outlet.
The final observed purity highlights in this case that there is an
apparent band of optimal extraction, where achieving a purity greater than
0.65 is consistent and broad in terms of response. There is a similar initial
decrease, followed by a rise to an optimum and a decline back to the initial
purity where all components are extracted and in the same phase. The initial
decline is lower than observed and suggests that a high initial base
concentration followed by some quench of acid in the adjustment would
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increase the achievable amount of the 2,6-dichlorobenzoic acid that could be
extracted leaving the other two components.
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Figure 3.22 The aqueous outlet purity for the countercurrent and
countercurrent with interstage adjustment.

3.3.4. Comparing Extraction Methods

All of these methods show some potential and highlight the trend that
crosscurrent has some improvement on cocurrent, and countercurrent
outperforming both of these.’® Adjusting extractant concentrations also
allows for additional benefits in the control and variation in extraction at each
stage, widening the area for variation and change within a process. Although
more stages may be needed to see true improvement on this.

So far all have been compared by primarily looking at the final aqueous
purity. This is not ideal and in terms of separation science would be an
inefficient method of comparison. The most accurate method of evaluating
these would be by using the separation factor for two key components, in
this case the extraction of the 2-chlorobenzoic acid would be compared with
either the benzoic acid or the 2,6-dichlorobenzoic acid. This is done because
in an extraction there are normally two discrete phases so by separating out
the phases you can separate the material in them. This means looking at
anything other than two components that you would want to segregate is
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futile as you can’t split the two streams to separate out more than two
components in any separation.

The separation factor («) is given as the ratio between the distribution
coefficients of two components (Kp; and Kp,), in this case between benzoic
acid and 2-chlorobenzoic acid where the later compound to extract (with the
higher distribution) is the numerator:

K
== (3.4)
Kp» ’

Using this method for comparison, the gains for each method can be
clearly seen with countercurrent methods outperforming the single stage and
crosscurrent. Crosscurrent also shows good improvement on the single
stage. A small improvement can be seen when using the interstage

adjustment indicating that by using this method of extraction some gains can
be seen stage on stage.

20

Separation Factor (o)
=) &
1 1

(63}
PR

Single Stage  Crosscurrent  Countercurrent Countercurrent
with adjustment

Figure 3.23 Comparison of the optimal separation factor between benzoic
acid and 2-chlorobenzoic acid for single stage and multistage
extractions
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Unfortunately, by only comparing the two components, any benefit or
comparison using multiwash as a standard example would be redundant as
it has potential to remove both, at the cost of efficiency. To compare this with
the other methods, two metrics were looked at. Figure 3.24 illustrates this by
judging the extraction efficiency with the purity of the desired product for
each of the different explored methods. This plot is incredibly data rich, so to
make the graph easier to understand a Pareto front has been provided as
the line for each dataset along with a zoomed in image of these lines. A
Pareto front is a trade-off between two separate objectives where any gain in
one is at detriment to the other.
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Figure 3.24. Pareto comparison of single stage and multistage extraction
methods using the extraction efficiency and the final purity.

Looking at the data, the methods discussed in Figure 3.23 follow the
same trend as the previously mentioned improvements. The multiwash
doesn’t conform to this, and consistently gives a poorer extraction efficiency
when purity is high. The purity outperforms all other methods of 2 stage
extraction, but at a significant detriment to the final extracted amount.

For the other cascade extractions there is a consistent improvement
with each new method. The countercurrent and adjusted countercurrent are
very comparable and overlapping on a number of positions. It also indicates
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that to reach 90% extraction efficiency, the purity of the 2-chlorobenzoic acid
would be approximately 67.5% for each of these methods. This represents
an overall 11.5% increase on the initial purity.

3.4. Conclusion

Multistage separation for complex systems has been illustrated as an
effective method for further enhancing purifications. Various complex
arrangements of stages are known and frequently used, with countercurrent
generally accepted as a key method for improving a two key component
separation. With fine chemicals moving to utilise the benefits of continuous
processing, multistage extraction acts as a key point of benefit due to its
ease of integration within flow over difficulty in batch. Unfortunately, with this,
a lack of studies exist at present on the combination of multistage with
dissociative extraction. To explore and develop this application at a small
scale, a system of three benzoic acid derivatives were selected.

Initially this was screened autonomously using a self-driven
autonomous optimisation algorithm investigating the desired components
purity. Overall, a 9% improvement from the starting composition was
observed across the surface. This poor gain was coupled with a loss of
approximately a quarter of the desired component.

To look at improvements on this, three (or four depending on the
coupling of multiwash and crosscurrent) different methods were explored,
crosscurrent (and multiwash in this design), countercurrent and a
combination of both methods through interstage adjustment of
countercurrent. The adjusted countercurrent method performed better than
the other methods in achieving high purity at the lowest material loss. The
only other comparable arrangement was the multiwash arrangement. It
outperformed all others in purity, but at the largest cost to extraction
efficiency as there was a significant amount of 2-chlorobenzoic acid lost in
the first wash stage. The improvement observed in the adjusted
countercurrent was theorised to be due to the gradual selective increase in
mass of desired component stage on stage that was exacerbated by an
optimal extractant concentration for each stage. This overall presented a
method that could lead to optimal extraction through reduced stages for
components of similar dissociation and partition coefficients in complex
multicomponent mixtures.



- 88 -

Moving from this, potential progress would be further extrapolation onto
additional stages exploring multiple washes, highlighting systems where this
could be used between various reaction steps or alternative unit operations
such as a final crystallisation step where stream purity would be a high
priority.

Overall, this work highlights an additional intensification approach
through the combination of two pre-existing intensification methods further
exaggerating the benefits to new levels for separations and would allow for
shorter cleaner methods of fine chemical purification.
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Chapter 4. Predictive Screening of Extractions

4.1. Introduction

This chapter will look at applying physical chemical models to the
experimental dissociation extractions that have been performed so far. The
central problem and approach is nothing explicitely novel, but as Robinson
and Cha account in an article from 1985, it is something that has been lost
due to a lack of discussion.®® Nevertheless, the mechanics of this extraction
method have been well described as far back as 1943 for use on
pharmaceutical components.19°

Robinson and Cha recognised that this approach started in
combinational work by Craig and then Golumbic, Orchin and Weller, who
looked for a correlation between partitioning and dissociation.19%2% This
allowed experimental evaluations of an extraction to be described by an
expression for the thermodynamic equilibria of a compound that can change
between a charged and neutral species. The neutral species has an
equilibrium between an organic and aqueous phase while the charged
species is considered to have such a large preference for the aqueous
phase, it is taken as not existing in the organic, see Figure 4.1.

HA
Kp
\
Ka _ .
H,O + HA A +H30

- 7

Agueous

Figure 4.1 The phase transfer equilibria diagram for the dissociative
extraction process of a monoprotic acid.

Between these two pieces of work, an initial derivation was made to
represent the titration process that takes place when a weak acid distributes
between an organic and aqueous phase as pH changes. The derivation is
given in equation (4.1) where the partition (Kp) and dissociation (Kj)
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constants for a compound ([HA]y.4 for the neutral organic concentration,
[HA],, for the neutral aqueous concentration and [A™] for the charged

conjugate base concentration in the agueous phase) are used to rearrange
the standard expression for the distribution coefficient (Kp).

Kp = [HA]Org/[HA]Aq K, = [A_][H30+]/[HA]Aq

K. = [HA]Org (4.1)
P [HAL +[A7]
-1 _ [HA]AqKA
=077
[HA]Org KP

a1+ ) (1+ m6m)

This was taken further to compare multicomponent mixtures allowing
optimum separations to be explored.?°! Finally carrying this multicomponent
comparison to resolve a two-component neutralising solution by
incorporating this expression for the distribution coefficient into the
separation factor to allow for a two-component separation to be easily
evaluated, with additional improvements to allow for extractant
concentrations to be compared rather than pH. This was found to work well
on some separations even when using purely theoretical evaluations for the
partition and dissociation constants.?%?

More recently, an alternative derivation has been described to bring
about a similar expression to that resolved in equation (4.1). Instead of
rearranging the distribution coefficient to incorporate the partition and
dissociation constants, an overall mass balance is performed across the two
phase system to account for volume ratios and pH.?° This method allows for
the calculation of polyprotic compounds easily. It focusses on an initial
manipulation from a total mass balance to calculate the fraction extracted of
a component (fraceytrqctea)- N this way it is more of an adjusted distribution
coefficient as it uses mass (mHA), as opposed to concentrations that are the
traditional components of the equation. This is achieved using the volume
ratio (Vgzqtio)- The derivation of a monoprotic acid using this method is given
in equation (4.2).
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MHAppgse = [HA]PhaseVPhase VRatio = VOrg/VAq

MHAorq = MHAgrg + MHAyq + MmAy,

mHAorq = [HA]OrgVOrg + [HA]AqVAq + [A_]AqVAq
[HA]AqKAVAq

MHA a1 = [HA]AqVAqKPVratio + [HA]AqVAq + T
[H307]

Ky
mHAotar = [HA]AqVAq (KPVratio +1+ [H30+])

So, (4.2)

Ky
mHAAq = [HA]AqVAq (1 + [H30+])

K4
mHAy, 1t [H307]
fracextractea = -
mHAtotal KA
KPVratio +1+ W
f 1 :
rac = -
extracted 1+ M 1+ KD Vratio
L
[H307]

Reactive extractions (extractions using alternative extractants than
simple mineral acids and bases) have used similar methods to these for the
recovery of valuable carboxylic acids into organic streams post
biofermentations. Due to the transfer into the organic phase, there are
adjustments required to these methods as well as incorporation of a
dimerization factor for the aqueous acids limiting an active extractable
concentration. 204295 As a result of this, additional more complex methods,
such as the use of neural networks, have been used to account for the
variation which can be difficult to discern

4.2. Initial Model Design

All of these methods function similarly, but as mentioned, the mass
balance approach in work by Ashworth and Meadows, has also allowed for a
simple method to calculate polyprotic species. Once resolved for a
polyacidic or polybasic species (or both), the equation can be reapplied to
any other compound with the same number of acid/base group. This works
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despite the additional complexity, and is the main method used to evaluate
the extraction equations of various components within this work, due to its
versatility for potential future cases.

To achieve this, the equations were derived for nine separate cases
from a single acid/base up to three potential protic sites and made into a
single selection function to allow any case to be tested easily.

This was tested on a two base system of single variables, looking at a-
methyl-benzylamine  (0.825M)  and N-benzyl-a-methyl-benzylamine
(0.0423M) in the same concentrations from Chapter 2. The ideal modelled
extraction can be seen in Figure 4.2. For this, the function was put in a loop
to allow each component to be calculated.
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Figure 4.2 Ideal modelled extraction curve for a-methyl-benzylamine and
N-benzyl-a-methyl-benzylamine as pH changes.

This works well and illustrates the potential extraction profile of each
component as pH varies, but unfortunately may not represent the true
observed properties. To account for this, non-ideality needs to be
incorporated for these models.

This potential deviation is due to activity effects as the ionic strength of
the aqueous solution increases with salt generation. To mitigate this a
secondary loop was utilised to recalculate the activity impact on the
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dissociation constant for each component, at each point in variable space.
The incorporation of activity has previously been addressed, it was initially
considered unrequired due to its lack of impact on extractant concentration,

but this was later changed to see it as an important factor to account
fOf.206‘207

In this case, the first step is calculating the concentration of the ionic
species and their respective charge states, and converted to the ionic
strength (I). This is a representation for the collective charge concentration
in the solution and is calculated by summing the product of concentration (c;)
and squared charge (z?) for each ion and then taking half of that value to
account for ion pairing.?%®

1 2
1=3).ax (4.3)

The ionic strength is then used to calculate an activity coefficient using
the Davies equation.?® This is an empirically altered derivative of the Debye-
Huckel equation which was found to have high accuracy for solutions of ionic
strength up to 0.5M, but then falls in accuracy. The major benefit in using
this over more accurate alternatives, is the minimisation of known factors,
only requiring the ionic strength (I), species charge (z;) and a parameter (A)
accounting for the solvent’s dielectric constant and temperature
dependence.

VI
logi0y; = —Az; | ——=—0.31
141 (4.4)

For the system of two amines which reach outside this high accuracy
adjustment, the activity coefficient can be calculated throughout the
extraction indicating that it changes depending on the given conditions of pH
and the calculated concentration of charged components in the aqueous
phase.
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Figure 4.3 Calculated activity coefficient effect caused by the extraction of
a-methyl-benzylamine (0.825M) and N-benzyl-a-methyl-benzylamine
(0.0423M) as pH changes.

The activity is then used to adjust the dissociation constants, before
reiterating until the current and previous loop converge to within 0.005 pKa
across every point (i.e. the activity has little requirement for adjustment any
further). To do this the activity is adjusted for each component either pKa or
pKb, by adjusting the overall activity factor.?19211 The effect of this on the two
bases is that the pKan of each shifts by effectively 0.6 units across the pH
scale.
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Figure 4.4 The activity adjusted pKa values for a-methyl-benzylamine and N-
benzyl-a-methyl-benzylamine as pH changes

There would also be potential to adjust the partition coefficient,
however this isn't done for a number of reasons. Firstly, activity calculations
on ionic species are simpler to compensate for, due to difficulties in
measuring neutral effects. Secondly, the activity effect on the partition
coefficient due to aqueous salts would be additionally difficult to discern, due
to salting in and salting out effects, which follow a similar, hard-soft
relationship observed in Pearson’s hard-soft acid base theory and for
enzyme stabilisation in the Hofmeister series.'’® This makes for a purely
empirical impact, dependant on the discrete salt used, as displayed in the
Setchenov equation, which is applied for solubility, but also holds for liquid-
liquid transfer.?'?2 Finally, the impact of the partition coefficient on the
extraction, although important is a lesser effect than that observed by the
dissociation constant.

In this case, it is more accurate, and experimentally simpler, to adjust
the dissociation constant, which relies on no additional experiments. This
keeps every system evaluated using this method, low in experimental effort,
while producing accurate extraction surfaces.

The next stage is to calculate the total required extractant
concentration. This is done by summing the ionic forms, but accounting for
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the potential of each in the aqueous phase as the volume ratio changes.
With the given data so far this relatively simple and can be done as below:

Cextractant = z CifiVrz; + HY (4.5)

With all this carried out, the extraction of each can be compared with
the amount of extractant present in the system. This predicts values similar
to if the pKan of two species were far enough apart. Effectively the extraction
can be seen as two straight lines. This relates to pH extraction previously in
Chapter 2, where the extractions aren’t occurring at the same time, a-
methyl-benzylamine extracts into the aqueous phase with a single dose
response curve and then the N-benzyl-a-methyl-benzylamine transfers in a
single dose. One curve ends before the other begins.
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Figure 4.5 The extraction of a-methyl-benzylamine (0.825M) and N-benzyl-
a-methyl-benzylamine (0.0423M) versus the concentration of acid.

The pH can also be compared to this generated extractant
concentration giving a simulated titration curve. The initial buffer zone of the
a-methyl-benzylamine can be observed between approximately pH 10 to pH
7. After this there is a small buffer region at roughly pH 6 to pH 4,
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corresponding to the titration region of the N-benzyl-a-methyl-benzylamine.
This buffer region is much smaller due to the concentration of N-benzyl-a-
methyl-benzylamine being 5% of the amount of amine in the system. After
both buffer regions are passed the pH drops to a sloped curve as would be
seen with a regular titration curve.
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Figure 4.6 The predicted titration curve for the extraction of a-methyl-
benzylamine (0.825M) and N-benzyl-a-methyl-benzylamine (0.0423M).

Overall, this model simulation functions by initially performing a titration
of each component, summing ionic strength and then using the Davies
equation to calculate the activity coefficient. This was then used to adjust the
pKa of each component at each point in variable space. This was looped
until the pKa values from iteration to iteration converged to within 0.005 units.
The extractant concentration was finally evaluated from this. A flow chart of
this process is illustrated in Figure 4.7.
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Figure 4.7 The simulated extraction flowchart for a single or multicomponent
system with activity adjustment for the dissociation constant.
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4.3. Predictive Extractions of Amines

4.3.1. Single Variable Testing for Activity Correction

To test the alterations and experimental accuracy of this modelling
approach, the initial results from the extraction of a-methyl benzylamine and
N-benzyl-a-methyl benzylamine were used. The physicochemical constants
used in the model are provided in Table 4.1 and were experimentally
determined, with the logioKp values taken from data gathered from the batch
and flow experiments in Chapter 2.

