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Abstract

Continuous flow reactors offer a hostadvantages over their more traditional batch
counterparts.These include more controlled mixing,enhancedheat transferand
increased safetyhen handling hazardousagentss only a small volumef material

IS present within the reactor at any one tirRer these reasonflow reactors are
becoming increasingly popular fire synthesis afianoparticlecatalysts.

Recent advances in reactor technology and automatiortdfaagéormed how chemical
products are developeahd testedAutomated ontinuous flow reactorflave been
coupled with machine learning algorithms in closed feedback Jabp®ing vast areas
of multi-dimensional experimental space e exploredquickly and efficiently,?
significantly accelerating thedentification of optimum synthesis conditiongVhile

both redicing costs and improving the sustainability of process development.

This workdescribes the development ohavel two-stageautonomouseactor for the
optimisation ofnanoparticle catalysts by direct observation of their performance in a
catalysed chemical reactiofhe key advantage of thperformance directeslystemis

that no offline processing or analysis of the nanopatrticles is regiiteding boththe
nanopaticle propertiesand the nanoparticle catalysed reaction conditions to be

optimised in tandem by an automated system with zero human intervention.

Chapter 1 introduces the principles and methods underlying this work with a focus on
nanoparticle catalystfipw reactor technologies and optimisation algorithms. Chapter

2 describes a setfptimising rector capable of nanoparticle catalysed reaction
optimisation. Chapter 3 shows the development of a reactor which was able to produce
alloyed nanoparticle catats with tuneable composition. Chapter 4 describes a body of
work surrounding the computational modelling of nanoparticle catalysed reactions for
the evaluation of different optimisation algorithms. Chapter 5 concludes this project by
presenting a twatage reactor which was able to optimise both the physical properties

of the nanoparticles as well as the conditions under which they were used to catalyse a

reaction.
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Chapter 1 Introduction
1.1 Nanoparticles

Optimising the catalytic properties of nanopatrticle catalgats bea challenging and
time-consumingtask. Unlike homogeneous organic or mewplex based catalysts,
nanoparticles typically present as a +bscrete distribution of structures. These

structures can be infinitely modified, providinganyvariables to explore.

Additionally, the performane of nanoparticle catalys depends on both the intrinsic
properties of the nanoparticles and the experimental conditions under which the
reactions are performeédlhereforet is important tonot onlycompare each discrete
catalyst system but also each system under different reaction conditierdiffidulty

of implementing such an approach arises from the sheer number of experiments
required to thoroughly explore reaction conditions in this.Wayticularly when using
methods which rely on laboumtensive offline performance comparisons.

Continuous flow reactorshave becomeattractive platforms for nanoparticle
developmentFlow reactorsoffer a more scalable alternative to more conventional
batch synthesis of nanoparticR€ontinuousreactorsare also easilgputomaable,e.qg.
when equipped with inline analytical techniquegsgedback controbystems can be
implemented allowingautonomous reaction optimisatiaa take placeThese self
optimising reactorglsoemploy machine learning algorithms to accomplish this task
more effigently,* leading to higher yields and accelerated process development

timelines®

This project describes r@ovel approach with the potential to significantly accelerate
nanoparticle catalyst development. Demonstratingystem capable afuantitative
online assessment of nanoparticle catalytic activity in-tiead, which allows

nanoparticle catalysts to bewklopedn a selfoptimising fashion.

This first chapter introducebe essentiatonceptsequired to understantbntinuous
flow nanoparticle optimisation. Namelghe basic properties of colloidahnopaitles
nanoparticle synthesis methoddifferent types of continuous flow reactsr flow
regimes, flow equipmentand finally anexplanation ofthe types of optimisation

algorithmswhich can be used to optimise reactionthese systems
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1.1.1 Nanopatrticlestability

Colloidal nanoparticlepossess high energy surfacesking them attractive candidates
for catalysis. However, n the absence of other factorthis also presents a
thermodynamic drimmg force towards aggregationTo prevent this, nanoparticle
suspensionscontain stabilising agents such as polymers, surfactaatscharged
compoundsvhich coat the surface of nanoparticles preirepaggregation

Charged capping agengsevent aggregation through electrostatic repulsiansing
thenanoparticleso repel one another due to having the same surface chiaggegl).

As chargedcapping agentsuch as sodium citrate form relatively weak bonds with
nanoparticle surfasethey can easily be exchanged with more strongly binding capping

ligands allowingnanoparticldunctionalisation

These finctionalised nanoparticles are particularly useful in biological applicatfons
example,in the detection of virusesntibodiescan bebound to the surface aold
nanoparticleAuNPg allowing them to bind tathe spike protein of the COVID19
virus, resulting in aggregation of the nanoparticles. This leads to a colour change from
red to purple/blue indicating a positive test re$ulither biological applicationsf
functionalised nanoparticléscludemicroscopic image enhancement of pathogens and
cancerous cell§? drug delivery and oncology:

@ CXO)
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®®
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@@ Do
@ @ G)
® o © @ee)@

Electrostatic repulsron

Figure 1. Diagram showing electrostatic repulsion between two nanoparticles with negatively charged surface
coatings and surrounding positive ions in solution.

Organic capping agents such as surfactants or polyargergolyvinyl propylene (PVP)

can also prevent aggredgati through steric repulsion. When two polymer capped
particles come into contact an entropic driving force, arising from increased local
osmotic pressure and a reduction in the number of possible configurations of the surface
polymers (excluded volume etf§, causes the particles to repElgure 2).2* Such

capping agents are typically used during the synthesis of smaller and more catalytically
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active nanopdicles, as these are typically less stable and require strongly bound

capping agents to prevent agglomeration.

g

Steric repulsion

Figure 2. Diagramshowing steric repulsion between polyreeated colloids.

1.1.2 Surfaceplasmonresonance

Some metal anoparticledhave distincultraviolet/visible UV-vis) absorption spectra,
this is due to a phenomenon called surface plasmon resoramdace plasmon
resorance occurs when an external electromagnetic $ietdh as UV and visible light
causes the electrons on the surface of the nanopatrticles to esollettively (Figure
3). Thesesurface electrons witiscillateat arange ofrequencieslependhg on the size
shape and composition of the nanoparti¢fes.

Electron cloud

e e

Light Wave

Electric Field

Figure 3. A diagram describing theechanism behind thghenomenon of surfaggasmon resonancén incident
electric field causes electrons on the surface of the nanoparticteiltate converting electromagnetic energy
into heat This can be observed #seabsoiption of specific wavelengths of light.

In the case oAuNPs thefrequencie®f light absorbed range frorb20-550nmgiving
AuNP solutions a characteristic ruby red colour. For nanopattitties maximum
wavelength of the peak observed in the absorption spectrum is dependent on the size of
the nanoparticless AuUNPs increase in size the maximum wavelength of the absorption
peak also increase¥. Aggregation causes this frequency to shifteteen higher
wavelengthgsausing the nanoparticle solutions to appear pdfple.
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1.1.3 Nanoparticls incatalysis

A catalyst isany substance which increases the rate of a chemical reaction without being
consumedA catalyticincrease in reaction rate is caused by a decreaaetiwration
energy meaning more molecules in the reactmssess the required energy to undergo

a reactionseeFigure4.

No catalyst

_% \ Catalyst

Energy
ml'l'l

v

Reaction progress

Figure 4. A reactioncoordinatediagramdescribing how a catalyst increasthe rate of a reaction via a reduction
in activation energy.

Despite being unreactive in the bulk phasetals such as gold, silvgralladium and
platinum have been demonstrateskxcellentcatalysts in a wide variety of chemical
transformations, sucts@hotocatalytic water splittingf, hydrogenationg? oxidationg!

and crosgowpling reactiong? Owingto their high energy surfaces and extremely high

surface atom to volume ratié%

Gold and silvernanoparticleshave shown articular efficacy as catalystfor redox
reactions such as in the reduction of methylene*blrenitro aromatic compounds.
One patent describes the us@&afNPsascatalystdor theoxidation of CO to CQunder
ambient conditionexampleapplicationdor this patentouldinclude fire escape hoods
or catalytic converter® AuNPs have also provemffective catalystdor reactions

involving cabon-carbon bond formatiofY.

Simple redox reactions such #se reduction of nitro aromatic compounds are
commonly usedsascreening reactions to assess the catalytic activity of AUNPs. The
kinetics of these reactions can be monitored withviB/ispectroscopynd take place
in aqueous solution at room temperature, allowing quick comparison between different
nanoparticles. Td catalytic properties of AUNPs are highly dependent upon their size.
Activity is typically inversely proportional to particle sf?eas solutions containing
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smaller nanoparticles have a larger catalytic surface area than solutions containing

larger nanopatrticles with the equivalent mass of catalyst.

It is possible to create very small nanoparticles betwegmi in diameté? or with

more complicated techniques even smaller nanoparticles can be’htdoleever,
smaller nanoparticles are not always more catalytically active than largerlbhas.

been reported that gold nanoparticles with a diameter of ~3 nm were more catalytically
active than nanoparticles of 1.7 nm for the reduction-oftbphenol with sodium
borohydride®! This may have been due to differences in the ability of the reactant
moleculesto bind to thesmaller nanoparticles. As nanoparticles becomdlsmntheir
surfaces also become lagystalline, meaning the surface is less ordered for catalysis.
An opt i mal mayexisevehere marppattides are small enough to maximise

their surface area to volume ratio but still crystalline enough folysaa
1.1.4 Nanopatrticlesynthesis

Solutionbased precipitation methods are used to synthesise nanopartedasmuous
flow.3?> These methods produce nanoparticles from homogenous solutions of the
corresponding metal salt or salts. The metal ions in the salt solution are reduced to metal
atoms by either chemicai electrochemicdf or thermal reductiof,the amount of
metal atoms increases untiile solutionbecomes supersaturated,vdtich point the

metal atomgluster to form nuclei and grow to form nanopaes Figures).3®

Nucleation event

Nucleation threshold

. . Nanoparticle growth

Saturation concentration

MO Concentration —

Reaction time —

Figure5. A graph illustrating the eventbat take place during nanoparticle formatioks the concentration of
metalatom$ ncr eases above the 6nucleation thresholddé a nucl
nanoparticles forming in solution, this effectively results in ae&se in the concentration of monomer in solution
to below the nucleation threshold where a subsequent growth process occurs. Adap#éd from.
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Most modern methods for AuNP s yurkewicks i s
method published in 1951.This reactioninvolves the reduction detrachloroauric

acid (HAuCls) with sodium citrate(NasCsHsO7) and is a reliable method for the
produdion of stablemonodisperseitratecappedAuNPs.This method has since been
adapted to produce AuNPs with a high degree of control over size by combining other

reducing agents with @sodium citrate reductant and capping agént.