Table 4.1 Conditions used for the modelled extraction of a system of a-
methyl benzylamine and N-benzyl a-methyl benzylamine from toluene

into water.
NH, N
H
a-methyl benzylamine N-benzyl a-methyl
benzylamine

Molar Distribution (%) 95.1 4.9
Concentration (M) 0.825 0.0423
pKan 9.331 +/- 0.017 8.589 +/- 0.189
LogioKp 0.992 2.497

Figure 4.8 illustrates the impact of incorporating activity adjustment into
the model, this causes an improvement in the accuracy of expected pH as
the acid concentration increases. When adjustment in activity is accounted
for, changes in the pH cause changes to the pKa values, which cause
improvements in the predicted model fitting to the experimentally observed
results in flow.

There is some discrepancy as pH reaches the large drop and the
equivalence point. This is more likely due to a mixture of experimental
deviation, caused by errors in pump flowrates, and the pH probe measuring
at a very volatile response region, rather than an issue with the model.
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Figure 4.8 A comparison between the titration with and without activity
accountancy, when compared to experimental values.

Comparing in this way, unfortunately doesn’t explain what would be
expected from the model at these given experimental inputs. To assess this,
the model was incorporated with point searching in which an array of the
experimental data was used to relate expected model outputs with the
experimental inputs.

The model uses pH and volume ratio as inputs, while the experiments
rely on the acid concentration and volume ratio to determine an output pH.
To directly compare the expected results, the experimental pH and volume
ratio values were input, to compare with the model’s ability to select an
appropriate acid concentration to reach that value. Some effect of this can
be seen in Figure 4.8, however Figure 4.9 illustrates this more clearly. The
adjustment made from activity correction, refits to a close to 1 to 1
relationship between the observed and expected. There is a significant
improvement in the linearity and correlation of the model, with a 0.15
improvement in the initial intercept value. This has overall led to a high
accuracy prediction between the final pH and the amount of extractant
required.
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Table 4.2 Line fitting data for the acid concentration comparison on Figure

4.9.
With Activity Correction Without Activity Correction
Intercept -0.024 + 0.024 0.176 + 0.029
Slope 1.061 £ 0.045 0.922 +0.054
R? 0.946 0.902
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Figure 4.9 Fitting evaluation for the ability of the model to predict the
required acid concentration when the activity correction is and isn’t
incorporated.

This highlights the strong ability for the model to predict pH, but in
doing so it is also determining the fraction of each component being
extracted from the organic phase to the aqueous. Looking at the a-methyl
benzylamine comparison on Table 4.3 and Figure 4.10, there is less of an
improvement from the activity compensation. There is still some, with an
adjustment of 0.029 to the accuracy at the initial intercept and a 2 to 3%
adjustment of the slope, moving it closer to a 1 to 1 relationship. There is
also a minor improvement in the correlation of the data.

The data does appear more skewed at lower values when both
excluding and incorporating activity correction. This may be due to the error
generally evaluated with logarithmic partition coefficients, which can show a
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large variance. Despite this, the model appears sufficient at predicting the
fraction of a-methyl benzylamine extracted at high concentrations.

Table 4.3 Line fitting data for the extraction comparison in Figure 4.10.

With Activity Correction Without Activity Correction

Intercept -0.110 £ 0.024 0.139 + 0.023
Slope 1.073 £0.032 0.905 + 0.030
R? 0.969 0.963
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Figure 4.10 Fitting evaluation for the ability of the model to predict the
extraction of a-methyl-benzylamine when the activity correction is and
isn’t incorporated.

The N-benzyl-a-methyl-benzylamine shows similar results in terms of
prediction improvement, with a 0.029 adjustment to the intercept and a 3%
gain in accuracy of the slope. Unfortunately, this is all caused by skewing as
data has clustered at the extremes of the scales. This is due to there being
such a low concentration of the amine (0.0423M) compared to the a-methyl-
benzylamine, that any experimental adjustments likely caused all of the N-
benzyl-a-methyl-benzylamine to extract. This was predicted well in all cases
when using the activity adjustment and not.

There are five datapoints clustered in three regions in the extracting
region of the N-benzyl-a-methyl-benzylamine. They all show closer
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approximation after the activity correction. One point improves greatly,
adjusting the model from 0.87 to 0.67 when the observed value was 0.63.
The other four points also showed some adjustment, but less improvement.
The cause of this is likely due to a combination of experimental variation as
the points represented very minor concentration changes and the fact that
this is outside the high accuracy area for activity compensation using the
Davies equation. Aside from this deviation, the suggested does match well
with the observed.

Table 4.4 Line fitting data for the extraction comparison in Figure 4.11.

With Activity Correction Without Activity Correction
Intercept 0.024 £ 0.015 0.058 + 0.029
Slope 1.087 £ 0.042 1.115 + 0.082
R? 0.950 0.840
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Figure 4.11 Fitting evaluation for the ability of the model to predict the
extraction of N-benzyl-a-methyl-benzylamine when the activity
correction is and isn’t incorporated.
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4.3.2. Two Variable Testing to Screen Surfaces

So far, this comparison has just been using one variable and adjusting
for non-ideal variation within that. However, this can be expanded to the two
dimensions explored within the self-optimisation. Figure 4.12 shows the
modelled titration curve as acid concentration and volume ratio changes.
Overall, the trend matches well and follows even in areas of large change
which is difficult to predict, making the model function well across the
experimental surface.
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Figure 4.12 The modelled titration curve (coloured surface) of the volume
ratio and acid concentration changing compared to the responding pH
for the base extraction. The experimentally observed data is given as
scatter points.

This correlated well with what was expected in most regions, but as
Figure 4.13 displays, there is some discrepancy at higher values of acid
concentration. Removing anything where the amount of acid used was
greater than the amount of base, got rid of this trending. The cause of this is
likely twofold, the probe reading that far from it's calibration points (pH 4, 7
and 10) leads to a widening level of inaccuracy.

Secondly, and more crucial a problem is the activity effects as the
proton concentration increases. Due to the pH reading the proton activity in
solution, it follows the same issues as any other ion adjusted concentration,
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such that activity effects make an impact as concentration increases. This is
most notable at extreme values due to the log nature of the measurement
making it less accurate at the upper and lower limits of the pH scale leading
to the skewing in model evaluation as the probe isn’'t responding in the
standard manner. When these are disregarded and removed as outliers, the

accuracy of evaluation increases drastically. The comparison of fittings is
shown in Table 4.5.

Table 4.5 Line fitting data for the acid concentration comparison in Figure

4.13.
All Data Discounting additional acid
Intercept 0.024 £ 0.015 0.058 £ 0.029
Slope 1.087 £ 0.042 1.115 +0.082
R? 0.950 0.840
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Figure 4.13 Fitting evaluation for the model in predicting the required acid
concentration as volume ratio and pH vary.
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Figure 4.14 Fitting evaluation for the model in predicting the required
extraction of (A) a-methyl-benzylamine and (B) N-benzyl-a-methyl-
benzylamine as volume ratio and pH vary.

Unfortunately, the extraction of the amines with this dataset didn’t
perform as well. The a-methyl-benzylamine (Figure 4.14 A) performed
similarly when looking in the region where excess acid datapoints were
removed, but with an increased spreading of data. The intercept was still
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quite accurate, with the slope only slightly worse, off from a direct
relationship between model and experimental by 0.13 at the maximum
range.

The N-benzyl-a-methyl-benzylamine (Figure 4.14 B) performed much
worse, with little correlation between points (R? of 0.556). These deviations,
although somewhat similar to the previous dataset, can be attributed to the
low concentration of N-benzyl-a-methyl-benzylamine, but could also be
caused by increased inaccuracies due to the organic phase being the only
sampled phase.

Although there were some negatives in this evaluation, overall, the
model functions well and many of the issues are caused by experimental
deviations in the separator used and lack of precision with a low
concentration component present. Aside from these, the model works
accurately in evaluating extractant concentration within reasonable pH
values to compare to and quite accurately calculated the fraction of a-
methyl-benzylamine.
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4.4. Predictive Extractions of Carboxylic Acids

4.4.1. Initial Comparison with Two Variable Screening

So far, a system of amines has been explored and compared, but due
to the broadness of model designed, the ability to explore acidic systems is
also possible. The previous set of carboxylic acids evaluated in Chapter 3
with a total of 0.6M solution makes for a comparable example (Table 4.6).

Table 4.6 Conditions used for the modelled extraction of a system of
benzoic acid, 2-chlorobenzoic acid and 2,6-dichlorobenzoic acid from
2-methyltetrahydrofuran into water.

HO.__O HO.__O HO.__O

Cl Cl Cl

Benzoic acid 2-Chlorobenzoic  2,6-Dichlorobenzoic

acid acid
Molar 30 56 14
Distribution (%)
Concentration 0.18 0.336 0.084
(M)
pKa 4517 +/- 0.023 3.422 +/- 0.011 2.972 +/-0.061
LogioKp 1.865 +/- 0.047 2.12 +/- 0.021 2.225 +/- 0.092

This system was modelled using the pKa and logioKp values evaluated
experimentally as displayed in Table 4.6. The modelled surface was then
compared with experimental evaluations from 22 surface points discussed in
the self-optimised extraction from section 3.2. Figure 4.15 shows the titration
comparison between these two sets, illustrating the similarity in the trend
between them. There is some deviation between the two sets with an
average of 0.68 pH units. Aside from this, the trend is followed well and
there is a consistent increase across all datapoints. The deviation may be
due to slight deviations in the calibration of the probe in each experiment.
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Figure 4.15 The modelled titration curve of volume ratio and base
concentration changing compared to the responding pH for the
carboxylic acid extraction. The experimentally observed data is
represented as scatter points.

Similarly to the amine extraction comparison, the impact of activity can
be seen quite clearly when looking objectively at the calculated base
concentrations and fractions of components extracted. Figure 4.16 and
Table 4.7 illustrate this for the base concentration. The direct suggestion of
the model improves significantly with activity correction, as does the
correlation of the datapoints. Without correction, the initial suggestion would
be 0.183M to achieve the pH at the initial point. This is improved to 0.05M in
the corrected version, with this 0.05 deviation present in samples, where up
to 1M of base would be used. Overall, the model works well in suggesting
the required base for an acidic extraction system.
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Table 4.7 Line fitting data for the base concentration comparison in Figure

4.16.
With Activity Correction Without Activity Correction
Intercept 0.051 +0.041 0.183 +0.076
Slope 0.909 +0.081 0.827 +0.153

R? 0.862 0.595
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Figure 4.16 Fitting evaluation for the model in predicting the required base
concentration as volume ratio and pH vary with activity correction
excluded and included.

Figure 4.17 and Table 4.8 compare each of the components as they
extract. This acid problem highlights good agreement between the model
and observed experiments. Across all three components the minimum for
the correlation of data is 0.986, the max intercept offset is only 0.074, and
the slope is only off by at most 4%.

These results drastically decline when not using the activity correction.
This is due to the bowing that can be seen on all three graphs, caused by
the inaccuracy presented as the activity adjusts in the solution. In this case
bowing is meant as the stretching from ideality (where 0.5 experimental
would be predicted as 0.5) observed within the middle of the extraction while
retaining the accurate prediction at extremes. This gives the appearance of
an arc or bow like structure for the data as opposed to a straight line.
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Figure 4.17 Fitting evaluation for the model in predicting the extraction of
each carboxylic acid as volume ratio and pH vary with activity
correction excluded and included.
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extraction comparison on

Figure 4.17.
With Activity Without Activity
Intercept 0.014 £ 0.014 0.164 £ 0.044
2,6-Dichloro
o Slope 0.989 + 0.016 0.881 £ 0.05
Benzoic Acid
R? 0.994 0.94
Intercept 0.074 £ 0.017 0.324 £ 0.068
2-Chloro Slope 0.961 + 0.022 0.759 + 0.089
Benzoic Acid
R? 0.99 0.786
Intercept -0.041 £ 0.017 0.192 + 0.038
Benzoic Acid Slope 1.03 +0.028 0.904 £ 0.062
R? 0.986 0.913

4.4.2. Incorporating Multistage Prediction

Within this set of experiments, the requirement for multistage extraction
at small scale was explored, due to the proximity within the extraction of
each component as pH varied in the carboxylic acid example. Several
different arrangements were explored, giving data which can be used
develop a predictive model.

Some different models already exist in calculating extraction under
standard conditions and similarities have been drawn with approaches taken
in distillation, with one paper from the Jensen group modelling a multistage
reactive extraction.?'® Their modelling approach was to use a combinational
equation of all stages setup in a countercurrent arrangement.18°

Although this approach worked well for the application, it was rather
restrictive in incorporating all stages into a single equation. This meant the
model would operate efficiently but wouldn’t allow exploration of alternative
systems. For multistage modelling of this system, the current single stage
was adjusted slightly and bundled into a single function for compactness.
This would allow for simple adjustment to stage numbers or multistage
design.

4.4.2.1. Successive Wash Model Designs

The additional stage was added initially and can be compared simply
by incorporating a single second extraction after the first, acting as two
independent wash events. The initial constants are set as before, but are
input into a single function which models the extraction surface. This outputs
a set of extractant and component concentrations in each phase for each
variable coordinate, which are then input into the next stage as variables to
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model the second stage extraction. This gave the concentrations out of that
stage allowing comparisons and evaluations to be made. Due to the
increase in dimensionality using both extractant concentration and volume
ratio for this problem, only the base concentration in each stage was
explored for comparative purposes.

The surface plot comparing the base concentrations of each stage can
be seen in Figure 4.18. The surface shows the model predicted evaluations
of the final purity of 2-chlorobenzoic acid after the second stage, and the
scatter plot is the experimentally observed data with values given for each
point. The overall shows an optimum around the same point for both sets.
There is slight variation where the observed purity is higher than expected.
This was seen on a single phase and appears to be caused by slight
variation in each component from the exact experimental values.
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Figure 4.18 Modelled surface for the predicted purity after a two-wash
extraction with varying base concentrations in either stage. The
experimentally observed data is given as scatter points.

This can be seen when deconstructing the purity into the fraction
extracted of each component after the second stage (Figure 4.19). There is
a slight adjustment in the extraction of each component as the base
concentration increases. This is likely an artifact of minor errors that could be
observed in a single extraction compounded as the number of stages
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increases. Overall, each component extracts close to the expected level,
with some increase in the observed error. This error is then further
exaggerated when combining each component to look at metrics such as
purity of the desired component.
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Figure 4.19 Fitting evaluation for the model in predicting the extraction of
each carboxylic acid after a second wash as base concentration varies
between the washes.
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Table 4.9 Line fitting data for each component extraction comparison after a
second wash in Figure 4.19.

2,6-Dichloro 2-Chloro Benzoic Benzoic Acid
Benzoic Acid Acid
Intercept -0.088 + 0.107 0.081 + 0.029 -0.054 +£ 0.023
Slope 1.083 £0.125 0.964 + 0.042 1.24 + 0.052
R2 0.833 0.972 0.975

The required amount of base at each stage was calculated alongside
these values and correlated well for both the first and second stage of the
extraction. The impact of variation for each component isn’'t transferred
across and the extractant concentration appears to be accurately predicted
given the pH values for each stage. Across the 2 dimensions, there is a tight
grouping at each observed setpoint. The slope is off by at most 10% and the
intercept at 0.051.

Table 4.10 Line fitting data for base concentration comparison for each
stage in Figure 4.20.

Stage 1 Stage 2
Intercept -0.051 + 0.005 -0.029 + 0.01
Slope 1.057 £ 0.018 1.109 + 0.037
R2 0.996 0.983
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Figure 4.20 Fitting evaluation for the model in predicting the base
concentration at each stage (Stage 1 is the upper and Stage 2 is the
lower) of a two-wash extraction.

Overall, this appears to be working well for suggesting successive
washes, with expected carryover of any potential error from the model as we
incorporate multiple instances where the surface is predicted.
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4.4.2.2. Countercurrent Model Designs

Some larger adjustments were required when incorporating this into a
transformable countercurrent model setup. The necessity of this was caused
by the general format of inputs and outputs observed within a countercurrent
design. An initial stage would be modelled, but one input to it was the output
of a later stage. Initialising each stage with a constant concentration profile
of each stream wouldn’t suffice or be accurate as it would be condition
dependant on the extractant concentration of all stages, so calculating it
iteratively and then feeding the stream compositions into the next loop until
the overall output mass balance was within a threshold for each component
would be an implementable option to resolve the problem. This would mimic
the real-world system in terms of a dead time requirement to reach a steady
state as the system equilibrates to interstage changes with points of interest
indicated on the schematic of the countercurrent system (Figure 4.21).

Organic In Organic Out
— | Stage —>| Stage >
«—{pHh— * pHH 2 Je——

Aqueous Out Interstage Aqueous In

Adjustment

Figure 4.21 Schematic of the countercurrent extraction system modelled,
with pH points and flow arrangements between stage.

Predicting two multidimensional surfaces like this would be quite
computationally intensive. If each stage had a pH range, once the first stage
would run, the second would need to run a pH range model for each output
of the previous stage. To get around this, the desired extractant
concentrations are fed in and each stage is selected and modelled as a list
of experimental conditions to find the component concentrations and pH
expected in each stage. This workflow is explained on Figure 4.22, where a
set of base concentrations are selected, each stage is simulated and iterated
if the mass balance doesn’t reach one within a threshold of 0.5% for each
component.
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Figure 4.22 The overall simulated extraction flowchart for a two-stage
countercurrent extraction.
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This required some adjustment to the stage function to evaluate and
select component concentrations and pH values from the modelled surface
to match with the desired base concentration. The function is now initialised,
and the surface is predicted. After this, the calculated base concentrations
from the model are compared to the desired concentration, to identify the
closest value and the matrix positions for that concentration. Finally, the
component concentrations and pH for this concentration are found and the
function then ends with these values given as outputs.

Initialise the function
Input: pH and volume ratio range, phase compositions,
physiochemical constants and desired extractant
concentration

Y

Predict the surface of the
extraction for all the components

Y

Find the nearest base concentrations to the
desired that were estimated by the model

!

Find the pH and phase concentrations
that match this base concentration

!

Finish the function
Output: Base concentration found, organic and aqueous
phase concentrations, pH value at that base
concentration

Figure 4.23 The single stage function used for the countercurrent extraction
modelling.

This was initially used to do a screening of the surface to compare the
purity across the two different stages. There is an initial lower value seen in
the real data compared to the modelled, which increases to the maximum for
both in the same area with a 3.4% purity difference between the expected
compared to the observed. From here there is a decrease back down to 0.56
where both datasets agree well. This is due to everything being extracted at
this stage, so the initial purity of the mixture becomes the set value.

The trend is consistent from both the data and model and indicates a
primary effect from the increase in base concentration in stage 1, but a
lesser effect from the concentrations in stage 2.
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Figure 4.24 Modelled surface for the predicted purity after a two-stage
countercurrent extraction with varying base concentrations in either
stage. The experimentally observed data is given as scatter points.

These concentrations were used as inputs into the function for the
model, so are no longer comparable as the model and experimental data
would just match. This leaves the pH from both stages to be compared as
the base concentration that is found is used to locate an expected pH.
Figure 4.25 shows both stages pH comparisons, where there is a slight
deviation from an ideal slope in stage 1 by only 0.009, but the offset is high

at 0.826. Stage 2 has a similar offset at 0.807, but a more adjusted slope of
0.888.

Both these fittings are quite consistent in the buffer region (pH 4 — 7),
with most deviation occurring outside this area. This is evident in the
variation of data seen past the buffer region, where any deviation from the
expected value leads to disturbances in factors of pH units. Removing them
causes a significant increase in correlation from an average R? of 0.6 to an
average of 0.94. There is an inversion between the two stages, in stage 1
this is overpredicted for four datapoints and in stage 2 these are
underpredicted. However, these aren’t related, and the points don’'t match,
they are just different extremes for each stage.
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Figure 4.25 Fitting evaluation for the model in predicting the expected pH in
each stage (stage 1 is the upper and stage 2 is the lower) of the
countercurrent extraction as base concentrations vary from stage to

stage.
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Table 4.11 Line fitting data comparison for the expected pH after each stage

in Figure 4.25.
Stage 1 Stage 2
Intercept 0.826 +1.188 0.807 +1.312
Slope 1.009 £0.171 0.888 + 0.140
R? 0.582 0.619

These pH values are representative of the expected environment
output from each stage, and are used when calculating the expected output
for each component and the extractant concentration. The pH is key to this
and the exploration of the model’s ability to accurately predict each stages
component distribution, as well as the overall output from the system is of
primary concern.

Table 4.12 and Figure 4.26, Figure 4.27, and Figure 4.28 illustrate the
comparison between the model and experimental results for the three
components extraction across all three different viewpoints. These are the
first stage (comparing the organic interstage value and the aqueous outlet),
the second stage (comparing the organic outlet value and the aqueous
interstage) and the overall system (comparing both outlets of the system). All
plots, aside from some outlying points, indicate the ability of the model to
predict this experimental extraction surface over the two-dimensional
countercurrent extraction.

The first stage (Figure 4.26), shows some of the weakest correlation
across the datasets. There is little outlying on the 2-chloro and 2,6-
dichlorobenzoic acid plots, which have still strong correlations between the
data with R? values of 0.883 and 0.884 respectively. The slopes are also
close to 1, adjusting by at most 6% and the offset was highest for 2-
chlorobenzoic acid at 0.104. Unfortunately, the benzoic acid had some
outliers that skewed the comparison slightly. These are highlighted in a
green box on each graph in the figure and act as potential outliers on each
plot, however they are only adjusted in the fitting for the benzoic acid. The
darker fit line includes these points, but the lighter discounts them as
potential outliers. The original inclusive fit is still good, with a slope of 1.139,
an offset of 0.052 and a promising R? value at 0.782. All of these are
improved when the points are discounted, but the most significant change is
in the R?, which jumps to 0.918. The slope and offset also improve to 1.101
and 0.019 respectively. These modelled values also appear to represent the
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experimentally observed data well and give a good prediction as the
conditions change for this first stage.

The second stage (Figure 4.27) also shows some outlying points.
Three datapoints cause a large skewing for the 2,6-dichlorobenzoic acid and
are caused by an extreme base value in the initial stage, leading to
difficulties in determining an accurate amount available to extract in the
second stage. This carries over and acts as potential outliers for the 2-
chlorobenzoic acid, but correlate quite well for the benzoic acid. The fact that
the outlying effect decreases with each later extracted component supports
the idea of this being an artefact of the complexity in estimating the first
stage at high extractant concentrations relative to the second stage (stage 1
concentrations: 0.5, 0.65, 0.8; stage 2 concentrations: 0.05, 0.15, 0.35
respectively).

The dark fit lines for each of these are the unaltered values and ones
illustrated on Table 4.12. The level of impact on the 2,6-dichlorobenzoic acid
can be seen from this table, with a slope nearly half of the expected (0.515),
an intercept also nearly halfway up the plot (0.460) and little correlation
between the data, seen from an R? of 0.410. Removing these three causes a
large visible improvement, seen in the lighter fitted line. This appears a lot
more in line with expected, having an intercept of 0.077, a slope of 0.944
and an R?value up to 0.915.

The 2-chlorobenzoic acid also improves with this change, although not
in such an extreme way. The intercept improves from 0.187 to 0.103, the
slope from 0.904 to 0.981 and the R?from 0.835 to 0.959. The benzoic acid
shows a mild deterioration, the intercept worsens slightly from 0.009 to
0.013, the slope from 1.092 to 0.977, but the R? does increase very slightly
from 0.952 to 0.955. This minor decrease in benzoic acid is unfortunate, but
the significant improvement in both the 2-chlorobenzoic acid and 2,6-
dichlorobenzoic acid is a very positive sign for the performance of the model.

The most important of these comparisons is the overall performance
comparing the outlet streams from either end of the system (Figure 4.28).
Overall, each component performed very well with little deviation from
expected observed. All R? values were above 0.9 and the slopes were within
10% and for two of them the intercept was within 0.054. The 2-chlorobenzoic
acid had one potential outlier which once removed improved the R? by 0.03,
the slope by 0.009 and the intercept by 0.02.
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Figure 4.26 Fitting evaluation for the model in predicting the first stage
countercurrent extraction of each carboxylic acid as base
concentrations vary from stage to stage.
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Figure 4.27 Fitting evaluation for the model in predicting the second stage
countercurrent extraction of each carboxylic acid as base
concentrations vary from stage to stage.
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Table 4.12 Line fitting data comparison for the carboxylic acid extraction
after each stage on Figure 4.26, Figure 4.27 and Figure 4.28.

First Stage Second Stage Overall
_ Intercept | -0.017 £ 0.056  0.460 + 0.098 -0.024 £ 0.034
2,6-Dichloro 100 717058 +0.077  0.515+0.126  1.032 + 0.039
Benzoic Acid
R? 0.884 0.410 0.965
Intercept | 0.104 + 0.042 0.187 £ 0.054 0.164 £ 0.041
2-Chloro Slope | 1.035 + 0.075  0.904 +0.081 _ 0.910 + 0.059
Benzoic Acid
R? 0.883 0.834 0.906
Intercept | 0.052 +£0.049  0.009 +0.028 0.054 +0.033
Benzoic Acid Slope | 1.139 £0.120 1.092 £ 0.049 1.001 = 0.060
R? 0.782 0.952 0.917

Overall, the countercurrent system proved to be the most challenging
test of the model, potentially causing large interference, due to the effect of
combining error over a complex two extractant concentration space. This
compared to the experimental data very well and aside from a few outliers
within the data, be that experimentally due to the complexity of the system or
within the model from errors in one stage exaggerating the other, the need to
iteratively carry out the extraction due to the physical design of streams. This
functions successfully and models the three-component countercurrent
extraction with good levels of accuracy.

4.5. Conclusions and Future Work

This work has carried on from pre-existing models for pH controlled
“dissociative” extractions. Activity adjustments were incorporated into this
using the Davies equation and it was benchmarked on a linear system of
bases with an acidic extraction followed by a two-dimensional extraction of
the bases and finally a system of carboxylic acids. All examples exceeded
the standard range for the Davies equation to truly test this method and
some faltering was seen, but overall worked well, even outside this region.
These all compared well to experimental data, albeit with some larger
deviation observed at lower concentration components.

After this, the model was expanded, packaging it as two separate
functions to be used within multistage extraction systems. It was tested
against a second stage crosscurrent extraction as the first stage had already
been compared using a single stage. This compared well over the total
space possible to explore in terms of concentrations from either stage,
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gauging the required extractant and output extractions to good accuracy and
precision.

The final test was to a multidimensional countercurrent extraction,
which required readjusting of the model function to search for extractant
concentration in order to increase the speed when screening a surface. This
meant the pH was used for comparison, which related well in the buffer
region, but there was large variation around the equivalence point, which is
expected and wouldn’t be highlighted if the concentrations were compared.
The extraction at each stage was finally compared, and aside from some
outliers, showed strong agreement between the model and experimental
results.

The model performed accurately with limited information, taking only a
pKa and logioKp value per chemical in the extracting system, and it appears
able to accurately predict an extraction surface. There is potential to improve
this by incorporating other factors, such as temperatures impact on
partitioning and dissociation, as well as salting effects from the newly formed
salt species as the acids and bases react. This is accounted for in the pKa
with the Davies equation, but salting in and out effects for neutral species
are difficult to discern, and all this would number up the required
experiments.

One of the major benefits to this method of modelling extractions is the
simplicity, it requires few experiments to predict accurate extraction phase
compositions at varying conditions. Increasing the complexity, increases the
required experiment count. It becomes a question of how many experiments
are required compared to gain in accuracy for a surface model fitting and
falls into a similar paradox to that which DOEs suffer from. Another direction
would be to work toward minimising experiments, which would require steps
forward in accuracy of discerning pKa and LogioKp values computationally
e.g quantum mechanically through software such as COSMO-RS.?14:215

Aside from this, future work could look at more accurate representation
of multistage extractions. One area would be to develop solver for the
complex of multiple components, allowing an algorithm to decide the number
of stages, arrangement, flow ratios and extractant concentrations for an
optimised extraction to be carried out.

The final potential use, and one discussed further as it is trialled within
Chapter 5, would be real world use, incorporating this as a feedforward
control algorithm for the purification of reaction outlet streams as conditions
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may vary. In this way the system might improve product purity and
accommodate process variance, in a Quality by Design approach.
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Chapter 5. Feedforward Control for Continuous Extractions

5.1. Introduction

So far, a model has been developed, and validated, that compares well
with live data from separations. The requirement for basic physicochemical
parameters makes it applicable to a wide range of chemical systems. One
possible use is to control purifications. The requirements for fine chemical
production are high purity products and high efficiency, so the industry’s
interest towards continuous processes means that control strategies are
likely to be key for both reaction stage and dealing with downstream
processes.!t®

At the centre of this is a titration/neutralization control problem. These
are generally done through pH control rather than any other measure.
Unfortunately, pH is one of the most difficult properties to build in control for,
due to its lack of linearity in response to change, which is easily seen by the
S shape on a simplistic titration curve such as that simulated in Figure 5.1.2%6
This is exacerbated if the buffer region alters as time goes on (i.e. different
component concentrations acting as a source of disturbance).?’

12

11 ¢

10 r

Equivalence
Point

pH
ﬂ

0 2.5 5 7.5 10 12.5 15
Volume 0.1M Base (ml)

Figure 5.1 Simulated titration curve of benzoic acid (10mL; 0.1M) as sodium
hydroxide (0.1M) is added.
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These problems fall into the class of nonlinear control and quite
frequently a pH example is used as a benchmark for comparing nonlinear
control strategies.?*® More simplistic control methods, using standard
proportional integral (PI) and proportional integral and differential (PID)
controls are insufficient alone to maintain a constant response, particularly
around the equivalence point as it shifts on the x-axis over time.?'° Despite
this, there is one recent account of adjusting a PI controller using two
different neutralisation pumps to allow for more accurate tuning around a
desired region.?'® This gave for good precision of the equivalence region
where there was a lot of variation, but still required some buffering to flatten
that zone to produce consistent results.

General solutions use more complex methods to adjust this over time,
and a large section of process control that focuses on nonlinear problems
has grown to allow for real world situations to be more commonplace.??°
Fuzzy feedback logic is often needed to deal with the different regions,
allowing for an initial decision section in the control to alter gains and other
parameters dependant on the changing inputs.?® An alternative approach is
to use adaptive control, which combines static nonlinear interpretations, and
a linear control in a multitude of arrangements. The Wiener nonlinear
interpretation specifically references pH control, due to its ability to deal with
nonlinearities within a sensor.22-223

Feedback control has huge benefits in control by allowing error to be
actively compensated for as it arises, but unfortunately only occurs after the
fact. Feedforward control aims to predict potential error before it takes effect,
to reduce loss that would occur in feedback. In this case any disturbance
that could cause an error is measured and the controller readjusts the
system to account for this at the beginning mitigating any erroneous output
that could be observed.??* The control diagram for this is illustrated in Figure
5.2. Disturbance monitoring is required and uses a process model that is
either empirical, semi-empirical, analytical or uses a neural network. The
major benefit of this manner of control is that it doesn’t rely on dead times
within a system to mitigate any deviations, so is very useful for longer
residence time problems.??*
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Figure 5.2 Feedforward control diagram, where a disturbance is measured
as an input into a controller which predicts the changes needed to
maintain a setpoint for a process.

There have been several examples from model-based feedforward
control to resolve neutralisation problems: modelling based on initial
titrations and process dynamics for a chosen system; nonlinear
transformation to relate to chemical problems; neural networks.?17:219.225-228
The option for using these with inferential control methods has also been
suggested to allow for these systems to be controlled by not looking directly
at pH, but also predict future required adjustments.?2°

In a similar way the feedforward control used in the present studies
doesn't use a pH meter to measure the disturbance, but instead will
measure the composition of the reaction at its outlet. Due to modern
improvements in process analytical technology, full understanding of the
degree of conversion and vyield of products and impurities is readily
achievable.163164230  This will be fed into the model along with
physicochemical parameters which in turn should model the surface to
suggest optimal conditions. In this way no setpoint is required, only an
optimum is found and set.