The underlying mechanisms foetiiurkevichreaction have recently been investigated
by Polteet al.using a combination oX-ray absorption near edge structure (XANES)
and smakangle Xray scattering (SAXS) to monitor the raté Au®* ion reduction
alongside the rate of nanoparticle growth #menumber of nanoparticles in solution.
Their findings suggestuNPs form througlseverakteps beginning witthe formation

of many smallerAuNPswhich undergocoalescencand Gwald ripeningto form a

smaller number of larger particléb

Other methods for the synthesis of AUNPs can be carried out at room temperature and
involve the use of stronger reducing agents such as ascorbic acid or sodium
borohydride. These methods produce smaller nanoparticles with wider size
distributions, theylao require the presence of strongly binding capping agents such as
polysorbate or polyvinylpyrrolidone (PVP) to ensure nanoparticle stabilyconcise

review summarising the most e methods for nanoparticle synthesis has been
written by M. Sengaret. al3®

Continuous flow reactors provide a promising alternative to batch reactors. Their
smaller dimensions and precise geometries can offer enhanced heasnttansfer
properties. Using these methpds may be possible to continuously produce

nanoparticles with more consistent properties and narrower size distributions.
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1.2 Flow reactors

Traditional methods of chemi¢alaterials manufacturinguse batch reactionsas a
primary means of synthesi§hese methods typically involve charging reactants,
solvents and reagents into a reaction vessel for a fixed amount of time while atiding
optionally heating or cooling the reaction mixtuiEhis has ben the standard method
of chemical synthesis for hundreds of years and is still the most popular niethod

chemical/materials marfacturing today.

Flow reactorsare an alternative method of chemical/materials manufacturing.
Continuous flow manufacturingvolves pumpingsolutions of reactants/reagein$o

a continuous stream where they undergeation for an amount of time defined by

the volume of the reactor and timéal combinedlow rate. Theadvantages of using this

type of reactor include beingss constrained to producing an amount of product defined
by the size of the reactor; increased safety as only a small amount of material is reacting
at any one time; more efficient heat transfer between the reactor walls and the reaction
mixture and morelefined mixing lead to more consistent conditions across the reactor.
Conversely, a major limitation of these reactors is that they are prone to blocking with
reactions which involve solids, these reactors can also lack versatility and are typically
desigied for specific reactions/processes.

In the context of this projethe mainjustification forusing continuous reactors is that
they are relatively simple to automate. By connecting the reactors pumps/reactor
temperature controls and integrated analgsescentral control unit it becomes possible

to monitor and control a reaction with relative ease. With the dawn of artificial
intelligenceand development of optimisation algorithms it has become possible to
create reactors which are able to optimisa@rtbonditions to meet set targets, such as

increased yield and/or selectivity towards a specific product.

This section outlines the basic engineering concepts underpinning mixing within these
reactors different types of continuous reactor, ways of adlhirg flow rates within
flow reactors, a review of reactors used for nanoparticle synthesis and methods of

analysis in continuous flow reactors.
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1.2.1 Masstransferwithin continuousflow reactors

Effective mass transfer is important for the formation ofapenticles with consistent

properties and narrow size distributions. The mass transfer properties within a reactor

can be described by the Reynolds number (Re). This dimensionless number indicates

the type of flow pattern that occurs within a reactor. Airiddds number below 2000

indicates laminar flow, a transitional phase exists between 2000 and 3000 and turbulent

flow regimes are indicated by Reynolds numbers beyond 3000. The Reynolds number

can be calculated for a tubular reactor usggation(1) where: pipe diameter = D,

average

f

l ow velocity = v, fI*ui

.. ouv-”
YO

d

density

1)

The plot shown irFigure 6 describes the flow rates required to obtain turbulent flow

regimes in standard laboratory scale tubular reactors with water at room temperature.

At this scale low reactors typically run at flow rates well below 50 mL/min falling

firmly within a laminar flow regime, where diffusive mass transfer and conductive heat

transfer dominate. The rate of heat and mass transfer under a laminar regime is inversely

proporticnal to the square of the characteristic channel size, meaning under these

conditions narrower tubular reactors provide more effective mi&ing.
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Figure 6. A plot showing the effect of flow rate on Reynolds number fodatdtaboratory scale flow reactors
with an aqueous solution, the hashed lines indicate the boundaries between laraisitional,and turbulent

flow regimes
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1.2.2 Tubular reactors

In continuous flow chemistryesidence time describes the amount of tspent by
reagents in a flow reactor under steatiyte conditions. Thisan becalculated by
dividing the volume of the reactor by the flow rate of the reagents. This description of
residence time holdsuefor theoreticablug flow reactorgFigure7), which assume all

the fluid within the flow reactor is moving at the same velocity

— —
— —-
— —

Time —»

Figure 7. An idealised plug flow model assumes all the fluid in the reactor is moving at the same velocity.

Laminar flowis more realistic ;ad can be used to describe residence times as a
distribution of times a molecule could spend in a flow reactor. Fluids moving through a
tubular reactor under a Laminar flow regimr@described as an infinitesimal number

of layered concentric cylinders ming parallel to the walls of the reactor. Shear forces
between these layers emanating from the inner surface of the reactor result in a

characteristic parabolic velocity profilEigure8), also known as Taylor dispersida.

Time —»

Figure 8. Laminar flow results in Taylor dispersion characterised by a parabolic flow profile and-amiform
flow velocity.

A large degree of Taylor dispersioarde detrimentato some nanoparticle synthesis
methods, particularly those involving long growth periods. As a wide residence time
distribution may produce nanoparticles with a size distribution proportional to the
residence time distribution of the reactor. Because nancparproduced in a flow
reactor with significant Taylor dispersion will have spent different amounts of time

experiencing the latter growth stages of the formation process.

More recently reactors with segmented flow regimes have been developed for
nanopaticle synthesis. In these reactaranoparticles are formed within slugs of liquid
held together with surface tension and separated by an immiscible liquid or gas, in effect
creating a stream of discrete miniature batch reatidfr®Residence time distributions
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within these reactors are extremely narrow. Intemeeculationalso occus within the
droplets promoting mixing. Segmented flowidure 9) has also been shown to

prevent/slow reactor fouling during the flow synthesis of nanoparfitles.

G,
&

Figure 9. Segmented flow reactors sigoéitly reduce axial mixing within tubular reactotkerefore creating
residence time distributions analogous to that of a plug flow reactor. The occurrence of recirculating currents
within each droplet also results in better mixing.

Time —»

However, there ares significant drawbacks associated with these reaétedyoplet
surface tensiorweakens in reactors with wider channeis becones harder to
implement thesesynthesismethods atlarger scales. The flow rates of gas/liquid
segmented flow reactors can be difficult to control due to pressure fluctuations within
the reactor when changing flow rates. For liquid/liquid phase segmented flow reactors
there is potential for accumulatiod panoparticles at the phase interface or phase
transfer of reagents between the polar andpuar phases, this may be desirable for
ligand exchange or purificati®hbut can posean issue for nanoparticle synthesis.
Additional issues with segmented flow regimes include complications with downstream
processingwhich are particularly difficult to deal witim telescoped reactor systems as

it can be difficult to ensure mixing occurs uniformly downstream without first removing

the segmenting medium, this is discussed further in Chapter 3.

Single-phase coiled polymer PTFE and PFA reactors with narrow intdraaleters

( 1/ 3a&@bheen found to reduce the extent of axial dispersion in studies by’ Hone
and Jensep!' > The extent of axial dispersion {Din a staight pipe was derived by
Taylor* and later modified by ArfS to give equatior(2) where Dy is the diffusion
coefficient in liquid systems this can be considered negligible due to the small diffusion
pathway present in these narrohannelled reactors; @ the tube diameter, u is the
mean velocityand K is a coefficient describing the extent of dispersion attributed to the

geometry of the reactor.

QO (2
Q—,
pwod

38



The value of k is lower for reactors with smaller amounts of dispersion due to their
geometry. For example, the coiled reactor tubes used in this project provide flow
regimes with an altered parabolic velocity profile due to the formation of Dean vortices
caused by centrifugal forces. This increaseadial mixing reduces the extent of

dispersion in the reactor, thus creating a flow regime with plug flow characteristics.
1.2.3 Continuous stirred tank reactors (CSTRS)

Mixing in continuous flow reactorsan befurtherenhancedhrough thencorporaion
of active mixing, this can be achieveéd continuous systemthrough the use of
continuous stirred tank reacsCSTRS). These reactors have besmployedn a range
of applications including heterogenous cataly%isiocatalysis’ and nanoparticle
synthesis®

The simplestCSTR design iscomposed ofa batch reactor where reagents are
continuously chargeuhto and dischargedut ofthe reactoat a specific ratelhis type
of CSTR design is problematibowever asa large portion of theeaction solution
leavesthe reactor soon after enteridg get aroundhis, multiple batch reactorsan be
joined in seriesvherethe reacting solution flowsom onereactor to the nextreating

a residence time distribution closer to plug flow conditigfigure 10).

Reactantsin

o

— 1CSTR
— 5 CSTRs

U

(a)

Dye pulse
concentration

L/

a1

Products out Time —

Reactantsin

Products out

Figure 10. (a) A CSTR composed of one reactr) A CSTR composed of a series of 5 reactors all interconnected.
(c) A plot describing the difference theresidence timéistributions of 1 CSTR vs 5 CSTRs, pulse of low
volume high concentration dye wiagected inb thereactor/s after flushing with and followed by a solvent at a
constant flow rate.