5.2. Predictive Control Software

5.2.1. Software Overview

To achieve this, two different pieces of programming software were
used. LabVIEW was used to communicate with pumps, the sample loop and
the pH meter.’®® Alongside this, it was used for data logging to files and
reading the HPLC files for interpretating into concentrations. MATLAB was
used to run the prediction and determine the optimal area for extraction to
take place.'®® The programmes interacted by feeding a variety of data
(concentrations, pKa and logioP values along with the type of chemicals to
be extracted (acid or base), which one is the desired product, the type of
extractant (acid or base) and the objective to aim for, whether it be for the
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desired product to end up in the aqueous or organic phase) from LabView
into MATLAB.

The LabVIEW user interface (Ul) allowed these constant inputs, along
with information for HPLC autocalibration, live pH charting and identifiers for
current set pump flowrates, observed concentrations and predicted values
from the predictive model. The major areas and image of the Ul in Figure
5.3.

Signal

0.019

Figure 5.3 User interface for the control software. Sections are labelled for
their general purpose.

The LabVIEW block diagram was designed with a queued message
handler producer consumer workflow in mind, to allow for front panel Ul
interaction to create backend events, without impeding the operation of the
control loop or continuous pH reading.??! These two loops were set up
independently with clocks set to reduce delays and prevent lagging as one
loop is waiting for external communication.

5.2.2. The pH Meter Loop

The pH loop was started from the press of the “connection” button, in
its control section (see Figure 5.3) and its successful communication with the
meter registered this connection. The time was logged, and a read request
was sent to the Arduino that housed the pH and temperature probes, these
in turn were read, and the pH value compensated for changes in
temperature. This was sent back to LabVIEW which read the values,
updated the Ul and charts. Finally, the time, temperature, pH and expected
pH from the prediction loop were saved to file. This process is explained
graphically on the flowchart in Figure 5.4.
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Figure 5.4 The flowchart for reading the pH meter, updating the Ul and
saving data to file.

5.2.3. The Prediction Loop

The prediction loop once initialised (by selecting the “Start Prediction”
button on the Ul on Figure 5.3), checks equipment connections to reduce
erroring and triggers the sample loop, logging the sample time and updating
the number of samples taken. This then moves to check if the HPLC file is
available to read. The initial timer is set to see if the time has elapsed for the
method, if this has occurred it checks whether the file exists. Finally, if it
does exist, the file is read, and areas are selected that correspond to the
retention times and signals of the inputs for the chemicals on the UI.

These areas are then converted to concentrations (C,) using equation
(5.1), where the area of the compound (Area,) relative to the internal
standard area (Area;s), the linear calibration value (Caly) and the
concentration of the internal standard (Cjs).

Areay
= (5.1)
Cy=CsxCalyx (Area,s)

These concentrations are used to evaluate the optimal extraction
position in MATLAB alongside the pKa, logioKp and which component is
desired as previously mentioned. The optimal extractant concentration and
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volume ratio is then converted into pump flowrates and the two aqueous
pumps are then updated.

F
. Cxe —RSFEO0 (5.2)
FExt = T

Ext

The extractant flowrate (Fg,,) is calculated by dividing the desired
concentration of extractant from the model (Cg.) by the reservoir
concentration (C2,.), and multiplying this by the overall desired aqueous
flowrate (which is the flowrate of the organic phase from the reactor stream
(Freactor) divided by the desired ratio of organic to aqueous phases from the
model (Vr)). The water flowrate (F,4.r) iS calculated by subtracting the

extractant flowrate (Fz,.) from the total desired aqueous flowrate (—FR"’;T‘“”)
: Freactor
Fwater = % — Fexe (5.3)

Finally, the, expected values, pump flowrates, concentrations, and
times are logged to files and the next sample can be taken. The overview of
this loop is displayed below in Figure 5.5.

button pressed

No

A 4

Triggers the
samglge loop to |« Yes Is the control
pfire P till set to run?

Read the HPLC
{s the control file for peak Converts areas
A No End P —» into Save data to an
till set to run? areas and . .
. . concentrations excel file
retention times
7Y 7y
No Yes Yes
y

Calculates the
optimal Calculate pump
extraction using flowrates for
the MATLAB the extraction
model

as the HPL
method time
elapsed?

Does the HPLC
file exist?

A 4

Yes

Figure 5.5 The flowchart for the operations in the prediction loop for
feedforward control.



-137 -

5.2.4. The MATLAB Surface Model and Optimum Selection

The communication to and from MATLAB is carried out using the
MATLAB script node in LabVIEW. Once the variables are inputted, the
surface is predicted between the full pH range and a volume ratio of organic
to aqueous between 0.5 and 2. This is set to limit a significantly large
difference in pump flowrates reducing accuracy as the pump steps become
too low.

The extraction of each component as the titration takes place is
evaluated and the ionic strength and activity impact is then calculated
making a map of activity effects depending on the position in experimental
space. The pKa of each component is then re-evaluated for each activity
coordinate and the titration is reiterated with these new values. This
reiteration loops until the pKa of every position is within 0.001 of the previous
value.

With the titration fully evaluated, the optimum needs to be found. For
initial experiments this optimisation was set to be purity, which was
calculated depending on whether the desired product was to be extracted
into the aqueous phase or retained into the organic. The maximum purity
was evaluated and the conditions of the extraction (extractant concentration
and volume ratio), optimal purity and expected pH were returned as outputs
to LabVIEW. The overview of this process is illustrated in Figure 5.6.



-138 -

ATLAB mode
called in
LabVIEW

Are the inputs for
chemicals the same
size?

NO

Yes
h 4
Get the titration
. End: Feed
as pH changes . | Calculate ionic
> values back to
for the strength .
. Labview
chemicals
No:
. Y
Feed in Adjust the pK Get th
just the pKa et the
Calculate the .
new pKa values for each |« activit conditions for
values chemical v this optimum
A
Does the new pKa Calculate Find the
match the previous Yes—»| extractant »  maximum
iteration? concentration purity

Figure 5.6 The flowchart for the model predicting the titration surface and
selecting the optimal for the extraction to take place.

5.3. Controlled Extraction with Step Changes in
Concentration

5.3.1. Initial Tests with Carboxylic Acids

With the initial building and testing of the software complete, the flow
equipment was set up for initial live testing. Two organic pumps were set to
flow two different concentration solutions of three different benzoic acids to
mimic a reaction similar to that in work done by Erbing et al., see Scheme
5.1.186
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OH X OH X OH

Cat.
@*@ — @*@ * Cﬁo
X

Scheme 5.1 Reaction to produce the mixture of benzoic acid derivatives
used in the test separations where X=Cl, based on work from Erbing et
al. where X=1.186
The mixture was made to 0.6M in 2-methyltetrahydrofuran, with one

solution mimicking a 70% conversion with 80% selectivity and the other a

60% conversion with 80% selectivity. A two-step change was planned,

changing the ratios of pumps to give expected concentrations seen in Table

5.1.

Table 5.1 Concentration step changes planned for the system of benzoic
acid derivatives.

Ox©H Ox©H Ox-OH Organic Organic

Chemical Cl Cl Cl Pump 1 Pump 2
(mL/min)  (mL/min)

Conversion:

70%
0.18M 0.336M 0.084M 1 0
Selectivity:

80%

Conversion:

65%
0.21M 0.312M 0.078M 0.5 0.5
Selectivity:

80%

Conversion:

60%
0.24M 0.288M 0.072M 0 1
Selectivity:

80%

The two organic streams met at a T-piece and were carried onto a
sampling loop. This was the online loop triggered to carry out HPLC
sampling. From here the organic stream went into a CSTR to mix with the
adjusted aqueous streams from the control. This then mixed for another
CSTR volume before being separated into organic and aqueous streams.
The pH and temperature of the aqueous stream was monitored continuously
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as a comparison to the model expected value. The process flow diagram for
this is illustrated in Figure 5.7.

Water Pump

O—

Equipment
Control and

Feedforward Extractant Pump
prediction 4

@ Pump Separating Unit @ Sample Loop

@ fReactor CSTR . pH Probe < Back Pressure
Regulator

Figure 5.7 The process flow diagram for testing the control system with
benzoic acids.

The physicochemical parameters (see Table 5.2) were experimentally
evaluated and input into the software for the model to use when predicting
the surface. To set the objective for this, the 2-chlorobenzoic acid was
selected as the desired product, where the algorithm was looking to
maximise its purity in the aqueous phase.

Table 5.2 Physicochemical parameters used for the model along with error
in standard deviation (error was omitted for the model input).

Chemical Name Dissociation Constant Partition Coefficient

(pKa) (log1oKp)
Benzoic Acid 4517 +/- 0.023 1.865 +/- 0.047
2-Chloro Benzoic Acid 3.422 +/- 0.012 2.12 +/- 0.021
2,6-Dichloro Benzoic 2.972 +/-0.061 2.225 +/- 0.092
Acid

Each concentration step was set to be constant for 80 minutes before
adjusting to the next step. The observed concentrations in Figure 5.8 were
evaluated automatically to feed into the model. The step changes seen by
the vertical lines were consistent in observed response from the HPLC. This
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led to a slight increase in the total amount of acid from around 0.612 to
0.661M, with two initial points giving lower observed values of 0.52 and
0.5M. This is potentially due to an initial sampling having to be cycled to
remove any minor bubbles and then an issue with peak integration of the
2,6-dichlorobenzoic acid respectively.

This meant aside from the starting outliers, the mass balance averaged
1.059 with a standard deviation of 0.033 across the 31 samples.
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Figure 5.8 Concentration profile as the experiment ran, vertical lines indicate
when step changes occurred. Overall total calculated acid
concentration matches expected total concentration of 0.6M.

Each time a new concentration was evaluated the model was run. This
produced a value for the desired extractant concentration and a volume ratio
between the two phases that would be expected to give the optimal aqueous
purity of 2-chlorobenzoic acid in this case. Knowing the organic flowrate
going into the separator (ImL/min in this case) and the concentration of
base in the reservoir (1.00M in this case), the pump flowrates could be
calculated as per equations (5.2) and (5.3).

The suggested flowrates in Figure 5.9 followed the expected
concentration pattern that was previously observed. Where the amount of
2,6-dichlorobenzoic acid (the lowest pKa component) and 2-chlorobenzoic
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acid (the middle pKa component) decreased, less extractant was required as
the objective was to extract as much of the 2-chlorobenzoic acid as possible,
and as little benzoic acid, to give the highest purity.
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Figure 5.9 The extractant pump (1.00M NaOH) and water pump flowrates
suggested by the model over the experimental time period.

So far, the automated concentration conversion and subsequent
suggestion of concentrations from the model that adjust the extraction have
been discussed. The next stage is to evaluate the observed outcomes from
the extraction and how they compare with what was predicted. The pH was
monitored constantly and compared with the expected pH from the
algorithm, which is displayed in Figure 5.10.

Overall, the pH gave good correlation to that expected. There was a
build at around 10 to 15 minutes from start, but this dropped due to
misinterpretation from the second sample. Once this was readjusted, the pH
responded rapidly to the desired area of around pH 6.27. This remained
constant across the remainder of the samples until the concentrations
changed in the pump.

This readjusted the setpoint, which again remained relatively constant
until the final change showed the same effect.
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Figure 5.10 Comparison of the expected pH suggested by the model to the
observed pH from the process over the experimental time period.

This can all be seen more clearly when expanded on Figure 5.11 A and
compared directly to Figure 5.11 B. These show the closeness of fit for the
prediction vs observed. The time delay response can be seen after the
change in concentrations is picked up, pumps are adjusted and then the
dead time in the system is left to observe the effect on the pH value,
indicated by the light blue circles on Figure 5.11 A.

Figure 5.11 B indicates a very close fit, once at steady state, with all
datapoints within 0.1 pH units of the expected reading. There is some
adjustment where the observed pH crosses the predicted line (shown by the
yellow circle) as the new pump ratios change and a different base
concentration moves through the mixer settler unit. This then decreases
further, giving a larger difference between the two. It's unclear exactly why
this step change region differs much more in comparison to the other two,
but it may be due to both organic phase pumps working in this case rather
than just one, leading to more potential for error. Overall, it doesn’t cause
any significant error, maintaining expected vs observed to within 0.1 pH
units.
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Figure 5.11 A. Zoomed view of observed vs predicted pH over the
experimental time period with blue circles highlighting responses to
change. B. Absolute comparison of the observed and predicted pH,
where the yellow circle indicates a crossover of observed and predicted
pH.



- 145 -

This although an important control aspect, and an indicator that control
can be maintained and adjusted with good precision, doesn’t help in
analysing of how good the model is at estimating this optimum. To do this

the observed final purity is compared to the predicted and the initial purity
from the reservoir in Figure 5.12.

The differences in the estimation are between 4 and 5% for each
position. This is potentially due to minor differences in the evaluation of the
titration of each component, which when calculating purity can compound to
give a larger error. There is still an overall improvement from the
reservoir/inlet stream purity of approximately 9%.

0.75 +

[ Predicted
[] observed
0.70 4 [ Reservoir
0.65
&\o’ 0.60
2
S i
a 0.55

70% Conversion 65% Conversion 60% conversion

Figure 5.12 Comparison of the observed purity compared to the model
predicted and original composition from the reservoir.

To confirm that the optimal area is in the location suggested by the
model, the previously discussed optimisation (section 3.2) can be compared,
as it uses the same concentrations used in the problem. This is due to the
extractant concentration being calculated after the surface and is only
relative to the infeed composition and concentrations. The overall amount of
base to reach this optimum is adjusted for each input condition, but it makes
no impact on determining the pH and volume ratio, based extraction surface.
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5.4. Model Adjustments to Optimise for Other
Parameters.

So far, the feedforward controller has illustrated the possibility of
selecting a consistent area in space to adjust conditions, allowing for
accurate and precisely predicted pH, extractant concentration and ratio of
pumps for a given mixture with predefined physicochemical parameters.

This worked well in evaluating purity, however in terms of working for a
real process there are often other considerations to balance out, for example
the yield of material or extraction efficiency of the desired product.

Previously, in section 3.3.4, the trade-off between purity and extraction
efficiency of the desired component was illustrated, when evaluating
multistage extractions. This can be seen by the volume ratio tuning that the
model suggested. While only aiming for the optimum purity, the amount of
desired 2-chlorobenzoic acid was ignored.

Consequently, the volume ratio was selected to be the highest
allowed by the screening window. The boundaries were hardcoded to be
between 0.5 and 2, to prevent excessive pump error at low flowrates and to
reduce inconsistencies in reaching thermodynamic equilibrium, should they
be too high.

Unfortunately selecting a volume ratio 2 means that significantly less
material is extracted, due to the reduced volume of extracting aqueous
phase relative to the organic. This can be seen in Figure 5.13, where A
illustrates the purity profile from the model and B represents the extraction
efficiency of the desired 2-chlorobenzoic acid. The model selected point is
the optimum in terms of purity, but in this area, only 46.5% of the desired
product is recovered. Although it is only a single stage wash, losing this
much material could be costly in terms of loss and clean-up of waste.

To mitigate this, a trade-off could be used. The overall goal would
remain to optimise for purity, but with some room around an optimum to
retain a larger portion of the desired product.
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Figure 5.13 A. The modelled purity surface and B. the modelled extraction
surface for 2-chlorobenzoic acid, with the selected optimum in terms of

purity.
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Figure 5.14 A. The modelled purity surface and B. the modelled extraction
surface for 2-chlorobenzoic acid, with the selected optima from solely
looking at purity, and then a trade-off to allow for additional material
recovery.
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To achieve this the difference between the optimum purity (Pury,,) and
the higher of either the final or initial predicted purity (Purinit/rina) Was
taken. This gauges the expected improvement in the system from the initial
combination of all components to start with. 5% was taken from this and the
purity bounds (Purg,yunqs) Were set to the optimal purity plus or minus this
value. This 5% value was used as upon initial testing it gave a reasonable
improvement in observed extraction efficiency, without leading to significant
impact on purity.

Purgoynas = Purope +/— ((PurOpt — Pur it > X 0-05> (5.4)

Final

This allows for a wider section around the optimum be explored,
without limiting the potential expected purity at any point. The results of this
can be seen in Figure 5.14. The purity was allowed to drop at by most
0.67%, while the observed gain expected in extraction efficiency would be
33.92%. Overall, the increase in retaining an extra third of the desired
material with a minor reduction in purity, is a more favourable option for a
single pass extraction such as this.

This alternative approach to selecting an optimum objective is used
within the reactive example in section 5.5.

5.5. Controlled Extraction of a Reactive System

5.5.1. Reaction Introduction into Flow

To test the predictive control on a real system, an Sn2 reaction was
selected which forms a secondary and tertiary amine. The reaction was
previously demonstrated within the group using chloroform as a solvent.232
This helped in initially solubilising the salts that were formed from the DIPEA
reacting with the generated HBr as the HBr was generated.

NH

2 Br DIPEA HN/\© {
+ —_— + N + HBr
Solvent

A

Scheme 5.2 Sn2 reaction between benzyl bromide and benzylamine.
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Unfortunately, the chloroform solubilising the salts also gave some
problems with the extraction, as it solubilised the salts more effectively than
other solvents. Additionally, it is considered an unsafe and environmentally
harmful solvent, so an initial small solvent screen was performed to look for
alternatives.

For this, toluene and 2-methyltetrahydrofuran were selected as
solvents that wouldn’t solubilise the formed salt. However, some initial
solubility was required due to the formed acid reacting with N,N-di-iso-
propylethylamine. To allow for more salt to be stabilised in solution, 2-
methyltetrahydrofuran was saturated with water. The results can be seen in
Figure 5.15.

2-MeTHF
Toluene (Water Saturated) Chloroform

Figure 5.15 Comparison of the reaction mixture solubility in toluene, 2-
methyltetrahydrofuran (saturated with water) and chloroform.

As expected, toluene caused precipitation, and chloroform allowed for
full solubility of the salts. The 2-methyltetrahydrofuran showed no solubility
issues. In this case, a biphase was formed with increasing aqueous ionic
strength, reducing the solubility of each of the solvents in each other. This
would only be an issue in continuous sampling where some of the aqueous
phase was sampled giving a misrepresentation of the composition to feed
into the model.

To see the minimum amount of water required to reduce this biphase, a
second set was run with increasing volume percentages of water in the 2-
methyltetrahydrofuran. Increasing standard 2-methyltetrahydrofuran to 1%
deionised water shows some decrease in the precipitate, whilst increasing to
2% fully solubilises the solid with a mild biphase forming.
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Figure 5.16 Comparison of reaction solubility in 2-methyltetrahydrofuran
with varying equivalents of deionised water.

To account for variation in pumps due to noise and to ensure full
solubility of any potential solids that could form the ratio of water was
increased to 2.5%. This gave a total of 3 pumps required for the reaction, 2
organic solvent pumps, one containing benzyl bromide and the other with
the DIPEA, benzylamine and biphenyl. The third pump was slowly flowing
deionised water. To minimise issues with mixing of the large varying flow
streams, a cross piece was configured such that the top and bottom were
the equal flowing organic streams, with the aqueous flowing in between
these two. These would flow into a 5mL plug flow reactor giving a 5-minute
residence time. This was maintained at 2.7 bar using a 40 psi back pressure
regulator which was placed before the sampling loop. The reactor setup
including online sampling is illustrated in Figure 5.17.

Benzyl Bromid
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Amine Pump smlL HPLC

I
@ Pump ;
Equipment
@ Plug Flow Control and
>« Back Pressure
Regulator [ |

Reactor CSTR

Figure 5.17 The process flow diagram of the reactor setup for the Sn2
reaction between benzyl bromide and benzylamine.
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Table 5.3 Initial reaction conditions to screen the impact of temperature on
the SN2 reaction output.

Pressure Temperature Total Amine Benzyl Water
Range Flowrate Flowrate Bromide Flowrate
Flowrate
(Bar) (°C) (mL/min) (mL/min) (mL/min) (mL/min)
2.7 80 - 120 1 0.4875 0.4875 0.025

The temperature was screened in 10-degree steps from 80 to 120°C in
the 5mL reactor. The results can be seen on Figure 5.18. The conversion of
both the amine and benzyl bromide increased steadily with temperature and
related well to the observed concentrations of the di and tribenzylamine. The
formation of these two products was also indicative of the expected reaction
steps, where the dibenzylamine is formed and from here acts as a starting
material for the formation of tribenzylamine illustrated in Scheme 5.3.

NH

Scheme 5.3 Reaction steps to form the dibenzylamine desired product and
then the tribenzylamine impurity.

Due to the linear competitive reaction, there would be an optimum
temperature where after a certain point the formation of dibenzylamine is
hindered by its consumption in forming the tribenzylamine. This appears yet
unmet within the window, but for the purposes of screening the control, the
temperature range would work well.
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Figure 5.18 Reaction composition at varying temperatures as the reaction
proceeded at a 5-minute residence time.

5.5.2. Incorporating Continuous Extraction into the Reaction

With the initial screening and conditions for the reaction consistently
running well in flow, it was time to incorporate the predictive extraction. For
this to work the reaction outlet that went through the sampling loop would be
attached to fReactors downstream, to meet varying ratios of water and nitric
acid. This would mix for two CSTR volumes, then be separated for sampling
and continuous pH measurement of the organic phase. The overall process
flow diagram can be seen in Figure 5.19.
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Figure 5.19 The process flow diagram of the coupled Sn2 reactor and
controlled extraction.

This would be more complicated than the carboxylic acid example in
two ways making it a real potential challenge for the model.

Firstly, the reaction generates multiple compounds that can’t be
detected by the analytical technique used (hydrobromic acid, DIPEA and the
starting benzylamine). These would impact the requirement for extractant
concentration, which if not incorporated stoichiometrically would lead to
failure in the control of the extraction.

The model was adjusted to account for stoichiometric formation of the
hydrobromic acid as the two products formed. DIPEA was input initially as a
manual user input, so was accounted as for each other component, the
concentration was just initially input into the model from the GUI.

The benzylamine, which does possess a chromophore, showed
consistently poor integration leading to a mass balance that varied between
90 and 110%. Incorporating a mass balance calculation where the initial
concentration was input on the GUI and the two product concentrations were
used to adjust this, showed a significant increase in the accuracy of the
prediction. These analytical problems represent most of the potential issues
available that would need to be overcome, so illustration that this could be
overcome would mean there are a range of situations that although
potentially challenging, would be very feasible to control. This also means
that the complete extraction process could be controlled solely by the
product and impurity concentrations.
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Secondly, the reaction stream does become multiphasic as the reaction
goes on, although only very slightly, this is something that is likely to be seen
regularly in processing environments. This did represent a limitation when
the incorrect phase was sampled, however, it occurred only once over 47
samples during the live run (2.1% chance of mis-sampling). There are
methods to get around this such as adjusting a sampler, but due to the
infrequency of this, it wasn’t pertinent enough to be considered a large
problem in testing.

The physicochemical parameters for this were assessed experimentally
for each of the components. The DIPEA and hydrobromic acid were
excluded from logioKp evaluation, where the DIPEA was given a rough
estimate. The starting benzyl bromide and formed hydrobromic acid were
excluded from pKaw measurement as their values would be outside the
scope of measurable pH range for deionised water. These results along with
standard deviations for each sample are given below in Table 5.4

Table 5.4 Experimentally determined pKan and logioKe values with their
standard deviations. The 95% confidence interval was regressively
estimated for dibenzylamine and tribenzylamine due to their low
aqueous solubility on their own.

Chemical Name Dissociation Constant Partition Coefficient

(pKaH) (logioKp)
Benzyl Bromide N.A. 2.943 +/- 0.018
Benzylamine 9.435 +/- 0.062 0.733 +/- 0.022
Dibenzylamine 8.241 +/-0.104 2.474 +/- 0.063
Tribenzylamine 5.552 +/- 0.887 2.816 +/- 0.206
DIPEA 10.684 +/-0.037 N.A.

To run the live testing, the adjusted optimisation function discussed in
section 5.4 was used. The objective is to optimise the dibenzylamine in the
organic phase, extracting out the benzylamine and DIPEA, theoretically
leaving it to be extracted from a minor impurity and benzyl bromide in some
subsequent extraction.

These were all input into the GUI and the system was setup for live
testing. The temperature was changed in 10-degree steps starting at 100°C
with a limit of 80 and 120°C. This was adjusted approximately once an hour
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with the selected step randomly chosen. The time lapse of reactor
temperatures can be seen on Figure 5.20.
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Figure 5.20 Reactor temperature reading as setpoint changed over the
experimental time period.

As this sequence with the given temperature profile ran in the reactor, it
flowed continuously at 1mL/min and sampled once approximately every 6
minutes 20 seconds. The concentration profile on Figure 5.21 was
consistent for the reaction products, apart for the fifth sample where it was
apparent the aqueous phase was sampled. This sample caused a significant
product and internal standard peak area decrease due to low partition into
an aqueous phase and a significant rise in the relative benzylamine area
leading to a concentration much greater than the material balance would
allow. Aside from this, all other datapoints were consistent and gave good
reproducibility across many samples.

Unfortunately, the benzylamine did not show the same level of
consistency. The HPLC peaks were wide and short giving more room for
error when automatically integrating to feed into the model. This meant that
there were areas of variation, particularly in the initial temperature set.
However, the trend still followed closely to the benzyl bromide.
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Figure 5.21 Concentration profiles of the measurable components over the
experimental time period.

Once fed into the algorithm, output conditions for extractant
concentration and volume ratio were generated and the pumps were
adjusted. The selected flowrates can be seen in Figure 5.22. These show
good consistency as temperature is held constant, with some variation due
to minor differences in observed concentrations. As the temperature
changes, the concentrations transition between steady states, which is again
well reflected in the suggested extractant concentration to use.

At higher temperatures there is a decrease in the suggested acid
concentration, which coincides with there being less benzylamine to remove
from the organic phase. Conversely, when the temperature decreases there
is excess benzylamine to remove so the amount of acid required increases.

The overall flowrate reflects a high-volume ratio around 2 (the
maximum limit), which would allow for minimum mass extraction into the
aqueous phase, inevitably leading to a higher mass of the desired
component in the organic phase. This illustrated that adaptation of the
objective function works in aiming for a higher efficiency.

There are two outliers, the initial start-up, which relates to low
concentrations of products as the reaction gives initially low conversion, and
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then the fifth sample, which was an agqueous mis-sample. This significantly
overestimated the concentration of benzylamine, suggesting a maximum
possible flowrate of acid and no water.
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Figure 5.22 The extractant pump (0.989M HNO3) and water pump flowrates
suggested by the model over the experimental time period.

The comparison shown in Figure 5.23 highlights how effectively the pH
was maintained throughout the extraction. Initially it decreases, as acid
concentration is increased from the first sample, so that steady state can be
reached. The impact of the aqueous sampling can then be seen, assuming a
large concentration of acid is required leads to a significant drop in pH,
which is restored as the next sample is registered. Initial steady state is then
reached before the temperature changes.

From here, the control is well maintained with variation only seen as
the concentrations fluctuate with temperature changes, which are quickly
rectified.
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Figure 5.23 Comparison of the expected pH suggested by the model to the
observed pH from the process over the experimental time period.

This is more apparent in the expanded version (Figure 5.24 A), where a
dip can be seen in light blue after hour 1 and a larger one observed after
hour 4. These are representative of the impact caused by temperature
increase where there would be a lower concentration of benzylamine in the
system, so the pH would initially decrease as it is all transferred along with
now some of the dibenzylamine. This is rapidly resolved as the acid
adjustment takes effect.

Conversely, the pH rises at the transitions after hours 2 and 3, due to
the temperature decreasing, meaning extra benzylamine is in the system so
the pH increases higher into its buffer zone before the addition of extra acid
moves through the CSTRs and separator.

Figure 5.24 B shows the absolute difference between the observed and
expected values. There is a consistent difference of around 0.2 to 0.6 across
the steady state values. This is higher at lower temperatures, between the 2
and 4 hour markings.
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Figure 5.24 A. Expanded view of observed vs predicted pH over the
experimental time period where blue circles indicate feedforward
responses. B. Absolute comparison of the observed and predicted pH.

After the pH is read, both streams leave, and samples were taken
every 15 minutes for HPLC analysis, after the separator was given 30
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minutes to equilibrate. These were used to quantify the final purity, looking at
the amines and extraction efficiency compared to the expected. Overall,
across all temperature points, the final purity observed is relatively stable.
Unfortunately, the predicted trend suggests a significantly bigger
improvement in purity at low temperatures, which decreases with increasing
temperature due to additional tribenzylamine forming. These were the
datapoints where higher steady state pH was observed and may be an
artifact of the mass balance calculating the amount of benzylamine with a
small inaccuracy meaning more is left over than originally expected.

This does illustrate the ability to consistently maintain high purity across
drastically changing positions, with the average final purity of the desired
product at 72.4% with a standard deviation of 2.5%. There was significantly
more fluctuation seen at 80°C compared to any other sample, but all others
were very consistent.

Overall, this highlights that the control functions well even though there
are large assumptions in some component composition, but to get the
highest accuracy from this model, understanding the full stream composition
would be required.
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Figure 5.25 Comparison of the observed purity compared to the model
predicted and original from the reservoir.
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Due to the trade-off, the optimal dibenzylamine organic fraction was
also evaluated. Although it only varied slightly as the reaction conditions
changed, the trend is reflected in the observed fraction, which increased as
temperature increased.
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Figure 5.26 Comparison of the observed organic fraction of dibenzylamine
compared to the model predicted.

The model functioned well when given a complex set of chemicals to
evaluate at the reaction outlet. Some limitation was seen when modelling for
chemicals that were analytically indeterminable, but still approximating a
close pH, off by at most 0.6 pH units at steady state. This led to a
consistently maintained purity, which varied from the expected at lower
temperatures. The evaluation for the fraction of desired product followed the
expected trend well.

5.5.3.Conclusions and Future Work

The desire for continuous and efficient production of consistent quality
fine chemicals creates the need for good process control not only for
reactions, but also for purifications. There has been a large incentive to
develop increasingly more accurate PAT equipment for inline and online
reaction monitoring. This would give a good understanding of reaction
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performance and, in turn, give details about the composition of the reaction
outlet. Using this information in the previously developed model, would allow
for feedforward control over a pH dependant extraction, where initial pH
would be indeterminable due to it coming from an organic solvent stream.

To test this, software was designed in LabVIEW that would handle
pumps, the pH meter, and HPLC sample loop controls, as well as reading
and interpreting the HPLC file and write log files so all data was recorded for
evaluation. This model was integrated into a control loop of the LabVIEW
software through communication with MATLAB. The component
concentrations, pKa and logioKp were fed into the MATLAB model. This
would predict the surface and isolate an optimum to adjust the phase ratios
and extractant concentration, which in turn adjusts the pumps.

Once all was integrated and working, the control was tested on two
different systems, one non-reactive system of fluctuating concentrations of
carboxylic acids and another reaction outlet stream. The non-reaction
example performed well, where the pump flowrates were adjusted with
changes in concentration, showing only minor fluctuations at steady state
with apparent concentrations adjusting slightly. This gave a consistent level
of accuracy in pH output compared to what was expected, only deviating by
at most around 0.1 pH units.

The reacting stream controlled extraction also performed well. Here
multiple concentrations were hardcoded with input values and mass
balanced evaluations from the final product and impurity from which the
concentration was determined. This presented potentially every example of
assumption that would be possible in one example: calculating
stoichiometric equivalents of an immeasurable acid; an inconsistently
measured starting material; an immeasurable non-reacting base that allows
the reaction to operate further without inhibiting its own starting material.
Despite the difficulty in ascertaining the correct conditions to properly extract
the reaction stream, the pumps responded as would be expected with the
reaction output and gave a pH that varied by between around 0.4 to 0.6 pH
units at steady state as conditions changed. This resulted in a near constant
output purity at different temperatures. A reduction in the difference between
observed and predicted values occurred as the temperature increased, and
at lower temperatures there were considerable differences in purity. This
illustrated that inaccuracies in the model occur when components relied on
mass balance calculation to predict an optimum. Despite this the trend in
retained product fraction was consistent, and the control was quite
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successful in readjusting the extractant concentration to compensate for
error within the reactor producing consistent control.

The work discussed is at the outset for this form of control. With a need
for integration of control in a process environment, and downstream
processing acting as a last option in terms of reducing key impurity
concentrations from subsequent steps or final products, maintaining precise
purity threshold is imperative. An immediate next step for this form of control
would be to integrate some form of non-linear feedback control resulting in
an enhanced accuracy with the ability to adjust an optimal depending on
shifting reaction output compositions.