In modelledCSTR flow reactorgixing is assumetb be perfeGgtmeaning reactants are
instantly dispersed within the reactors upemtering However, t is important to
remember thatvithout consideration during the design of these reaatirsng may
not beinstantaneous due to the presence of deaws,bypass zones andensity
differencesn multiphasic reactions
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1.2.4 Flow control

Precise control over fluid movementrequiredto maintain aconsistent flow regime

within these reactorsn selfoptimising flow reactorsthis is especially importanas

flow control governsboth residence timend reagentstoichiomety, impacting the

reproducibility ofreactorconditions

This flow control can beprovided bya variety ofdifferentpumps, Tablel presents a

summary of the advantages and disadvantages associated with theumairypes

used in continuous flow reactoiach of the types of pumps below can be controlled

with a serial communication interface allowing for integration into automated systems.

Tablel. A summary of the advantages and disadvgeseof different pumps used for continuous flow chemistry

and referenceto continuous flovstudies employing each pump type.

Pump type Advantages Disadvantages
and Rek.

Syringe Mechanical components of pun Tend to stall when usedith
61 61 are separate froiquids in contact reactorsunder back pressure
) with theinert syringe Syringes need to be refille

Able to pump at very low flow rate periodically

Piston Able to operate at very hig Easily blocked bysmall

articulates/dust

(764 pressures p e

Highly accurate 0.01 mL/min floy Cavitation can cause unstable
resolution flow profile
Peristaltic Able to pumpslurriesand gases. Low back pressure tolerance.
orimi Tubing needs to be replaced
(559 Self-priming ! g p
Liquids only in contact with relatively often
cheapl/inert tubing material Pulsing flowprofile.
Gear Highly accurate Easily blocked by solids
Orimi Expersive
€759 Selfpriming p |
Can handle low viscosity liquids Components require regular
replacement
Mass flow Can pumgeitherliquid or gas Cannot pumpslurries
el Not prone to cavitation Requires reservoir/s to be
under pressure
(69,7(3
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1.2.5 Continuous flowreactors fonanoparticle catalystynthesis

In recent years therbasbeen a large increase in the numberredearch articles
presentingcontinuous flowreactorsfor the synthesis of nanoparticléBhe simplest
flow reactordesignfor nanoparticle synthesis a singlephase tubular reactdduang
andGauvriilidis et al. havedescribed suchreactor for the synthesis of AUNPYn this
work the authors used two syringe pumpsgpasately pump gold precursor (HAuLCI
and trisodium citrate solution into 25 m longtubular reactor, the reactor was
submerged in a heated/stirred oil bath and the outlet of the reactor was kei.d@ader
bar pressure to prevent the solution withia thactor from boilinga diagram showm

this reactor setup is shownhigurell1 below,

Stirred oil bath container —
on hot plate Gas

pressure

Trisodium citrate regulator

= N.
': olomite I Steel vessel

HAuCls  Micromixer chip

Microreactor tubing
in oil bath Collection cuvette

Figure 11. A diagram describing the singfghase reactor design presentedHiyang and Gauvriilidis et al.
(Reproduced with permission from féfCopyright 208, Elsevier All rights reserved)

A variety of expements wereperformedusing this reactor designvestigatingthe
influenceof surface area to volume ratr@actor materiaflow rate andemperature on
the size and polydispersity the resulting nanoparticleReactors with higher surface
area tovolume rati® produced smaller nanoparticles on average, this was likely due to
reactor fouling, asanoparticles adhered to the reactor wiakkseasing theaumberof
nucleation eventsvithin the reaction solutionOf the materials testedluorinated
ethylene propylendFEP), fused silicapolytetrafluoroethylendPTFE) and polyether
ether ketondPEEK), little difference in nanoparticle size was observed other than for
FEP which produced much larger nanopartioleaveragéhan the rest of the materials
testedHowever |larger particles were observed among many smaller particissnay
have been caused barger particles becoimg unstuck from the reactor wallSlower
flow rates were found to result in nanoparticle solutions with higher conversesn ra
as longer residence times were required for the reaction to reach completion within the
reactor. Finallyhighertemperaturs resulted in the formation of smaller nanoparticles
with narrower size distributioress more precursor ions would have thergneequired
to undergo reduction and nucleation at these temperatures.
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More complex mgle-phase reactors with enhanced mixing characteristics &lave
been reportedn 2006 Wagnerand Kohler presented a reacteonsising of multiple
parallel converging and diverging channelkich provided amore turbulent flow
regime than could be obtained using a conventional tubular r¢&igare12).*

22000 prm

IFPHT-JENR

HAUCI, (+ PVP)——

14000

Ascorbic acid

7o0] 111295 128 [Ja10

Figure 12. A diagram showing a reactor with multiple converging @ickrging streams for enhanced mass
transfer. Reproduced with permission from féfCopyright 2@5, ACS Publications All rights reserved).

The glass chip reactor wasade hydrophobic via silanization with trichloro(1H,1H,
2H,2H-perfluorcoctyl)silane.Thereactor produced nanopatrticle sizes ranging fsem

50 nm,with significantly less fouling observed thereactor post silanization.

In 2008 Tsunoyama and Tsukuds al. reporteda reactor consisting of 32 parallel
channels each with dimensions less than 100 (figure 13).”? These channels
contained separate streamsHAuCls and NaBH which converged in an alternating
fashionmixing uponlamination and compression of the streams. Interestingly using
this reactor it was possible to synthesize nanoparticles smaller than particles produced
using an equivalent batch prosgs this was likely due to the highly efficient
diffusional mixing within the very narrow reactor channels. The AuNPs produced
during this study proved to be effective catalysts for thadation of 4
(hydroxymethyl)phenol.These reactors were able to synthesise nanoparticles with
reproducible properties, however, the microscale chip reactors used in these studies lack

the scalability offered by more conventional tubular reactors.

0.5 mm + Au:PVP Mn (n=1-3)

compression| |
() !

273 K

lamination |
U]

HAuCIl4 + PVP
(H20)

NaBH4 + PVP
(H20)

Figure 13. A diagram describing the design of a reactor capable of producingisusized nanoparticles
(Reproduced with permission from.féCopyright 2@8, ACS PublicationsAll rights reserved)
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In 2017Wu andTorrenteMurcianoet al.published a paper describingianplehelical
tubularrectordesignfor the synthesis dilver nanoparticles\gNP9 with narrow size
distributions?® Two years aftethis publicationthe same authonsublished a second
paper demonstating that by separating the nucleation and growth processes of
nanoparticle formatioAgNPscould be producedith controlover nanoparticle siz€

The reactor for nanoparticle growthconsised of two stagesin the first reactor
nanoparticle seed formatidook place, these nanoparticles were then pumped into a
second reactor with milder conditions which encouraged nanoparticle g{eigthe

14). The size of the nanoparticles was controlled by altering the concentration of
precursor added in the second stage of the synthesis prboeskegree of nanopecle
growth was monitored by observing the shiftanax UV-vis absorption to higher
wavelengths and confirmed with TEM microscopy to produce nanoparticles with sizes

ranging from 510 nm+ ~1.5 nm.

Reactor 1: CFIR for seed Reactor 2: CFIR for particle
S1:reducing preparation growth
agent solution, ooy Bo—
NaBH. + sodium
citrate

S3: precursor Ice-water Bath

solution, AQNO; +
sodium citrate

S2: precursor
solution, AGNO,

Figure 14. A two-stage singlgphase reactor capable of producing AgNPs betweg@ Bm(Reproduced with
permission from ref? Copyright 2019Royal Society of Chemistigll rights reserved).

Reactor fouling is me of themost significantimitations of nanoparticle synthesis in
singlephasecontinuous flow reactord his is particularlythe case irself-optimising
systems as fouling which occurs during previous reactitmgdetrimentallyinfluence
nanoparticle formation in future experimenteveral studies havattemptedto
minimise fouling using techniquessuch as coaxial flow,’*" ultrasonicé® and

hydrophobigperfluoraoctyl)silane)reactor waltreatment’

However, me of the more effective techniques for the prevention of reactor fouling is
segmented flow Reactors which adopt this method of synthegscally premix
reaction reagentsefore a separatemisciblesolution is pumped into the flow fato

create several discrete reactor droplets
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1.2.5.1 Segmented flow reactors

The reactor shown iRigure15is an example of two-phasesegmented flow reactor
designedor the synthesis of AUNRsy Panariello and Gavriilidist al.”” In this reactor

citrate capped AuNPs were synthesised using a modified Turkevich method. Aqueous
precursor reagents were pumped through@ete and prenixed in a short coil of
tubing before passing through a secongidce where the precursor miktuwas
separated by immiscible slugs of heptane. These segmented shegst@n mixture

were then pumped into a reactor coil submerged in a 90 °C oil bath, here the precursor
solutions underwent conversion to nanoparticles. At the end of the retwor
collection reservoirs were placed under pressure witheld to provide the reactor with
enough back pressure to prevent boiling of the heptane or reaction solution within the
heated reactor coil. Finally, the nanoparticles could either be collectaddtysis or
directed to a waste container using an adjustable valve, this allowed the nanoparticles

to be collected for analysis without the need to depressurise the reactor.

X Y N N—
regulator
Collection & Vent
[ —C £ E
i
Heptane 1 2 ﬁ
=
= Au NPs
. l [ — i
— — *
H
Au(lll)
Reactor
_I-'—" Temperature = 90°C
Mixer Length = 7.7 m
Citric acid Volume = 6 mL

Figure 15. A diagram describing aegmented flow reaatdor the synthesis of AuUNRReproduced with
permission from ref? Copyright 20, Royal Society of Chemistill rights reserved)

The antifouling properties of this reactor wa#ton the principle that thieydrophobic
ethylene tetrafluoroethylend=TFE) reactor wallswere preferentially wetted by the
hexanesegmenting phas®roplets containing the reaction solutiarere prevented

from touching the reactor walls The authors found they were able to produce
nanoparticles with narrower size distrilmnts than was possible with previous siRrgle
phase reactor designs, likely duentmoparticlebeingunable to attach, grow and then
dislodge from the reactor walls influence nucleation within the reacttm addition,

as each droplet of reaction solutiexperienced virtually no dispersion throughout the
reactor the residence times for each droplet were extremely narrow leading to further

improvements in particle size distribution.
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Segmented flowreactor designs have also been usethe synthesis ofpdladium
nanagods Sebastianand Jensenet al. designeda high-pressure/highemperature
segmented flow reactawith air as the segmenting phagégure 16).”® The high-
pressureaair mixture was used to proviaxygen to the reaction solution for oxidative
etching which the authors proposedsequirement for anisotropic nanoparticle growth.
By controlling the reactor temperature and pressure the awtieoessuccessfullgble

to control the shape of the nanopatrticles produced.

(a) Air EGIPVP  Na,PdCl,+KBraH.O

Mixing Zone }

Internal circulation  Aqueous slug
\ / \
.« h saf A
r' .- . ~' >—»
\
Mass transfer through the alr slug Interface

(b)

Pd Nanorods (C) |
Pd Nanoparticles

BRI | Cold Zone
— Mixing

Hot Zone

Gas precyrsors

Reaction

Figure 16. A gas/liquid highpressure/igh-temperature flow reactor for the synthesis of Pd nanorods.
(Reproduced with permission from f&Copyright 2a.6, Wiley. All rights reserved)

By performing this reaction in anicroreactor the authors were able to significantly
improve the safety and reproducibility of the synthesis method. The use of air as the
segmenting phase also provided the advantages of less waste as no immiscible liquid
was required and simplification dfie process as there was no requirement for post

process separation.

Although he nanorods produced using this reactor vgl@wvn topossessuperior
catalytic performance compared with equivalentquantity ofconventionalcarbon
supported palladium calyst with a turnover frequencgTOF) of 6297mol mol™* hrt
vs. 1542 mol mol! hr! respectively The performance ofhesepalladium nanorod
catalysts was still significantly worsghen compared with a commercially available
PdCb catalystwith a TOF 0f38220mol mol? hr.

1.2.5.2 Nanoparticle alloysynthesis in continuous flow

Changing the composition ohaalloyed nanoparticle catalyst can also greatly affect

catalytic performancehisis discussed in more detail in Chaptem@luding different
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types of nanoparticle alloy catalysts gimdposedationak for their superior catalytic
performance Several studies have explored thynthesis of nanoparticle alloys
continuous flow Two key studieslemonstrag the continuous 8w synthesis of gold

silver nanoparticle (AuAgNP) alloy&ohler et al. presented one of the first articles
proposingsucha method foAuAgNP flow synthesidn this studysolutions of HAuC4

and AgNQ were injected into a micro reactaltongwith a solution of ascorbic acid
reducingagerandand e f f ect or s o h RMApolymed cagpiogrageatiamdi n g
buffer to modify the propertiesf the resulting nanoparticl¢Bigure17).”®

gold salt
solution

» colloidal solution (product)

Figure 17. A micro reactor for the continuous flow synthesis of AUAgNP catéBesproduced with permission
from ref’® Copyright 2@8, Elsevier All rights reserved)

This study also included a second reactor designgdreratecordshell AUAgNPS in
atwo-stageprocesdorming AuNPor AuAgNP coresin the first reactor stagevhich
werelatercoated withsilverin the second reactor forming ctsieell nanoparticles. By
increasinghe concentration of Ag precursor in the second stage of the reactor the size
of the nanopaitles couldalsobe increased. This size increase was also accompanied
with an increase in size distributiohowever, which was likely due to parallel
nucleation and growth processes occurring within the second reactor stage.

The AuAgNPcatalyss produced during this study were compared ih@damine B
dye bleaching reactiowith a potassium peroxodisulphate bleaching adgghificant

increases in catalytic activityereobserved for the AuAgoreAg shellnanopatrticles
comparedvith Au core Agshellnanopatrticles.

Knauer and Koéhleet al. later proposed a segmented floeactor for the synthesis of
similar AUAgNPs A study by Knaueet al. further explored the use of segrbesh
flow reactors for the synthesis of core/shell nanoparticles and core/ehéile
AuAgNPs. These nanoparticles were synthesised using the reactor sHeigurais.
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Figure 18. A threepump reactor setup for segmented flow synthegisrafshell and corioubldshell AUAgNPs,
a solution containing metal precursor, nanopartiskeds and capping agent was in syringe A was mixed with a
tetradecane carrier mediuthis was mixed wita solution of NaOH downstreabeforeentering a heated reactor.
(Reproduced with permission from f&fCopyright 2011, ElsevieAll rights reserved).

Au core Ag shell nanoparticles were formed by adding a batch synthesised AuNP
suspension to a solution of AgNOwith an ascorbic acid reductant and
cetyltrimethylammonium bromide (CTAB) capping agent. These were then separated
into uniform slugs with a carrier medium (tetradecane) by converging both streams at a
T-piece junction, a third syringe was used to addlatisn of 11 mM NaOH to the
reaction stream at a secongpiece which was heated to 80 °C to initiate the reduction

of Ag* to Ag® on the surface of the AuNPs to form the Au/Ag core/shell nanoparticles.
Au/Ag/Au core/doubleshell nanoparticles were formbg repeating this procedure but

with the newly formed Au/Ag core/shell nanopatrticles as the nanoparticle seed solution
instead of pure AuNPs and a solution of HAvIGEtead of AQNG.

The UV/vis absorption spectra were as expected for the AUNP seedseafd/#&y
cordshell nanopatrticles, however, interestingly the absorption profile for the Au/Ag/Au
core/doubleshell nanopatrticles reached a peak absorption at much higher wavelengths
of approximately 650 nm appearing dark blue. To rule out the possilfilfparticle
aggregation the authors also performed TEM analysis of the Au/Ag/Au core/double
shell nanoparticle which showed the nanoparticles as discrete agglomerated patrticles.
Indicating a significant change in the resonance conditions of the nanoparticle
demonstrating a wider range of wavelengths can be absorbed by AuAgNPs than

previously assumed.

A summaryof studieswhich present methods for the continuous flow synthesis of
nanoparticles is prested inTable2. Dueto the vast amount of wokonducted so far
in this aredhetable focuss primarilyon nanoparticle alloy synthesis
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Table2. A summary of nanopatrticle catalysts and nanoparticle alloys synthesised in continuous flow.

Material Size Structure Precursor/s | Reductant/s Solvent Capping Temp. Reactor Ref.
(nm) agent (°C) type
PdPt 20-30 Coreshell PdCl, Ascorbic acid H.0 CTAB 96 °C Oil bath heated PTFE 81
H2ClgsPt tubing
AuAg 2-5 Intermetallic AgNOs;, C. Platycladi H.O C. Platycladi 70 °C Oil bath heated PTFE 82
HAuUCI, extract extract tubing
PtFeCu/Ca| 1.52.1 Intermetallic H2PtCl, HsN.BHs H20, Ethylene| Polyethylene RT Microchip reactor 83
rbon CuCh, FeC} glycol glycol
AuPd/ 3-4 Intermetallic HAUCI,, NaBH, H,O PVA RT 3D printed helical reactor] 84
TiO; PdCb
PdNi 20-30 Hetero Ni(ac), Benzyl Alcohol Benzyl Oleylamine 204 °C Microwave heated CSTR 85
structure Pd(ac) Alcohol
RhAg 34 Intermetallic RhCk, Ethylene glycol Ethylene PVP 120 °C 3D printed mixer / oil bath| 86
AgNOs glycol heated PTFE reactor
Au 30-40 Monometallic HAuUCl, Ascorbic acid H,0 PVP RT Microchip reactor 71
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Material Size Structure Precursor/s | Reductant/s Solvent Capping Temp. Reactor Ref.
(nm) agent (°C) type
Au/Ag/Au 40-50 Double core HAUCl4, Ascorbic acid H.0 CTAB 80 °C Water bath heated 80
shell AgNO; Segmented flow tubular
reactor
AuPd/TiO, 35 Intermetallic KoPdCl, NaBH, H.O PVA RT PFA tubular reactor 87
HAuCI,

PdPtFe/ 2-3 Intermetallic H,PtCh, EtOH EtOH N/A 500 °C Stainlesssteel high 88
Al0s3 FeCh, PdACh pressure tubular reactor
AuAg 4-7 Coreshell HAUCI,, Ascorbic acid H,O PVA RT Microchip mixer and 79

AgNO:s PTFE tubing
Au 8-30 Monometallic HAUCl, Sodium citrate/ H.0 Citrate 90 °C Oil bath heated PTFE 7
Citric acid tubing
Ag 5-10 Monometallic AgNO; NaBH,, H.O NaBH, 60 °C/ 90 °C Oil bath heated PTFE 73
Na citrate Citrate tubing
Ag 37 Monometallic HAUCl, NaBH, H.0 TTABr 100 °C microchip reactor 89
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1.2.6 Continuoudlow analysis

A diverse rang®f basic analytical instrumentatiaran be integrated intacontinuous
reactorsandusedto monitorreactorstate providing information such aemperature

pH, turbidity, pressureandconductivity. These techniques are used heavily in industry
to ensureconsistencyf conditionsusedduringchemicaimanufacturingtheseare often
implementedwithin Proportional, Integral, DerivativéPID) control systemsvhich
allow processe$o selfadjust wherconditions deviate froma desired setpoint. These
are useful for maintaining desirable conditions within a rector but fail to reveal any

informationaboutthe underlying chemical process.

More complex forms of itegratedanalysis have alsbeen integrated into continuous
flow systems fomonitoring chemical processes amave enabled the development of
self-optimising reactorsTechniques such aggh-performance liquid chromatography
(HPLC) or gas chromatography (GGircbeused for thequantification of chemical
speciesand work byextracting a small portion of theontinuous reactiostream to
procesffline.®* HPLC and GC offer high precision and accuracy when quantifying
known compounds within a reaction, however, can be-tiomsuming to implement
due to the need for method develgpgr and calibration, suffer from poor time

resolution and cannot identify unknown species within a reaction.

Online chromatography is therefore often coupled with other techniques such-as near
infrared (NIR) spectroscopy and mass spectrometry to atlmev elucidation of
molecules in realime®! Inline nuclear magnetic resonance (NMR) allows relatively
accurate quantification of the components of a reaction as well as the identification of
unknown compounds inraaction®? However, theéntegration of highresolution NMR

spectrometers into flow aetors is costly and impractical for most research groups.