Moving from this as a single stage extraction would also allow for this
to be built as a multistage control platform, in which multiple stages and
washes could be estimated based on this single control alone such as an
expansion into control from the modelling work carried out in section 4.4.2.
This would allow for potential mixture to pure product control using a single
model control.

This work highlights the potential for continuous purification from an
organic reaction, but also highlights there are areas to progress and build to
achieve full process control within continuous fine chemical manufacturing.
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Chapter 6. Conclusions and Future Work

6.1. Project Outcomes

The work throughout this thesis has focussed on the intensification of
continuous flow extractions for fine chemical applications. Dissociative
extraction is a method for selective extraction of different acid/bases, and
was the main approach taken. It has rarely been discussed over the years,
which has led to technological gaps in the area for research and discussion.
Within continuous flow it can offer huge potential benefits in selective
purification, minimising solids handling and maintaining high productivity
across continuous synthesis.

Multiple approaches and investigations were taken throughout this
work, including continuously extracting system design, autonomous
exploration of continuous flow extractions, multistage intensification
approaches, non-ideal model design and integration of this as a control
algorithm for extraction conditions.

Within chemical automation and intelligent experimentation, there has
been a focus on reactions, both in batch and continuous flow with a potential
single paper investigating this application on downstream purifications.”®
Chapter 2 aimed to improve on this by incorporating a continuous extraction
screening into a system of computer-controlled pumps and autonomously
read analytical data. This initially looked at incorporating PAT into the
development of a continuous flow contactor separator design and validating
it against an extraction carried out in batch. The use of inline and online
analytics allowed integration of this mixer settler design into the autonomous
system where self-driven experiments could be carried out through the
feedback algorithm driven automation. Finally, this was used to explore a
frequent problem of reactions producing a main product and structurally
similar minor impurity. In resolving this problem, the optimum region was
highlighted, and response surfaces could be explored through comparing
component extraction by extractant dosing, or the titration taking place at the
heart of this process.

This was taken further in chapter 3, where a different multicomponent
mixture problem was explored, and improvements in the separation were
incorporated. A single wash showed a minor increase in purity of a three-
component mixture and would be insufficient to carry forward to subsequent
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steps. This highlighted the complex problem extracting components with
similar dissociation constants and partition coefficients, which could benefit
from multistage extraction design. Four different, two stage wash
configurations were considered. One common method employed by batch
chemists (multiwash), two well understood and accepted methods
(crosscurrent and countercurrent) and finally an approach that may already
exist in literature, but | was unable to find any examples (countercurrent with
interstage adjustment). The coupling of the two intensification approaches,
multistage and dissociative extractions, illustrated large improvements for
three major objectives with the optimal improvement seen from the
countercurrent with additional adjustments and potentially offers large
additional benefits stage on stage.

These experimental values proved a great deal about the extractions,
but due to it being a titration process, a modelling approach could also be
explored. These are documented in the literature, generally by two methods
of discerning an extraction function for a molecule. However, as was
mentioned by Anwar et al. there is potential to incorporate activity
adjustments.?% This impacts the expected pH so could be of large influence
for a number of pH dependant extractions and became a few features
included in the model built in chapter 4 through the use of Davies
equation.?®® Each case study was explored, and proved consistently
accurate between the experimental and modelled results. So much so on a
single stage, that the multistage extraction of carboxylic acids was
compared, and the model adjusted to fit changes in stage interactions.

The final section of work focussed on the use of this modelled
approach as a feedforward control for the extraction process. There are
several current methods to control pH dependant systems and they present
a complex problem in feedback control by trying to control a value that gives
a nonlinear response.?® Some feedforward examples are present, but
mainly focus on linearisation methods and machine learning.?17:227.228 With
the incorporation of continuous flow in the fine chemicals and PAT allowing
for consistent understanding of process component streams, the input of this
controller as a downstream extraction control offers large benefits. To trial it,
initially the system of benzoic acids derivatives was used. Following this, the
separation was integrated into an Sn2 reaction between benzylamine and
benzyl bromide. It was tested first in batch, then transferred to flow, where
the controller was screened as reaction temperature was altered between
five different temperatures.
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6.2. Future Potential of the Technology

There are several areas of interest in exploring. These fall between
areas discussed in each Chapter: (i) expansion of automated experiments to
screen discrete objectives; (ii) incorporating this discrete methodology into
modelled approaches which could influence both model accuracy and
potential inputs for the control; and (iii) multistage incorporation into the
feedforward control post reactions. In more detail:

(1) Solvent selection is a key decision in liquid-liquid extraction. Since it is
a discrete variable it affects many choices within the process. Work could
explore the selection of solvent for both separation and reaction using both
modelling and screening methods. Other extraction variables are salt
addition to the aqueous phase, that would influence phase partitioning and
dissociation, phase ratio and temperature. All these could now be explored
due to the rapid increase in algorithm approaches able to handle discrete
and continuous variables.

Aside from these, another overarching decision is the multistage
cascade arrangement. The development of a multi-objective black box
optimisation to minimise the stage number but maximise purity and
extraction would let computational decisions guide separation design.

(i) With the same idea, discrete variable incorporation into the model-
based approach could improve insight into experimental choices. This is
already done for neutral partitions using software like COSMOtherm, or
NRTL and UNIQUAC models to estimate the values.®”:233 Salt presents an
additional problem case where activity adjustments and influences are
complex and currently reduce reliability. This all does represent areas for
improvement and work that could greatly shape these forms of model
approaches and lead to a fully computational model to yield high accuracy
results.

(i)  The final area of incorporation would be expansion of the initial
feedforward control from single to multistage. This although somewhat
accomplished in that the model has been proven to evaluate two stage
arrangement well, it could be expanded significantly with potential for model
driven choices of optimal units, configurations, flowrates and even potential
additives such as adjustment in activity adjustment with salt concentration.

This would allow for a truly active and involved control of the extraction
and would potentially lead to a few simple experiments to gather
physicochemical data leading to a completely understood and developed



- 168 -

extraction in several clicks with full autonomous control on a continuous flow
pattern.

With the further interest, development and incorporation of continuous
flow methods within the fine chemicals industry, methods to screen, model
and control these will be key not only in process development but in final
manufacture.
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Chapter 7. Experimental Methods

7.1. Materials

7.1.1. Continuous Extraction Reactor

The continuous flow system (illustrated below in Figure 7.1) consisted
of three pumps (a water pump, an extractant pump and an organic pump),
the two aqueous pumps were attached to an initial fReactor in a fReactor
cascade (n = 3; volume = 6ml) with a pH probe mounted on top of it, using
the pH meter described in section 2.3.1. This initial reactor led to the second
CSTR that also had the inlet from the organic pump. The biphase was mixed
in the second and third CSTRs and was then separated using a Zaiput
membrane separator with a hydrophobic membrane (pore size = 0.45um).
The aqueous stream finally passed through another CSTR with mounted pH
probe.

Water
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Figure 7.1 An illustration of a single continuous reactive extraction stage
used throughout this project.

7.1.2. Automated Equipment

The automated equipment used within this project can be seen in
Figure 7.2 and consisted of a number of individual units. A set of pumps was
controlled by computer communication (RS-232 serial) allowing either
Jasco-1580 or Syrdos dual syringe pump to be attached to the inlet of a
reactor or separation unit. Additionally, two Vici Valco EUDA-CI4W (4-port)
sample loops with computer communication (RS-232 serial) were placed
throughout the reactor/separator system allowing samples to be read into an
Agilent 1100 series HPLC fitted with a Sigma Ascentis Express C18 reverse
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phase column (length: 5cm, internal diameter: 4.6mm and particle size
2.7um).

Figure 7.2 A photograph of the computer controlled equipment used
throughout this project.

The pumps and sample loops were controlled using a Matlab interface
and the system was setup such that triggering a sample loop would initiate
the HPLC and it’'s software into running the preselected method on Agilent
Chemstation software.

7.1.3. Additional Equipment

Offline HPLC analysis was carried out on an Agilent 1100 series HPLC
with an Agilent Eclipse Plus C18 reverse phase column (length: 25cm,
internal diameter: 4.6mm, particle size: 5um) for work described in section
7.2.2, and an Agilent InfinityLab Poroshell 120 EC-C18 (length: 5cm,
internal diameter: 4.6mm, particle size: 2.7um) thereafter. Offline GC
analysis was performed on an Agilent 7890B GC with an Agilent HP-5
(length: 30m, internal diameter: 0.32mm, particle size: 0.25um) column.

pH analysis was performed offine using a Mettler Toledo
SevenExcellence pH meter with a Mettler Toledo InLab Routine Pro-ISM pH
probe. Online pH analysis was performed using the pH meter described in
Chapter 2. Each pH meter was calibrated before use with appropriate
calibration solutions of pH 4, 7 and 10.
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7.2. Chapter 2 Procedures

7.2.1. Chemicals

a-Methylbenzylamine (99%, Aldrich), N-benzyl-a-methylbenzylamine
(98%, Fluorochem), biphenyl (99%, Fisher Chemical), benzamidine
hydrochloride (Fluorochem, 98%), trifluoroacetic acid (Fisher Chemical,
99%), hydrochloric acid (37%, laboratory grade), toluene (HPLC grade) and
acetonitrile (HPLC grade) were purchased from suppliers and used without
further purification. Deionised water (18.2mQ) was purified in house using an
Elga Purelab Flex water purification system.

7.2.2. Batch Extraction

a-Methylbenzylamine (5.00g; 41.3mmol; 0.825M) and N-benzyl-a-
methylbenzylamine (0.50g; 2.4mmol; 0.047M) were made to 50mL in a with
toluene. This was added to a 250mL round bottomed flask, followed by
deionised water (50mL). The biphase was mixed at 750rpm for 5 minutes
then given 10 minutes to coalesce. Samples were taken for compositional
analysis by gas chromatography, and a pH reading was taken of the
aqueous phase using the Mettler Toledo SevenExcellence pH meter.
Hydrochloric acid (37%; 16.67mL; 4M) was made to 50mL with deionised
water. An aliquot of hydrochloric acid (4M) was added, and the system was
remixed for the following sample. This was repeated for every sample.

7.2.3. Continuous Extraction

Reservoir solutions were prepared in bulk for use on Harvard Syringe
Pump 1 with SGE gastight syringes (50mL) attached. Water pump:
deionised water. Extractant pump: hydrochloric acid (37%; 12.5mL; 1.5M)
was made to 100mL with deionised water. Organic pump: a-
methylbenzylamine (100g; 825.2mmol; 0.825M) and N-benzyl-a-
methylbenzylamine (10g; 47.3mmol; 0.047M) were made up to 1L with
toluene.

The system was primed with water and toluene for several reactor
volumes. The syringes were exchanged for the reservoir solutions and
pumps set to match each condition. The system was let equilibrate for 25
minutes and then sampled. pH was monitored continuously with inline
probes using the Mettler Toledo SevenExcellence pH meter.
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7.2.4. DOE Screening with Online HPLC

Reservoir solutions were prepared in bulk for use on Jasco-1580 and a
Syrdos dual syringe pump for the hydrochloric acid pump. Diluted acid
pump: benzamidine hydrochloride (2g; 13mmol; 0.026M) and hydrochloric
acid (37%; 21mL; 0.5M) was made to 500mL with deionised water.
Concentrated acid pump: benzamidine hydrochloride (2g; 13mmol; 0.026M)
and hydrochloric acid (37%; 42mL; 1M) was made to 500mL with deionised
water. Organic pump: a-methylbenzylamine (50g; 412.6mmol; 0.825M), N-
benzyl-a-methylbenzylamine (5g; 23.7mmol; 0.047M) and biphenyl (1.5g;
10mmol; 0.019M) were made up to 500mL with toluene.

The reactor was setup according to the details in Continuous Extraction
Reactor (section 7.1.1) and integrated into the automated equipment
(section 7.1.2), with two Syrdos dual syringe pumps used as the water and
extractant pumps and a Jasco PU-1580 HPLC pump used as the organic
pump. Each waste outlet after the system was attached to a Vici Valco
EUDA-CI4W sample loop (4-port) sample loop for online HPLC sampling.
The system was primed with water and toluene for several reactor volumes
prior to switching to the reservoir solutions. The experiments were run with
variables set in Table 7.2.

Table 7.1 List of DOE experimental conditions and results.

Observed Acid Volume Ratio A Extraction pH after

Concentration (Organic/Aqueous) Efficiency extraction
(M)
1.00 0.9 0.184 0.708
0.87 1 0.851 7.016
1.01 1 0.018 0.809
0.56 0.9 0.422 8.422
1.00 1.1 0.290 1.257
0.90 1.1 0.745 6.801
0.53 1 0.374 8.346
0.81 1.1 0.675 7.914
0.76 0.9 0.568 6.443
0.80 0.9 0.718 4.487
0.55 1.1 0.302 8.512

0.79 1 0.574 7.597
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7.2.5. Self-Optimised Extraction Screening

Reservoir solutions were prepared in batches for each pump as
required. Water pump: benzamidine hydrochloride (2.0g; 12.7mmol; 0.026M)
was made to 500mL with deionised water. Extractant pump: hydrochloric
acid (37%; 50mL; 1.5M) and benzamidine hydrochloride (2.0g; 12.7mmol;
0.026M) were made to 500mL with deionised water. Organic pump: a-
methylbenzylamine (50g; 412.2mmol; 0.824M), N-benzyl-a-
methylbenzylamine (5g; 23.7mmol; 0.047M) and biphenyl (1.5g; 9.7mmol;
0.019M) were made up to 500mL with toluene.

The reactor was setup according to the details in Continuous Extraction
Reactor (section 7.1.1) and integrated into the automated equipment
(section 7.1.2), with two Syrdos dual syringe pumps used as the water and
extractant pumps and a Jasco PU-1580 HPLC pump used as the organic
pump. Each waste outlet after the system was attached to a Vici Valco
EUDA-CI4W sample loop (4-port) sample loop for online HPLC sampling.
The system was primed with water and toluene for several reactor volumes
prior to switching to the reservoir solutions. The optimisation was initialised
using the Snobfit algorithm with variable boundaries set in Table 7.2.

Table 7.2. Variables and boundaries that were used to generate
experiments during the self-optimisation.

Variables Minimum Maximum
Acid Concentration (M) 0.0 1.0
Volume Ratio (Organic/Aqueous) 0.3 0.8

Table 7.3. List of algorithm selected experiments in order of run and
resulting pH and A Extraction Efficiency (the response given to the

algorithm).
Acid Volume pH After A Extraction
Concentration (M) Ratio Extraction Efficiency
0.815 0.511 0.633 0.457
0.032 0.771 9.834 0.291
0.334 0.326 1.781 0.539
0.478 0.769 8.302 0.734
0.009 0.43 10.24 0.143
0.901 0.789 0.918 0.161
0.618 0.301 0.683 0.173
0.258 0.591 8.62 0.306
0.999 0.351 0.532 0.005

0.491 0.519 1.782 0.055



0.67
0.979
0.57
0.519
0.227
0.468
0.558
0.343
0.398
0.258
0.461

0.117
0.421
0.13
0.211
0.227
0.453
0.84
0.368
0.342
0.559
0.362
0.759
0.6
0.289
0.072
0.42
0.569
0.243
0.909
0.59
0.759
0.25
0.809
0.56
0.511
0.26
0.819
0.478
0.55
0.272
0.841
0.569
0.77
0.76
0.231
0.96
0.719

0.691
0.612
0.3
0.801
0.301
0.441
0.451
0.688
0.301
0.301
0.748
0.3
0.301
0.709
0.66
0.3
0.301
0.758
0.75
0.301
0.299
0.661
0.679
0.581
0.589
0.301
0.728
0.52
0.692
0.309
0.561
0.611
0.39
0.3
0.36
0.61
0.609
0.31
0.641
0.621
0.639
0.3
0.419
0.661
0.41
0.36
0.329
0.3
0.301
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1.388
0.538
0.645
7.95
7.724
1.234
0.968
8.474
1.096
7.111
8.211
10.88
9.123
8.337
9.299
8.416
8.196
8.352
0.926
1.129
1.197
6.812
8.476
0.878
1.253
1.903
9.604
7.623
7.348
7.608
0.701
1.47
0.68
7.282
0.645
2.292
6.966
7.34
0.805
7.594
6.263
2.781
0.663
4.885
0.694
0.649
8.161
0.553
0.6

0.092
0.162
0.403
0.617
0.326
0.123
0.106
0.260
0.166
0.852
0.591
0.170
0.338
0.635
0.402
0.485
0.442
0.570
0.117
0.000
0.099
0.853
0.615
0.128
0.104
0.098
0.318
0.560
0.716
0.355
0.070
0.095
0.401
0.540
0.256
0.147
0.582
0.586
0.250
0.365
0.785
0.341
0.524
0.858
0.373
0.533
0.423
0.291
0.489
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0.899 0.301 0.494 0.416
0.751 0.32 0.526 0.647
0.551 0.669 6.219 0.821
0.311 0.48 8.176 0.369

7.3. Chapter 3 Procedures

7.3.1. Chemicals

Benzoic acid (Fluorochem,99%), 2-chlorobenzoic acid (Acros, 98%),
2,6-dichlorobenzoic acid (Fluorochem, 98%), biphenyl (Sigma Aldrich,
99.5%), naphthalenesulfonic acid (Fisher Chemical, 98%), trifluoroacetic
acid (Fisher Chemical, 99%), sodium hydroxide (Fisher Chemical, 99%), 2-
methyltetrahydrofuran (Biorenewable, >99.5%) and acetonitrile (HPLC
grade) were purchased from suppliers and used without further purification.
Deionised water (18.2mQ) was purified in house using an Elga Purelab Flex
water purification system.