The use of integrated reactoralysign nanoparticle synthesis anevolving field,with
particle characterisation techniques such as online dynamic light scattering (DLS)
beginning teemerge® However, athe time of writing nost, if not all, self-optimising
reactorsfor the synthesis afetalnanoparticle have employedJV-vis spectroscopy

as thér primary means of analysié Particularlyfor the optimisationof quantum dot
nanoparticlefluorescence and absorbamum®perties, these systems have employed a
range of algorithms and reactor ty3&8*°’ Figure 19 presentsan example of such
workbyA b d e | L Abolhadanebahwhereby a segmentatteam of quantum dot
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nang@articles wassynthesiseaontinuouslyandmonitored using anovable fibreoptic

UV-vis absorbance/fluorescence flow &l

Inline
Micromixer

Inline Spectra
Toggling System

LED (385 nm)

High Power

Custom Slug
Length
& Velocity Detector

Gas-Liquid Slug
Segmentation

Figure 19. An innovative example afline UV-vis analysidor nanoparticle analysisA movableflow cellallows
researchergo decouple the effects @actorflow rateandresidence timgReproduced with permission from
ref.%8 Copyright 208, Wiley & CO. All rights reserved)

These studieslemonstratethat self-optimising analysis came effectively used to
optimise the optical properties of nanoparticlesywever, due téhe limitations of the
analytical capabilities of these reactaratalytic nanoparticle properties havet yet

been optimised in such sgms.Continuous monitoring of the reactions catalysed by
nanoparticles is a challenging task, conventional means of reaction monitoring such as
online HPLC or GC can be damaged as catalytic particles accumulate or become
trapped within the fine channels these instruments, adversely affecting further
analysis.

UV-vis spectroscopyasa multitude ofadvantagessa quantitativeinline analytical
technique, the main twadvantages are that Ui's spectroscopis non-intrusive and
continuous allowing condant monitoring of reactor streams with stgecond
resolution. U\vis absorption spectroscopy particularlyapplicable tonanoparticle
systems due to thehenomenon oEPR which canchangein response t@hanges in
nanoparticle size/shape/compositf§iThe limitations ofinline UV-vis spectroscopic
analysis however are that overlapping signals make it difficult to differentiate between
different chemical species, only a limited range of concentrations can be observed for a
set path length and the soluticalsoneed to beransparent.
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1.3 Reaction optimisation

The efficierty and profitability of chemical processes are highly dependent on the input
conditions used. Many parameters such as temperature, reagent concentration, reaction
time and, in the context of this project, npadicle catalyst properties can be changed

to improve or worsen the outcome of a chemical reaction. Optimising these parameters
is a challenging task, as there are an infinite number of reaction conditions under which
a reaction can be performed. Optintisa algorithms can reduce the number of
experiments required to obtain a satisfactory reaction outcome given the range of
conditions availableThere is no single approach to optimisation arad and error is

often required to determine the most suitalhethod for a given applicationa
systematic approach to selecting the best optimisatethodfor the improvement of
nanoparticle catalysed reactioissdiscussedn Chapter4. This sectiongives abroad

overview ofvariousoptimisation algorithmsvhich have beeadopted by chemists
1.3.1 One variable at a time (OVAT)

One variable at a time (OVAT) is one of the most common forneptifisationused

by chemistsUsing this approacltit is possible to see how changing one varizhieh

as temperatureffects how a system responds terms of a chosen performance
indicator, for example, yield,-Eactor or costTh e n o noptenali htee mMper at ur e
been found, a second reaction variable such as the reaction catalyst conceittation

then be variedat this temperatureThis approach is the most intuitiierm of
optimisation but provides limited insight into the relationships between different

variables.

For exampleJ. Wanget al1® used a OVAT approach to djimise aheterogeneously
catalysedaldol condensation between acetophenone and benzaldehydecal&um

oxide catalyst to increase yield. They first varied the catalyst lo&ditvgeerb and 60

wt. % with 20 wt. % identified as the optimahtalyst loadingyield was monitored
keeping al/l other variables constant. On
variablewas held constant while the temperature was véeddeen 30 and 65 “@ith

the highest temperaturef 65 °C found to givethe highest yields Finally,
acetophenone/benzaldehyde ratios between 1:1.1 toe2d®xplored, with a ratio of

1:15 giving the highest yieldsThis led to the conclusiorthat a reaction with an

acetophenone/benzaldehyde ratio of 1:1.5, a 20 wt. &ysatoading at 65 °C would
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give the highest possible reaction yields within this design space, howlasewras
unlikely to be the case as most of the chemical reaction space was unexplored during

these experiments.

The OVAT approactwill indicatehow different factors influenceesponsesuch as

yield in the example above, howeven chemical systems a large number of
interdependent variables can affect the outcome of areattioar ef or e, t he 0
conditions found through an OVAT approach céten be far from the true optimum.

The contour plot shown iRigure20 describes how the optimal conditions discovered

using this approacinay vary dependingn the ©iosen starting conditions.

Actual
~
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leqo 40% vyield .
0% 60% |5M Experimental
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1
X
1
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Figure20. A contour plot to showing how the OVAT approach
found using this technique are likely to be highly dependent on the starting cond#ézhs

1.3.2 Design of experiment (DoE)

Design of experiment (DoE) is a statistical approach used to determine how various
input parameters affect response variabksg a minimal number of experimenitée
relationships between variables and resperee fitted to, for example linear,
quadratic, logarithmic or polynomial mathematical models. DoE also igkentiife
extent ofthesynergistic and antagonistic variable interactioresent in a design space

The DoE approach is particularly powerful when optinmgschemical systems where
there is limited understanding of the interactions between reaction variables and

responses such as yield andaEtor10t

Unlike OVAT whereeach variable is explored independeyttie DoE approactallows
the entire experimental design space to be mappeefbeiently using a minimal
number of experiment3his is because in each sequential experiment multiple factors

are changed simultaneouslyrheseexperiments can barrangé differently (design
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selection)depending othe number of variables and the number of experiments which

are reasonable to carry out.

A commonly used DoE designas-factorcentral composite degn, the 3dimensional
experimental space explored by this design is shoviguare21 This allows a good
compromise betweethe exploration of chemical space artbe efficient use of
resources.This design investigates the upper and lower limits of each factor,
intermediate conditions and finallihree or more repeats are taken at the central point,
the order of the experimentsatsorandomised to avoid order biaghe limits of the

design space need to be carefully selected so they do not exceed the physical limitations
of the reactommaterial andconsider factors such as the solubility/stability of any
chemical species in the reactidgsing DoE software such as ®DDE, multiple 3D

heat mapsan be usetb convey the interactions between variables in a system.

VariableB
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J 1 \
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Figure 21. This plot shows the arrangement of experiments within a-tfeeable design space, each point
represents an experimeandthe corners of the cube represent the upper and lower limits of the experiment.

DoE is commonly used as an efficient starting point for understanding a chemical design
space, it provides a latf information about a system with only a few experiments,
helping to identify which variables are most important. One of the main limitations of
DoE arises from the fact that the number of experiments required for a comprehensive
DoE study increases expemtially as the number of variables increases. Fractional
designs can be used when the number of experiments becomes impractical, however,
these can provide misleading data and further experiments may be required to

deconvolute any confounded interactions.

With every variable added the number of potential experiments can increase by an order
of magnitude. Using the methods discussed so far it would be necessary to carry out an

unfeasible number of experiments to fully explore a chemical system with mare tha
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three variables at finitely spaced intervalfierefore,more efficient seHoptimising
methodsare available which can explore more complex design space with fewer

experiments
1.3.3 Simplex

A simplex isa polyhedralformed fromn+1 vertices(where,in the context of the
optimisation,n is the number of variables'he Simplex optimisation method was one
of the first optimisation algorithms, published in 1962 by Spenelle}!° Using a2-
dimensional optimisatioas a visual exampl¢he Simplexalgorithm first performs 3
experiments forming a triangulamplex The responses for each of the experiments
arethenranked from best to worst. Tls@mplexis reflected along theertexopposite
the worstperforming conditions generating a newint, this process is repeated until
the optimal conditions are founseeFigure22. Higherdimensionakpace can also be
explored using the Simplex algorithm by generatiogexamplea 3D polygon with 4
points and4 sides, the conditions are then reflected away from the ypersbrming

conditions.
a)ll b)A C)A
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Figure 22. A Simplex optimisation performed on a 2D optimisation problem. An initial 3 experiments are
performedgenerating a simplex with 3 poir(®). These are then ranked from high@stto lowest(3) with the
simplex reflected along vertepposite the worgperforming conditionsgthis process is repeated until the optimal
conditions are found.

Nelder and Meathtermodifiedtheoriginal Simplex method tadaptively ontract and
expand the reflectgoolygonsboth internally and externallgjgnificantly reducing the
number of experiments required to reach the optimum condif6&smplexmethod

are effective for systems with a single optimum, however, for systems with multiple
optima the probability of disc@ving the optimal conditions is highly dependent on the
handl

starting point, these methodsats@ n 6t i n c | u doapallites s e

55

n



1.3.4 Genetic algorithms

Genetic algorithmsnimic the theory of evolution in nature afadl within the category
of global optimisersGlobalalgorithms camandle experimental noise aesicape local
optimamaking them vastly superior to local optimisgnsnoisy systems with multiple
potential optimaEach iteration ok genetic algorithns comprised of a population of
dndividuals eachconsising of a combination ofinput parametes (genes)and a
responseAfter each iterationthe individualswith the worst responses asmovedand
the best performing individuals are used to create ritbxt populationThe new
individualsin the new populatiorcan be formedrom the surviving individuals from
the previous populatioly one of two mechanism&rossover: wherethe input
parameterérom two different welperformingindividualsare swapped, and mutation:

whereone of the input parametersarf individualis changedFigure23).10°

Individuals Selection

I (1T IR (T 1]
HEEEEE Iv—m‘““”"_\[[[ll:m:l
[T 1] (X

Generate new Jl
population

Cross-Over

Mutation

R )

Figure 23. A diagram showing the process of optimisation using genetic algorithms, a popwhindividuals is
evaluated and before the beerfaming individials are selected for cross/er and mutation generating a new
population.

Recently g@netic algorithmsvere usedluring the autonomous optimisationAdNPs

and AuAgNPswhere the goal was to obtaitesirablemorphologies such aspheres,
nanooctahedrons and nanor8¥ this study acustombuilt rotational reaction stage
was used to housseveral reactorsllowing parallel experiments to beapidly
performed. Ten generations of experiments each with a population of 15 were
performed for eactype of AUNP synthesi§ he positions of multiple peaksthin the
UV-vis spectrawere used topredict changes to the particle shapbis waslater
confirmed by TEMFor each type afianoparticlethe observed spectianprovedafter

each generation demonstrating the effectivenesssofyibe ofalgorithm.
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1.3.5 SNOBFIT

Despite the success of genetic algorithms these algorithms regangeexperiments to
achievesuccessfuresultsmaking them unsuitablen some applicationsThe Stable
Noisy Optimisation by Branch and FHSNOBFIT) optimisation algorithm is an
example ofa globaloptimiserwith a more targeted approaditen requiring far fewer
experiments to discover optimum conditions while also exploringettige design

space'®®

SNOBFIT is a derivativdree optimisatioralgorithm, meaning no gradient information
is requiredfor the objectie function to be optimisechence its application iself
optimising reactorsThis algorithm generatesdisperse set of initial experimeritem
which it then generate a combinationof linear and quadratisurogate modeldo
predict the optimal condition&urrogate modelare mathematicapproximationsof
therelationshipdetween variables and responses in a sybtssad on empirical data,
these are useful whenthe exact physical relationships between each of the
variadegresponsed a system are natell understoodOnce a surrogate model has
been establishe§NOBFIT aims to improvahese models while finding the optimal
conditions and exploring new experimental design spaigelre 24 presents a flow
chart describing thprocess by which SNOBFIT performs an optimisation.

Yes

Function Generate class 4
parameters set by points if required
user
Neval )Knreq
Fit a quadratic mode]
Start around best point No
generating new class 1
point
Gener_ale class 5 Experiments rum
experiments to Experiment limit?
explore design space Determine best xpert mi
current point
Obtain function No
No evaluations for system Yes

Generate class 2 and 3
points around local
models

End

Are there enough
points to fit local

models? Y€s | Generate local models

for design space

Figure 24. A flow diagram describing the timisation proces for the SNOBFIT algorithm. The experiment is
terminated once the experinidimit is reached. Nais the current number of points for the current iteration of
experimats, Neqis the number of points required for each iteration.
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The algorithmcan generate experiments which fall into onefieé classifications

described below:

{1 Class 1:An experiment performed ¢he minima othe quadratic model in the
current best locadptima identified by the algorithm

1 Class 2: Theseexperimentsare generatecround existing local models to
improve the accuraoyf the optimisation

1 Class 3 These points are generatwund models which aren-local.
Class 4 These experimentge performed in the regions of chemical gleast
explored by the algorithnThe probability of generating classegperimens
can be set by the user dependinghantype of system being optimised.

1 Class 5 Theseare theexperimentalconditionsgeneratedat the start of the
optimisation to build the initial surrogate modethe number of class 5

experimentss dependent on the number of variables

In the context of nanoparticle syntheSSIOBFIT was used by S. Krishnadasamal®’

for the optimisation ofluorescent CdSe quantum dofEhese weresynthesised by
separately injecting solutions of CdO and Se intmm@tinuousmicrofluidic reador at
different temperatures.hE injection ratesand reactotemperaturenvere adjustedo
yield quantum dotwith desirable optical propertied/hile optimising the properties of
the quantum dot nanoparticles in tbésdt was necessary to reduce the entire emission
spectrum from each experiment to a single scalar value. This was accompigshed
process called optimisation by scadationwherethe values for emission intensity with
distance from the desired emission wavelengtne combinedo give a single scalar
6di ssati sf act i carvalue ofzeifo denates eompldie, satisfdcteom and
one complete dissatisfactiofhe systenwasthenableto generate nanoparticlestbe

highest emission intensity farrange ofvavelengtis.

SNOBFIT has been a popular choafealgorithm forself-optimising flow reactors due
to its proven track record in this aréather example®f reactions opmised using
SNOBFITinclude the continuous flomethylation of methyl nicotinate with aqueous
methylamine'®” ClaiserSchmidt condensation between acetone and benzald&iyde,
synthesis of EGFR kinase inhibitor AZD9294ynthesis ob-xyleneCso adducts®and
semi-hydrogenation oR-methyt3-butyn-2-ol to 2methyt3-buten2-ol.11°
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1.3.6 Bayesian optimisation

RecentlyBayesian optimisation kdbecome very popular the automatedptimisation
of chemical systemdue to its ability taliscover optimal conditionsith relatively few
experiments*! This type ofderivativefree glob& optimisationusesa probabilistic
surrogatanodel of thdrue response surfaedongside an acquisition functiemdecide

which experimental condition® runafter each iteratian

Firstly, an initial set of experiments(normally 2n+1the number of variables) are
selected using stratifiedsampling method such ad_atin hypercube (LHC) desigh?
Thesesampling methods can be superiorandom samjg as they ensure an even
spread of sample points acradigpotential valuesThe results of the initial experiments
arethenused tdouild a surrogate modeDnce the initial surrogate model is in place an
acquisition functioncalculates the areas whefree surrogate model predidhe best
conditions and areaxd greatest uncertaintyf he objective of the acquisition function is
to select the conditions whidioth improve the accuracy of the model by reducing the
amount of uncertainty (exploration) and discover the optimal conditions
(exploitation)!'® The tradeoff between exploration and exploitation can bser

adjustedbeforeoptimisation a description of this process is showrkigure25.

Initial screening Second iteration

F(x) .

X X

Third iteration

Key
True response ——
Surrogate model ----

Uncertainty O

Data point °

. Acquisition function ()

Acquisition point e

Figure 25. Bayesian optimisation of an arbitrary furan. The true response (solid black line) is predicted by the
surrogate modeldashedine), the acquisition function (orange) calculates the trad# between exploteon and
exploitation to find the points (brown/black dots) whieoththe model fit catbe improved while alsdiscovering

the optimum
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1.3.7 Multi-objective optimisation

The algorithms discussed sa fall into the category of single objectieptimisersin

chemicalmanufacturingit is often important t@onsidemultiple competingegconomic
and environmentalactors Whereassynthesis chemistwill often focus onproduct
yield and purity process chemisingineerswill also be concernedboutreaction
efficiency in terms of, for example, the time required for the reaction to canphet
cost of reagentwasteand the amount of energy required to heabl and mix a

reaction

Often when attempting toptimise multiple objectivest becomes apparent thedme
objectivescannot be improved withoatlverselyaffecting otheaspecs of the reaction
asconflicting process metricsan belocated in different areas ofesign space. One
solution to this problem is to merge multiple objectives into a single objédétive.
However, this results ithe discovery obne of many potential optimexcluding other

valid solutions.

The Pareto frontFigure26) is aset ofnondominatedptimisationsolutions to multiple
competing objectives/hich cannot be improved withoutetrimentally affecting other
reactionmetrics Some algorithms, for example, genetic algorithms can be modified to
perform multtobjectiveoptimisationsby favouring solutions whickall closer to the
Pareto fronthoweverthis approach requires many experinsent
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Figure 26. A diagram describinghe Pareto front foan arbitrary minimisatiorproblemwherefi(X) andf2(X) are
two conflicting objectivedNo points can access the region beyond the Paretorbith consists o set of non
dominatedsolutions.
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Nanoparticle catalysts are only used in small amobuittss theyare oftencomposed
of precious metalst is desirable to optimise thesatalystsan as few experiments as
possible.The Thompson Sampling Efficient Muldbjective (TSEMO) algorithnhas
recentlybeenusedable toidentify the tradeoff betweenSpaceTime Yield (STY) and
conversionin a palladium catalysed Sonogashira reactith only 100 optimisation

experiments in under 13 houfs.

The TSBEMO algorithmfirst builds a surrogate model of the design space using data
points obtainedvith astratified sampling method such @aEHC design analogous to

the first stage of Bayesian optimisatidine nextstage of th& SEMO optimisation is
relatively computationally demandings the algorithm uses genetic algorithms to
generat@ver 4000 possibl&aussian process (GP) functidogind asurrogatenodel
which best fits the experimental dat@elocation of the Pareto front gedicted based

on thebest fittingsurrogate model and a set of candidate experiments are generated
along this front.These experiments are then rankedrnfrbest to worst in terms of
expected hypervolumenprovement which is the volume between the cutrsat of
nondominated point@nda reference poinset far away from the Pareto frofthe
highestrankingexperiment is then performethd the process repeatedtnsuring an
even spread of points along the Pareto front is obtained upon terminatioe of th

algorithm seeFigure27.116
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Figure 27. A hypothticlal plotdemonstratinghe process by which the TSEMO algorithm penf®a mult
objective optimisationA setof candidate experinmmes generated along a predict&areto front the experiment
thatarchives the greatest increase in hypervolume is selected for the next experiment by the algorithm.
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1.4 Projectams andobjectives

This project aims to streamline the proce$ssanoparticle catalysandnanoparticle
catalysedreaction optimisationusing atwo-stageperformance directedontinuous

flow selfoptimising systemThis systenwill synthesisaanoparticlesn stage one of

the reactgraltering theircompositionin a controlled manner, theanom@rticles will

then bepumpeddirectly into a second reactor to observe how they perform in a reaction.
This process will be repeated iteratively with #ie of optimisation algorithmsavhich

will tune thecatalystsproduced in the first stage of the readiased ortheir catalytic
activity in the second stage of the reactor

This approachdiffers from other approachess it allows completely autonomous
optimisationand comparison of catalytic nanoparticleghout the need foreaction
benchmarking in offline experimentOnce the conditions which produce the most
active catalyst have been fourtikde nanoparticle stream can be collected and analysed
using a suite of characterisation techniquesto fully understand
structure/performance relationship of the materggserated during the optimisation
Figure28 shows a flow diagram describing how each chapter of this thesiatftthe
broad aim of this project to study homogenous nanopatrticle catalystsstagedelf-

optimisingreactor system.