7.3.2. Single Stage Self-Optimised Extraction Screening

Reservoir solutions were prepared in batches for each pump as
required. Water pump: naphthalenesulfonic acid (2.1g; 9.6mmol; 0.02M) was
made to 500mL with deionised water. Extractant pump: sodium hydroxide
(16g; 400mmol; 0.8M) and naphthalenesulfonic acid (2.1g; 9.6mmol; 0.02M)
were made to 500mL with deionised water. Organic pump: benzoic acid
(20.99¢g; 90mmol; 0.18M), 2-chlorobenzoic acid (26.3g; 168mmol; 0.336M),
2,6-dichlorobenzoic acid (8.02g; 42mmol; 0.084M) and biphenyl (1.5¢;
9.7mmol; 0.019M) were made up to 500mL with 2-methyltetrahydrofuran.

The reactor was setup according to the details in Continuous Extraction
Reactor (section 7.1.1) with one Jasco PU-1580 HPLC pump used per
reservoir solution. Each waste outlet after the system was attached to a Vici
Valco EUDA-CI4W sample loop (4-port) for online HPLC sampling. The
optimisation was run for 22 experiments with the computer selecting
conditions within the boundaries given on Table 7.4 with a total flowrate of
the combined pumps set to 2mL/min. The selected conditions in the order
they were run, along with the output purity that was used as an objective and
the pH that was logged to file are displayed on Table 7.5.
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Table 7.4 Variables and boundaries that were used to generate experiments
during the self-optimisation.

Variables Minimum Maximum
Base Concentration (M) 0.0 1.0
Volume Ratio (Organic/Aqueous) 0.5 15

Table 7.5 . List of algorithm selected experiments in order of run and
resulting pH and purity of 2-chlorobenzoic acid (the response given to
the algorithm).

Base Volume Ratio Aqueous Purity of 2- pH
Concentration (Organic/Aqueous) Chlorobenzoic Acid
(M)

0.647 0.66 0.560 12.782
0.214 1.45 0.548 5.355
0.024 0.64 0.430 3.63

0.730 15 0.620 6.691
0.492 1.14 0.639 6.312
0.167 1.03 0.557 5.128
0.333 0.58 0.587 6.674
0.770 1.1 0.561 12.332
0.008 1.32 0.526 2.526
0.492 0.86 0.584 7.121
0.651 0.58 0.561 12.726
0.238 1.19 0.593 5.459
0.461 1.5 0.643 6.01

0.437 15 0.639 5.937
0.564 1.32 0.639 6.405
0.500 1.34 0.648 6.179
0.643 0.96 0.564 12.558
0.540 1.23 0.637 6.425
0.699 1.33 0.598 7.03

0.492 0.58 0.561 12.715
0.540 15 0.648 6.249
0.254 0.93 0.628 5.549

7.3.3. Two Stage Crosscurrent/Multiwash Extraction

Reservoir solutions were prepared in batches for each pump as
required. Water stock solution: naphthalenesulfonic acid (2.1g; 9.6mmol;
0.02M) was made to 500mL with deionised water. Extractant stock solution:
sodium hydroxide (20g; 500mmol; 1.0M) and naphthalenesulfonic acid (2.1g;
9.6mmol; 0.02M) were made to 500mL with deionised water. Organic pump:
benzoic acid (10.99g; 90mmol; 0.18M), 2-chlorobenzoic acid (26.3g;
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168mmol; 0.336M), 2,6-dichlorobenzoic acid (8.02g; 42mmol; 0.084M) and
biphenyl (1.5g; 9.7mmol; 0.019M) were made up to 500mL with 2-
methyltetrahydrofuran. The reservoir for each aqueous pump, for each
experiment was made up to 100mL using a combination of the water and
extractant stock solutions to reach the desired concentration.

The reactor was setup according to Figure 7.3 below by coupling the
outlets of a single stage of separator with the inlet of another. Each reservoir
was pumped into the system using a Jasco PU-1580 HPLC pump. The final
waste outlet after the system was attached to a Vici Valco EUDA-CI4W
sample loop (4-port) sample loop for online HPLC sampling. The interstage
and initial aqueous outlet were collected for offline HPLC analysis.

Offline HPLC
Collection

Reaction Outlet
Stage 1 Aqueous AN @
g q ‘ N
Offline HPLC Collection
Stage 2 Aqueous @
<> Pump \ | Separating Unit P Three-Way Valve

@ fReactor CSTR pH probe @ Sample Loop

Figure 7.3 A schematic of the two stage crosscurrent extraction stages.

Online HPLC

A grid search of 17 experiments was carried out by adjusting the
concentration of the extractant at the two inlet aqueous positions. The
flowrates for each pump were set to 1mL/min. The experiments that were
run, together with the calculated purity considering the system as a
crosscurrent or multiwash format are included in Table 7.6.
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Table 7.6 List of grid search experiments in order of run and resulting purity
if taken as a crosscurrent or multiwash configuration.

Base Concentration Base Concentration Cross- Multiwash
Stage 1 (M) Stage 2 (M) current Purity
Purity
0.1 0.2 0.616 0.678
0.1 0.3 0.647 0.695
0.1 0.4 0.609 0.650
0.1 0.5 0.577 0.595
0.2 0.1 0.618 0.697
0.2 0.3 0.631 0.662
0.2 0.4 0.585 0.587
0.3 0.1 0.639 0.659
0.3 0.2 0.648 0.669
0.4 0.1 0.634 0.692
0.5 0.1 0.593 0.439
0.4 0.2 0.589 0.490
0.3 0.3 0.651 0.688
0.1 0.1 0.555 0.617
0.2 0.2 0.655 0.721
0.3 0.3 0.578 0.517
0.2 0.2 0.626 0.704

7.3.4. Two Stage Countercurrent Extraction

Reservoir solutions were prepared in batches for each pump as
required. Water stock solution: naphthalenesulfonic acid (2.1g; 9.6mmol;
0.02M) was made to 500mL with deionised water. Extractant stock solution:
sodium hydroxide (20g; 500mmol; 1.0M) and naphthalenesulfonic acid (2.1g;
9.6mmol; 0.02M) were made to 500mL with deionised water. Organic pump:
benzoic acid (10.99g; 90mmol; 0.18M), 2-chlorobenzoic acid (26.3g;
168mmol; 0.336M), 2,6-dichlorobenzoic acid (8.02g; 42mmol; 0.084M) and
biphenyl (1.5g; 9.7mmol; 0.019M) were made up to 500mL with 2-
methyltetrahydrofuran. The reservoir for each agueous pump, for each
experiment was made up to 100mL using a combination of the water and
extractant stock solutions to reach the desired concentration.

The reactor was setup according to Figure 7.4 below by coupling the
outlets of a single stage of separator with the inlet of another. Each reservoir
was pumped into the system using a Jasco PU-1580 HPLC pump. The final
outlet of the organic stream and interstage aqueous stream were attached to
a Vici Valco EUDA-CI4W sample loop (4-port) sample loop for online HPLC
sampling. The interstage organic and final aqueous outlet were collected for
offine HPLC analysis. A linear screening was carried out by adjusting the
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extractant concentration used in the aqueous reservoir with each pump
having a flowrate of 1mL/min.

Online HPLC
Aqueous Pump y
. N
Organic Pump @—@—@— A

1
@ Pump \ | Separating Unit BxJ Three-Way Valve

@ fReactor CSTR pH probe @ Sample Loop

Figure 7.4 A schematic of the two stage countercurrent extraction stages.

7.3.5. Two Stage Countercurrent Extraction with Interstage
Adjustment

Reservoir solutions were prepared in batches for each pump as
required. Water stock solution: naphthalenesulfonic acid (2.1g; 9.6mmaol,
0.02M) was made to 500mL with deionised water. Extractant stock solution:
sodium hydroxide (20g; 500mmol; 1.0M) and naphthalenesulfonic acid (2.1g;
9.6mmol; 0.02M) were made to 500mL with deionised water. Organic pump:
benzoic acid (10.99g; 90mmol; 0.18M), 2-chlorobenzoic acid (26.3g;
168mmol; 0.336M), 2,6-dichlorobenzoic acid (8.02g; 42mmol; 0.084M) and
biphenyl (1.5g; 9.7mmol; 0.019M) were made up to 500mL with 2-
methyltetrahydrofuran. The reservoir for each aqueous pump, for each
experiment was made up to 100mL using a combination of the water and
extractant stock solutions to reach the desired concentration.

The reactor was setup according to Figure 7.5 by coupling the outlets
of a single stage of separator with the inlet of another. Each reservoir was
pumped into the system using a Jasco PU-1580 HPLC pump. The final
outlet of the organic stream and final aqueous stream were attached to a
Vici Valco EUDA-CI4W sample loop (4-port) sample loop for online HPLC
sampling. The interstage for the organic and aqueous streams were
collected for offline HPLC analysis.
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Organic Pump

Online HPLC

Interstage
Aqueous Pump

Initial Aqueous N @ AN
Pump =

<> Pump \ | Separating Unit BxY Three-Way Valve

@ fReactor CSTR pH probe @ Sample Loop

Figure 7.5 A schematic of the two stage dosed countercurrent extraction
stages.

A Latin hypercube screening was carried out by adjusting the
extractant concentration used in the initial aqueous reservoir and then the
interstage extractant concentration. The initial organic and aqueous pumps
were maintained at 1mL/min, while the interstage pump was set to
0.5mL/min. The datapoints and observed aqueous purity of 2-chlorobenzoic
acid are displayed on Table 7.7.

Table 7.7 List of Latin hypercube experiments in order of run and resulting
purity for a dosed countercurrent configuration.

Base
Concentration Base Concentration Purity at the Purity at
Stage 2 (M) Stage 1 (M) Interstage the Outlet
0.15 0.65 0.23923 0.55958
0.35 0.8 0.44829 0.55557
0.15 0.4 0.74041 0.67785
0.25 0.35 0.75018 0.66892
0.35 0.55 0.45192 0.65301
0.45 0.85 0.39003 0.49823
0.2 0.75 0.2483 0.57086
0.55 1.1 0.30177 0.55904
0.4 0.45 0.57673 0.69293
0.5 0.65 0.22401 0.55171
0.05 0.2 0.61929 0.55282
0.15 0.15 0.61381 0.44711
0.05 0.5 0.63913 0.64786
0.45 0.55 0.44705 0.65082
0.25 0.575 0.41288 0.55717
0.1 0 0.5075 0.39922
0.35 0.15 0.6497 0.43145
0.25 0.1 0.62639 0.41609
0.45 0.3 0.75782 0.67561

0.55 0.4 0.58993 0.69578




- 181 -

7.4. Chapter 4 and Chapter 5 Partition determination
Titration Procedures

7.4.1. Chemicals

a-Methylbenzylamine (99%, Aldrich), N-benzyl-a-methylbenzylamine
(98%, Fluorochem), benzoic acid (Fluorochem,99%), 2-chlorobenzoic acid
(Acros, 98%), 2,6-dichlorobenzoic acid (Fluorochem, 98%), N,N-di-iso-
propyethylamine (Sigma Aldrich, 99%), benzylamine (Sigma Aldrich, 99%),
dibenzylamine (Sigma Aldrich, 97%), tribenzylamine (Sigma Aldrich, 99%),
benzyl bromide(Sigma Aldrich, 98%), hydrochloric acid (37%, laboratory
grade), sodium hydroxide (Fisher Chemical) and acetonitrile (HPLC grade)
were purchased from suppliers and used without further purification.
Deionised water (18.2mQ) was purified in house using an Elga Purelab Flex
water purification system.

7.4.2. Experimental Design and Methodology

Titrations were carried out in two formats depending on the chemical
species solubility in water, but both methods were setup in the same
manner. A Harvard Syringe Pump 1 with SGE gastight syringes (25ml)
attached was filled with the titrant (sodium hydroxide for acids, hydrochloric
acid for bases), the line was primed to ensure no volume was lost and a
flowrate was set to be a constant once started. The pH meter described in
section 2.3.1 was used along with custom written LabVIEW program to
record and save the data as it came in. Each titration was performed by
starting the continuous pH logger and the pump synchronously.

7.4.3. Titrations for Aqueous Soluble Compounds

This encompassed a-methylbenzylamine, benzoic acid, 2-
chlorobenzoic acid, 2,6-dichlorobenzoic acid, N,N-di-iso-propyethylamine
and benzylamine.

Each of these compounds were made up according to Table 7.8 and
aliquoted into a beaker. The pH and temperature probes were immersed.
The syringe was primed with the respective titrant (concentration given in
Table 7.8) and flowrate set to give consistent droplet frequency, but also
allow for timely titration. Both recording of the probe data and pump starting
were initialised synchronously and pH curve with respect to time was
recorded. This was carried out in triplicate for each compound.
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Table 7.8 Conditions for the dissociation constant titrations of aqueously
soluble compounds. Solvent used were deionised water (A) and
deionised saturated with 2-methyltetrahydrofuran (B).

Chemical Solvent Conc Mass Volume Titrant
used (M) (mg) (mL) Conc (M)

a-Methylbenzylamine A 0.02 400 200 0.01
Benzoic acid B 0.05 300 50 0.05
2-Chlorobenzoic acid B 0.05 390 50 0.05
2,6-Dichlorobenzoic 0.05 500 50 0.05
acid B

N,N-Di-iso- 0.005 68 100 0.2
propyethylamine B

Benzylamine B 0.05 1080 200 0.2

7.4.4. Titrations for Aqueous Insoluble Compounds

This encompassed N-benzyl-a-Methylbenzylamine, dibenzylamine and
tribenzylamine.

Each of these compounds were made up according to Table 7.9 and
aliquoted into a beaker. The pH and temperature probes were immersed.
The syringe was primed with hydrochloric acid solution (concentration given
in Table 7.9) and flowrate set to give consistent droplet frequency, but also
allow for timely titration. Both recording of the probe data and pump starting
were initialised synchronously and pH curve with respect to time was
recorded. This was carried out in triplicate for each compound at each
solvent ratio.

Table 7.9 Conditions for the dissociation constant titrations of aqueously
insoluble compounds. Solvent used were deionised water (A) and
deionised saturated with 2-methyltetrahydrofuran (B).

Chemical N-Benzyl-a- Dibenzylamine Tribenzylamine
Methylbenzylamine

Solvent used A B B
Acetonitrile (%) 40, 60, 80 20, 40, 60, 80 40, 60, 80
Conc (M) 0.005 0.005 0.00125

Mass (mg) 100 100 35
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Volume (mL) 100 100 100
Titrant Conc (M) 0.02 0.02 0.02

7.4.5. Determination of the pKa/pKan Values

Each titration curve was treated by the same method for pKa/pKan
determination. The first derivative of the curve was calculated and either
global maximum (for pKa) or minimum (for pKan) was taken as the time to
equivalence point. The dissociation constant was determined by calculating
half that value and taking the pH at that point as shown in Figure 7.6.
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Figure 7.6 pH and first differential of the curve for a 60% acetonitrile
dibenzylamine titration for pKax determination.