Chapter 5

iOptlmlsatlon i '\
Chapter3 [ T T Chapter2

T N ? A Y
: Continuous flow : : Continuous flow :
| Nanoparticle Inline | | Catalysed Inline i
| synthesis analy5|s i H reaction analysis i
R - R J
: Optimisation H ! Optimisation |
l\ _______________________ ,' Nanoparticle | JI

~
Catalyst 1 1

Chapter4

Figure 28. Flow diagram showing how individual aims contribute towards end goal of aritéigrated tandem
reactor desigrfor nanoparticle catalyst optimisation
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This projects aim will be achieved upon completion of #th@artscovered in chapters
2-5 of this thesis

1 Chapter 2 A nanoparticle catalysed reaction will be optimised in contisuo
flow with gold nanoparticles synthesised in batdine nanoparticles will be
pumped into the continuougactorfrom a storage reservoilhis wak will
show for the first time that nanoparticle catalysed reastian be optimised in
a seltoptimisingflow reactor.

1 Chapter 3 A reactor capable of producing nanoparticles with tuneable
properties will be developedFocusing on the synthesis of bimetallic
nanoparticle alloysThe nanoparticles will be monitored using inline Wig
spectroscopyo confirmthe consistencyandcomposition of the nanoparticles.

1 Chapter 4 A kinetic model will be developed based on data obtained during
stage 1 of the projectThe kinetic modelwill allow the simulation of a
nanoparticle catalysed reactidrhe simulated nanoparticle catalysed reactions
will then be used to benchmasiveral different ptimisation algorithms

1 Chapter 5The reactors developed in stageand 2 will be combined to create
a fully autonomousmultistage reactor capable of nandude catalys

optimisation.
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Chapter 2
Autonomous optimisation of a nanoparticle catalysed reduction

reaction in continuous flow

In this chapter & autanatedcontinuous flow reactor systenequippedwith inline
analysis was developed for the closddop optimisation ofa hanopatrticle catalysed
reaction. The systemwas used to optimiséhe conditionsof a gold nanoparticle
catalysed nitrophenol reduction reactidowards maximumconversion. The data
obtainedfrom this optimisation waghen used to geneta akinetic model of the
reaction,enabing the predicton of reactionoutcomesunder differentexperimental
conditions a graphical summary of the approach is showfignre29. In combination
with methods for the continuous flow synthesis of nanopartiths approach could
significantly accelerate the development timelif@ nanoparticle in cataltic

applications

Nanoparticle catalyst ~ Optimisation

\ Feedback
‘ S e control
\\\ \\\
Reactants Y Inline UV-vis

Flow reactor

@@QB 4+

Figure 29. A graphical abstract depicting the approadévelopedo perform the automated optimisation of a gold
nanoparticle catalysed nitrophenol reaction.

2.1 The reduction of nitrophenol

Reduction of nitroarenes to theorresponding ames is one of the most important
transformations in fine chemical/pharmaceutical manufactdtihgje process of
converting nitrobenzene to aniline in Europe alone, takes place on a 500,000 ton per
annum scalé!® The aqueous solutiebbased nanoparticle catalysed reduction of
nitrophenol with NaBHreducing agent3chemel) in particular, is a prevalent reaction
within the literaturé¥ 21 As a result, this reaction is commonly used as a benchmark

to compare the catalytic activity of different nanoparticle catalyéts.
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Schemd.. The nanoparticle catalysed reduction efidrophenol to daminoptenol with NaBH; under room
temperature conditions.

The reduction ofnitrophenol was first identified as a suitable reaction for the
comparison of nanoparticle catalysts by &all.,*?3where it was used to compare the
catalytic performance of differentwer nanoparticleatalysts. In this studyhe authors

found that the reactiofollowed pseuddirst-order kinetics when an excess of NaBH

is used and that no change in nanoparticle size/structure was observed after the reaction.

The reaction, which occurs on the surface of metal nanoparticle catalysts, can be
performed under room temperature conditions and monitored withvi&V
spectroscopy.The UV-vis spectrometeused in this projectomprisedof a CCD
(Chargecoupled devicelletectorarray, a tungsten/deuterium light souyére optic

cables Thereaction mediavaspumped through 1 cm path length flow cuvett€VF-

Q-10) in a flow cuvette holderall supplied by OceanOptité, see sectio.1.2.5for

further details This type of flow cell was chosen agave a cleaner absorption spectra
than alternative flow configuratioresg., shining the light directly through the tubing or

usinga zflow cell configuration

The UV-vis detector assemblgontained an arrangement mirrors which reflected
broadspectrum lighbnto adiffraction grating which split the incoming lightnto its
constituent wavelengthalong a linear arraCD sensomrray, so eachsensormpixel

corresponddto a specific wavelengtla diagram of this setup is showrFigure 30.

Solution Solution

In\ /'out
o} . 1L -

\ /

Mirrors

\ Cuvette /
. N
UV-Vis \ Fiber optic cables /
Light
Source Diffraction

grating

CCD array

Figure 30. A schematic of the view insitlee commercially available OceanOpfitspectrometeassemblyised
in this work!24
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The slightly basic conditions, resulting from the dissociation of sodium borohydride in
anaqueous solution results in deprotonation-aftdophenol to 4nitrophenolate, which
absorbs light strongly between 350 and 450 nm. The corresmpretiuction product
4-aminophenol absorbs light in a lower wavelength region. Therefore, the conversion
of nitrophenol to aminophenol can be accurately monitored witkvidgpectroscopy
Figure31shows a typical set of transient bIN6 absorptiorspectracollected over time

during a gold nanoparticle catalysed nitrophenol reduction reactiosesgen7.1.5.1

for method.
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Figure 31. A scanning kinetics plot for the reduction ehdrophenol with sodium borohydride in the presence of
AuNPs over B minutes.

2.1.1 HPLC investigation NP catalyseitrophenol reduction

To confirm aminophenol was the sole product of the nitrophenol reduction reaction in
this study, a batch experiment was performed and analysed with ,Hiee§ectiors
7.1.2.1and7.1.2.2for method First acalibration was performed with analytical grade

nitrophenoland aminophenpfor methodseesedion 7.1.1

The calibratiorcurves are shown iRigures 32 and33. For aminophenol aalibration
gradient of 389 waal me ase fiIrréah@o®ene bf13.84n a R
min. A calibration gradient of 2375 was measured for nitrophenol with’aalRe of

0.999 and a retention time of 10.17 min.
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Figure 32. Aminophenol calibration, gradient: 3892R.999.
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Figure 33. Nitrophenol calibrationgradient: 2375, R 0.999.

Based on the HPLC analysis of the reaction mixture before reducing agent was added
(Figure 34), thetheoretical maximum concentration that could be achieved during the
reaction was 0.57 mM. A final solution concentration of 0.55 mM of aminophenol was
measured by HPLC after the reduction reactiéigyre 35), which corresponds to a

98% vyield, with no other peaks observed in the HPLC chromatograph.
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2.1.1.1 HPLC before reductiofNitrophenol only)
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Figure 34. The HPLC chromatograph for the reaction solatlzefore the reduction reaction, nitrophenol was
detected at 10.12 minutes (273 nm) with a peak area of 1348 (0.57 mM).

2.1.1.2 HPLC after reductiofAminophenol only 98% yield)
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Figure 35. The HPLC chromatograph for the reactionxture after the reduction reaction, aminophenol was
detected at 3.37 min (273 nm) with a peak area of 213 (0.55 mM).

2.2 Gold nanoparticle catalyst

In this chapter the objective was to demonstrate that nanoparticle catalysed reactions
can be explored in a nnuous flow seHoptimising systemGold nanopatrticles were
synthesised in batch and pumped through the reactor under different conditions. The

method used to synthesise these nanoparticles was later developed for continuous flow
in Chapter 3.
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The AuNPcatalysts were synthesised using a standard Turkevich protocol adapted from
N.G. Bastuset. al *’ confirmed by TEM to be 15.85.6 nm in size, seigure36, all
TEM micrographs can be fodnn Appendix sectios8.1.1and8.1.2

Figure 36. TEM micrographs of AuNPs synthesised using the method described in Bektioh
This method was chosen as it produces stable,-gphasrical nanop#cles with a high

degree of monodispersity. The nanoparticles were also estadized; a loosely
bound citrate capping layer prevented agglomeration while allowing reaction species to

easily access the surface of the nanoparticle for catalysis.

Contol experiments were carried out to confirm that no significant changes to the
nanoparticle size, shape and/or oxidation state occurred during the reduction of
nitrophenol reaction. TEM and XPS analysisre performed on AuNPs synthesised
using the protocobutlined inSection7.1.1.1both before and after they were used to
catalyse the reduction of nitrophenol reaction describ&ebation7.1.5.2

2.2.1 TEM particle size distributions (before/after reaction)

TEM analysis of the AuNPs was performed before and after the nanoparticles were used
to catalyse the reduction of nitrophenoatainophenol. The resulting micrographs (see
sections8.1.1and 8.1.2 confirmed the shape of the nanoparticles remained -quasi
sphericaleven after they were used as cataly$te size distribution plotare shown

in Figure 37 (before catalysis) an#ligure 38 (after catalysis) confirm thereasno
measurable change to the size of the namiofes during the reduction reaction.
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Figure 37. Size distribution histogram for 120 manually sized AuNPs taken before they were used to catalyse the
reduction of nitrophenol (15.# 5.5 nm) from TEM micrographs shown in Sec8ch1
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Figure 38. Size distribution histogram for 120 manually sized AuNPs takenthe nanoparticlesvere used to
catalyse the reduction of nitrophenol (4% 5.9 nm) from TEM micrographs shown$ection8.1.2

2.2.2 X-ray photoelectron spectroscopy (XPS)

XPS survey meaurements of the AuNPs before and after catalysis confirmed the
presence of metallic gold in both samples, as indicated by the prominent Au 4d and Au

4f peaks Figure39 A and B). Both samples also showed pronounced XPS peaks for
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carbon and oxygen, confirming the presence of organic capping agents (citrate) at the
nanoparticle surfaces. Trace amounts of Na and Cl| were observed in the XPS survey
spectra, indicating minoresidues of sodium chloride (a -pyoduct of the Au
nanoparticle synthesis) in the samples.