For the aqueous insoluble compounds, the aqueous dissociation
constant was determined by taking the dissociation constants for each
solvent ratio and graphed, taking a linear regression to the intercept of
solvent as illustrated on Figure 7.7 for dibenzylamine.
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Figure 7.7 Solvent versus pKan regression curve to determine the standard
system pKan for dibenzylamine.

For all the compounds this gives values displayed in Table 7.10.

Table 7.10 pKa and pKan values for the components of the acid and base
systems discussed in Chapter 4 & Chapter 5.

Chemical Name pKa/pKan Value
a-Methylbenzylamine 9.331+/-0.017
N-Benzyl-a-methylbenzylamine 8.589+/-0.189
Benzoic acid 4.517+/-0.023
2-Chlorobenzoic acid 3.422+/-0.011
2,6-Dichlorobenzoic acid 2.972+/-0.061
Benzylamine 9.435+/-0.062
Dibenzylamine 8.241+/-0.104
Tribenzylamine 5.552+/-0.887

N,N-Di-iso-propylethylamine 10.684+/-0.037
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7.4.6. Partition Coefficient Evaluations for Benzoic Acids
and Sn2 Reaction

This encompassed benzoic acid, 2-chlorobenzoic acid, 2,6-
dichlorobenzoic acid, benzyl bromide, benzylamine, dibenzylamine and
tribenzylamine. a-Methylbenzylamine and N-benzyl-a-Methylbenzylamine
logioKp values were calculated from standard values observed across
screenings in Chapter 2.

Each component was dissolved in 2-methyltetrahydrofuran alongside
biphenyl to the concentrations used within the work section discussed.
Deionised water containing either benzamidine hydrochloride (for base
extractions, 0.019M) or naphthalenesulfonic acid (for acid extractions,
0.019M) was made up. 2mL of each respective organic and aqueous
solution was transferred to a vial with a stir bar, sealed and left to agitate for
no less than 3 hours. This was left to coalesce for at least 3 hours when the
phases had clear separation. Each phase was sampled and analysed using
HPLC. This was carried out in triplicate yielding logioKp values illustrated on
Table 7.11.

Table 7.11 LogioKp values for the components of the acid and base systems
discussed in Chapter 4 & Chapter 5.

Chemical Name LogioKp Value
Benzoic acid 1.865+/-0.047
2-Chlorobenzoic acid 2.12+/-0.021

2,6-Dichlorobenzoic acid 2.225+/-0.092
Benzylamine 0.733+/-0.022
Dibenzylamine 2.474+/-0.063
Tribenzylamine 2.816+/-0.206

Benzyl Bromide 2.943+/-0.018
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7.5. Chapter 5 Procedures

7.5.1. Chemicals

Benzoic acid (Fluorochem,99%), 2-chlorobenzoic acid (Acros, 98%),
2,6-dichlorobenzoic acid (Fluorochem, 98%), benzyl bromide(Sigma Aldrich,
98%), N,N-di-iso-propyethylamine (Sigma Aldrich, 99%), benzylamine
(Sigma Aldrich, 99%), biphenyl (Sigma Aldrich, 99.5%), naphthalenesulfonic
acid (Fisher Chemical, 98%), trifluoroacetic acid (Fisher Chemical, 99%),
sodium hydroxide (Fisher Chemical), nitric acid (Fisher Chemical, 69-70%),
2-methyltetrahydrofuran (Biorenewable, >99.5%) and acetonitriie (HPLC
grade) were purchased from suppliers and used without further purification.
Deionised water (18.2mQ) was purified in house using an Elga Purelab Flex
water purification system.

7.5.2. Control Extraction of Carboxylic Acids

Reservoir solutions were prepared in batches for each pump as
required. Water stock solution: naphthalenesulfonic acid (2.1g; 9.6mmaol,
0.02M) was made to 500mL with deionised water. Extractant stock solution:
sodium hydroxide (20g; 500mmol; 1.0M) and naphthalenesulfonic acid (2.1g;
9.6mmol; 0.02M) were made to 500mL with deionised water. Concentrated
organic pump: benzoic acid (10.99g; 90mmol; 0.18M), 2-chlorobenzoic acid
(26.3g; 168mmol; 0.336M), 2,6-dichlorobenzoic acid (8.02g; 42mmol;
0.084M) and biphenyl (1.5g; 9.6mmol; 0.019M) were made up to 500mL with
2-methyltetrahydrofuran. Dilute organic pump: benzoic acid (14.67g;
120mmol; 0.24M), 2-chlorobenzoic acid (22.53g; 144mmol; 0.288M), 2,6-
dichlorobenzoic acid (6.93g; 36mmol; 0.073M) and biphenyl (1.5g; 9.7mmol;
0.019M) were made up to 500mL with 2-methyltetrahydrofuran. These were
arranged in the flowing system as illustrated on Figure 7.8. Each reservoir
pump was a Jasco PU-1580 HPLC pump.
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Figure 7.8 A schematic of the feedforward controlled extraction of benzoic
acid derivatives.

The program was initialised, given pKa and LogioKp values from Table
7.10 and Table 7.11, the HPLC sequence setup and the pumps were
started. The initial organic pump was maintained at 1mL/min, with variations
between the ratios allowing for concentration step changes. The aqueous
pumps were autonomously controlled by the feedforward control software.

The concentrated organic pump was set to flow at 1mL/min for 1 hour
15 minutes. This was then swapped to 0.5mL/min of each of the
concentrated and dilute organic pumps and left for a further 1 hour 15
minutes. This was finally change to 1mL/min of the dilute organic pump and
left for 1 hour 15 minutes. The observed concentrations and calculated
conditions are displayed on Table 7.12.
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Table 7.12 List of HPLC sample concentrations with their times and output
values from the feedforward controller for the benzoic acid system.

B , 2-Chloro  2,6-Dichloro  Aqueous Volume
. enzoic : ) . Ratio
Time Acid (M) Be_nzom Benzoic Acid  Stream (Organic/
Acid (M) (M) Conc (M) Aqueous)

00:00:00 0.159 0.301 0.067 0.524 2
00:07:06 0.179 0.331 0 0.166 2
00:14:12 0.184 0.34 0.088 0.634 2
00:21:19 0.184 0.341 0.088 0.636 2
00:28:25 0.187 0.345 0.09 0.648 2
00:35:31 0.182 0.337 0.087 0.628 2
00:42:38 0.186 0.343 0.089 0.638 2
00:49:44 0.185 0.342 0.09 0.644 2
00:56:51 0.187 0.346 0.09 0.648 2
01:03:58 0.188 0.347 0.09 0.650 2
01:11:05 0.186 0.343 0.088 0.638 2
01:18:12 0.184 0.34 0.088 0.632 2
01:25:19 0.191 0.352 0.091 0.658 2
01:32:26 0.219 0.32 0.083 0.578 2
01:39:34 0.218 0.319 0.082 0.570 2
01:46:42 0.224 0.329 0.086 0.592 2
01:53:50 0.228 0.334 0.087 0.598 2
02:00:58 0.217 0.317 0.083 0.568 2
02:08:07 0.23 0.337 0.087 0.602 2
02:15:15 0.219 0.32 0.083 0.572 2
02:22:24 0.218 0.32 0.083 0.572 2
02:29:32 0.22 0.323 0.084 0.584 2
02:36:40 0.232 0.339 0.088 0.612 2
02:43:48 0.226 0.331 0.087 0.600 2
02:50:55 0.266 0.314 0.082 0.542 2
02:58:03 0.263 0.311 0.08 0.536 2
03:05:10 0.256 0.301 0.079 0.520 2
03:12:18 0.263 0.31 0.08 0.536 2
03:19:27 0.264 0.311 0.081 0.538 2
03:26:36 0.265 0.313 0.081 0.540 2
03:33:44 0.271 0.319 0.084 0.556 2
03:40:53 0.267 0.315 0.082 0.544 2
03:48:01 0.269 0.316 0.082 0.546 2
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7.5.3. Batch Reaction Solvent Screening

N,N-di-iso-propylethylamine (0.32g; 2.5mmol; 0.275M), benzylamine
(0.2669g; 2.5mmol; 0.275M), and biphenyl (0.03g; 0.2mmol; 0.02M) were
dissolved in 9mL of each respective solvent (toluene; chloroform; 2-
methyltetrahydrofuran saturated with deionised water; 2-
methyltetrahydrofuran with 0, 1 and 2% deionised water). Benzyl bromide
(0.425¢; 2.5mmol; 0.276M) was dosed into each flask and the reaction was
set to stir at 50°C, 300rpm for 1 hour. Visual analysis of phase formation was
performed, and samples were taken for HPLC analysis.

7.5.4. Continuous Reaction with Temperature Screening

Reservoir solutions were prepared in batches for each pump as
required. Reaction water stock solution was a solution of deionised water to
500mL. Benzyl bromide stock solution: benzyl bromide (44g; 257mmaol,
0.515M) was made up to 500mL with 2-methyltetrahydrofuran. Amine stock
solution:  benzylamine  (27.5g; 257mmol; 0.513M),  N,N-di-iso-
propylethylamine (33g; 255mmol; 0.511M), and biphenyl (3.2g; 21mmol;
0.042M) were made up to 500mL with 2-methyltetrahydrofuran.

These stock solutions were arranged in the flowing system as
illustrated on Figure 7.9. Each reservoir pump was a Jasco PU-1580 HPLC
pump and pumped into a heated plug flow reactor (PFA tubing internal
diameter: 0.8mm; external diameter: 1.6mm; volume: 5mL). Pressure was
maintained with a back pressure regulator (10 bar, gold spring BPR) before
entering a sample valve (Vici Valco EUDA-CI4W) for HPLC analysis.
Temperatures were altered ranging from 80 to 120°C in 10°C steps with a
15-minute wait between samples (3 reactor volumes).
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Figure 7.9 A schematic of the continuous Sn2 reaction between
benzylamine and benzyl bromide.

7.5.5. Controlled Extraction of a Continuous Reaction

Reservoir solutions were prepared in batches for each pump as
required. Reaction water stock solution was a solution of deionised water
made to 500ml. Benzyl bromide stock solution: benzyl bromide (44g;
257mmol; 0.515M) was made up to 500mL with 2-methyltetrahydrofuran.
Amine stock solution: benzylamine (27.5g; 257mmol; 0.513M), N,N-di-iso-
propylethylamine (33g; 255mmol; 0.511M), and biphenyl (3.2g; 21mmol;
0.042M) were made up to 500mL with 2-methyltetrahydrofuran. Downstream
water solution was a solution of deionised water made to 500mL. Extractant
stock solution: nitric acid (32mL; 45.15¢g; 498mmol; 1M) was made to 500mL
with deionised water. This was titrated against a solution of sodium
hydroxide (2M) to determine the accurate concentration.

These stock solutions were arranged in the flowing system as
illustrated on Figure 7.10. Each reservoir pump was a Jasco PU-1580 HPLC

pump.
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Figure 7.10 A schematic of the feedforward controlled extraction of the Sn2
reaction between benzylamine and benzyl bromide.

The program was initialised, given pKan and LogioKp values, the HPLC
sequence setup and the pumps were started. The benzyl bromide and
amine pumps were set to 0.488 mL/min each and the reaction water stream
was set to 0.025 mL/min. The aqueous pumps were autonomously
controlled by the feedforward control software.

The temperature of the reactor was changed between 5 setpoints (in
the order 100, 110, 90, 80 and 120°C) with an hour hold at each point. The
observed concentrations and calculated conditions are displayed on Table
7.13 and Table 7.14.
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Table 7.13 List of HPLC sample concentrations with their times from the
feedforward controller for the Sn2 reaction.

Time Temp Benzyl Dibenzyl  Tribenzyl Benzyl
(°C) amine (M) amine (M) amine (M) Bromide (M)

00:00:00 100 0.058 0 0.029 0
00:06:21 100 0.110 0.116 0.016 0.107
00:12:43 100 0.120 0.117 0.017 0
00:19:04 100 0.135 0.117 0.017 0
00:25:28 100 0.113 0.117 0.016 0.104
00:31:50 100 0.140 0.114 0.016 0.106
00:38:12 100 0.117 0.110 0.014 0
00:44:34 100 0.112 0.116 0.017 0.107
00:50:55 100 0.101 0.114 0.017 0.106
00:57:17 100 0.094 0.116 0.017 0.104
01.03:44 110 0.114 0.119 0.019 0.097
01:10:06 110 0.079 0.124 0.024 0.084
01:16:28 110 0.087 0.122 0.024 0.085
01:22:50 110 0.086 0.128 0.023 0.085
01:29:16 110 0.081 0.122 0.023 0.085
01:35:39 110 0.072 0.123 0.024 0.086
01:42:01 110 0.071 0.124 0.024 0.082
01:48:24 110 0.071 0.122 0.024 0.084
01:54:47 110 0.070 0.122 0.023 0.083
02:01:14 90 0.076 0.124 0.023 0.082
02:07:37 90 0.092 0.115 0.016 0.107
02:14:02 90 0.119 0.102 0.010 0.129
02:20:24 90 0.128 0.104 0.011 0.127
02:26:47 90 0.127 0.103 0.011 0.126
02:33:10 90 0.121 0.105 0.011 0.128
02:39:36 90 0.127 0.106 0.011 0.123
02:45:58 90 0.132 0.101 0.010 0.100
02:52:20 90 0.132 0.104 0.011 0.126
02:58:44 90 0.134 0.104 0.011 0.127
03:05:09 90 0.149 0.102 0.010 0.133
03:11:33 80 0.162 0.088 0.007 0.150
03:17:58 80 0.164 0.091 0.007 0.151
03:24:22 80 0.166 0.091 0.007 0.150
03:30:48 80 0.159 0.092 0.007 0.145
03:37:12 80 0.158 0.092 0.007 0.148
03:43:35 80 0.154 0.090 0.007 0.150
03:50:01 80 0.156 0.087 0.006 0.118
03:56:22 80 0.156 0.091 0.007 0.149
04:02:43 80 0.161 0.092 0.007 0.149
04:09:08 120 0.088 0.124 0.028 0.068
04:15:31 120 0.096 0.127 0.031 0.065
04:21:56 120 0.087 0.127 0.032 0.062
04:28:21 120 0.064 0.124 0.032 0.062

04:34:45 120 0.069 0.125 0.031 0.062
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04:41:08 120 0.072 0.126 0.031 0.066
04:47:35 120 0.065 0.125 0.032 0.063
04:53:59 120 0.069 0.126 0.032 0.063

Table 7.14 List of output control values from the feedforward controller for
the Sn2 reaction.

Time Temperature (°C) Extactant Conc Volu_me Ratio
(M) (Organic/Aqueous)
00:00:00 100 0.789 1.97
00:06:21 100 0.417 1.99
00:12:43 100 0.408 2
00:19:04 100 0.409 1.98
00:25:28 100 23.994 2
00:31:50 100 0.425 2
00:38:12 100 0.454 1.98
00:44:34 100 0.411 1.97
00:50:55 100 0.418 1.98
00:57:17 100 0.414 2
01:03:44 110 0.389 1.99
01:10:06 110 0.329 1.97
01:16:28 110 0.343 2
01:22:50 110 0.320 1.99
01:29:16 110 0.345 1.99
01:35:39 110 0.335 1.98
01:42:01 110 0.335 1.98
01:48:24 110 0.342 1.97
01:54:47 110 0.344 1.98
02:01:14 90 0.336 1.99
02:07:37 90 0.417 1.98
02:14:02 90 0.508 1.98
02:20:24 90 0.493 1.97
02:26:47 90 0.500 1.98
02:33:10 90 0.496 1.99
02:39:36 90 0.495 2
02:45:58 90 0.524 2
02:52:20 90 0.496 1.98
02:58:44 90 0.501 2
03:05:09 90 0.515 2
03:11:33 80 0.595 2
03:17:58 80 0.580 1.99
03:24:22 80 0.582 2
03:30:48 80 0.573 1.98
03:37:12 80 0.578 2
03:43:35 80 0.588 2
03:50:01 80 0.604 2
03:56:22 80 0.580 1.99

04:02:43 80 0.576 2



04:09:08
04:15:31
04:21:56
04:28:21
04:34:45
04:41:08
04:47:35
04:53:59

120
120
120
120
120
120
120
120
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0.305
0.275
0.273
0.289
0.287
0.281
0.276
0.281

1.98
1.99

1.99
1.99
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