The Au 4f highresolution XPS spectra of both samples show the typical gold peaks at
84.2 eV and 87.8V, assignable to the Au #Af and Au 4§, spinorbit splitting,
respectively Figure 39 (C)). For both samples, the symmetric nature and the
characteristic position of both peaks indicate that gold is only present in its enetalli
state. It is welknown that the gold 4% peak for Au(0) has a characteristic binding
energy of 84.2 eV, as observed here for both samfté® Further, the presence of
Au(l) and Au(lll) can be excluded dsi$ would give rise to clear distortion of the peak
symmetries and large shifts in characteristic binding energy for the;Apeidik to 85.6

eV and 86.5 eV, respectively’
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Figure 39. XPS spectra of AUNPs, A) survey spectrum for AuUNRsgtadysis, B) survey spectrum for AUNPs
postcatalysis, C) highresolution Au 4f spectra before and after catalysis, and D)-hégblutionAu 4d spectra
before and after catalysis.
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Comparing the highesolution peaks of pre&nd postcatalysis samples, no significant
changes in peak position or peak symmeigre observed for the Au 4f and Au 4d
high-resolution spectraT@ble 3). These XPS findings indicate that no permanent
change in Au oxidation was induced during the reaction, with the active nanoparticle
surface atoms remaining in their metallic Au(@ate even after prolonged reaction

times.

Table3. A table showing the deconvoluted peak positions for the Au 4f and Au 4tekahtion XPS spectra
before and after catalysis.

Peak Peak Position / eV
Precatalysis Postcatalysis
Au 4f72 84.3 84.2
Au 4fsp 88.0 87.9
Au 42 335.3 335.2
Au 42 353.3 353.2

2.2.3 UV-vis analysis

Figure40 shows the UWis spectra corresponding to the AuUNPs synthesised using the
method described in sectid@rl.1.1 The absorption profile is nesymmetric and peaks

at 530 nm, N.B. the AuNPs absorb light in the samevisfegion as nitrophenol. The
steps taken to remove the Au spectra from the convoluted profiles are described in

section2.3.3

Absorbtion (a.u.)

350 400 450 500 560 600 650 700
Wavelength (nm)

Figure 40. UV-vis spectra of AuUNPs synthesised in the study, peak absorption occurs at 530 nm.
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2.2.4 DLS analysis

After confirming the nanoparticles remained the same size before and after they were
used to catalyse the reduction of nitrophenol. DLS analysis was used to further
characterise the size of the nanoparticles synthesised in sé@clidnl The size
distribution profiles by intensity, volume and number are showRigure 41. The
recorded Zaverage diameter was 25.74 nm with a standard deviation of 16.05 nm,
(count rate160.7 kcps and polydispersity indé€x210).

Size Distribution by Intensity
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Sample 1: AuNPs Sample 2: AuNPs Sample 3: AuNPs

Figure41. DLS analysis of the AuNP solution prepared using the method describddliri, with plots showing
the size distribution by percent intensity (top), volume (middle) and number (pottom

2.2.5 Nanoparticle surface area calculation

The active surface area of the Au nanopkesi¢S) was calculated using a geometric

approximation which assumed that all the gold nanoparticles (AuMgTgthe same
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sizewitha &éspherical 6, F C(B.Where wastheaverage ANP e e ( L

radius (7.85 nm, determined by TEM analysis, see sedidrf), Cay was the
concentration of Au atoms in a given reacton a is the FCC unit cell length for bulk

Au (0.407 nm), where each unit cell contains 4 at&h3he number of atoms
contained within each AUNP was calculated by dividing the nanopatrticle volume by the
unit cell volume and mul tiplyi nrdythey 4.
average number of atoms contained within each AuNP gives thébenuwf
nanoparticles per mol of Au atoms, multiplying this value by the nanoparticle surface
area gives a correlation constant with the unitenoei). This constamvasmultiplied

by the concentration of Au atoms in the reaction to give S for eachoreéet L™).

. ®

2.3 Inline reaction monitoring

Inline UV-vis spectroscopy was used to determine the concentration of nitrophenol at
the outlet of the reactor. This was beneficial asia@wed for reattime monitoring (one
reading per second) of reagent concentratisesFigure42. It was therefore possible

to constantly monitor the system foruss such as pump failure and ensure efficient
use of the reactor by allowing accurate determination of the point at ste@tiystate

had been reached.

stead
steady state y

state ~_
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Figure42. A 3D plot showing how the absouqati at the reactor outlet changes as the reaction conditions are
changed in flow, the difference between transientst@ddystateconditions can be observed in raahe
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2.3.1 Nitrophenol and gold nanoparticle calibration

Nitrophenol solutions with the condeations: 0.012, 0.024, 0.036, 0.048 and 0.06 mM
were analysed with UWis absorption spectroscopy to obtain the absorption profiles

shown inFigure43. The correspondg calibration gradient obtained by integrating the
absorption values between 350 and 450 nm is shoWwigure44.
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M\ 0.036 mM
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Figure 43. Plot showing absgstion bands for 5 nitrophenol calibration standards from 0.012 to 0.06 mM
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Figure 44. A calibration plot showing the integrated abgiion values for nitrophenol calibration standards
(adjusted to pH 10), between 35850 nm, for 5 nitrophenol caliation standards from 0.012 to 0.06 mM.
Gradient 26.439, Intercept 0.03344-sguared value: 0.999.
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2.3.2 Spectral convolution

Due to an overlap between the plasmon resonance of the AuNP catalysts and the
nitrophenol absorption bas, it was not possible to use the raw-U¥ spectroscopy

data for accurate quantification of reagent concentratiigare45 shows an example

of this additive effet, which results in convoluted Uwis spectra. The broad absorption
band of the AuNPs atrtificially inflates the nitrophenol absorption profile between 350

and 450 nm in the combined spectra.

25| ™
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Figure 45. UV-vis spectra of puraitrophenol and pure AuNP solution compared to a nitrophenol and AuNP
mixture.

The data ifTable4 below presents a comparison of concentration data from two sets of
samples containing a range of nitrophenol concentrations. One sed thleaaisorption
values for a range ofupe nitrophenolconcentrations and another stssamples
containing the same concentrationsfophenolbut mixed withvarying amount®f
AuNP catalyst, within a range that would be expectdthin the rangeusedduring

the -selfoptimisation reactiors. The concentrations are quotes a % ofthe

experimental starting concentration (0Ora#).

Table4. Table showing two set$ samples, pure nitrophenol amitrophenol mixed with varying amounts of
AuNPs within the range that would be expected during thepsthising reaction.

Theoretical input

conc. (%)

Pure nitrophenol (%)

Nitrophenol +
AUNPs (%)

R2

0.999
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20 21 37
40 42 48
60 63 76
80 82 87
100 101 121

The effect of convolution can be seen in the graph shoviigure 46. During this
experimentwe found that measuring the concentration by integrating the absorption
values between 350 ad&0nm without further processing of the data could lead to an

error ofup to 20 %.
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Figure 46. Graph showinghedifference between solutions of pure nitrophenol as a % of the experimental starting
concentration (0.06 mM) and nitrophenol mixed with varying amounts of AuUNPs within the rangewadiithe
expected during a setfptimising reaction.

2.3.3 Spectral deconvolution

This systematic error was resolved using a deconvolution technique proposed by
Sutherland, Tet. al1?® Nitrophenol (purple lineFigure47) does not absorb light at
wavelengths >500 nm and AuNPs (dtpye a broad UWis absorption band which
typically peaks between 5€8650 nm. Therefore, it was possible to generate a prediction
of the underlying AuNP abortion band by scaling an Auéfrence spectra to match
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the peak intensity in the measured spectrum betweed@DOM (orange linefFigure

47). This predicted spectrum could then be subtracted fronovkeall absorption
spectrum to obtain a more accurate representation of how the absorption spectrum
would appear without the AuNRg.) absorption band (yellow linEigure47).

nilraphenal + AuNPs
——— AUMP prediction
nitrophenol prediction
pura nitrophancol

e

Absorbance (a.u.)

._“

250 300 50 400 450 500 a0 600 650 700
Wavelength (nm)

Figure 47. Graph showing how a more accurate measurement of the nitrophenol concentration can be obtained by
deconvolution of theombined nitrophenol and AuNP spectra.

2.3.4 H, gas formation

NaBH; can react with water to formzthis gas formation presentedyaajor problem

for the system, as gas bubbles forming on the windows of theuv¥tte Figure48)
disryted the inline analysis and bubbles forming in the reactor tubing made it
impossible for the reactor gieadystateconditions.

=R

-

Figure 48. A plastic cuvette containing aqueous NaBHlution (2 mM) opeedto theatmosphere (left). A flow
cell containing aqueous NaBHolution (2 mM) under 40 psi of pressure showing the formation gasibubbles
in a nonpressurised cuvette.
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To resolve this issue the NaBteservoir solution was kept ice cold, adjusted to pH 10
with dropwise addition of a sodium hydroxide solution (@)1 thenfiltered through
an inline gas/liquid separator before entering the puAripack pressure of 40 psi was

alsomaintained in the flow reactandthe flow cell.
2.3.5 Spectrometetemperature regulation

The U\-vis spectrometer in this project was sensitive to changes in ambient
temperature. This signal drift could be corrected by performing regular baseline
corrections, however, in the s@ptimising system the spectrometer neettedbtain

accurate readinghroughoutan entire optimisatio(several hours)

Figure 49. UV-vis spectrometeplaced on top of an aluminiuhreatingblock regulated with a Eurotherm PID
controller.

To prevent baseline drift causegl changes in ambient temperature the spectrometer
was placed on top of an aluminium heating bloEkigire 49), maintained at a
temperature of 35 °C with a PID tempera&t regulator, thermal paste was applied
between the spectrometer and the heating block to aid heat tra&igtee 50 shows

the stabilised absorption readings of aeite containing water, taken over 6 hours at

35 °C. The effect of reducing the temperature down to 3arfifthen up to 37.5 °C

was then tested, revealing a significant decline in baseline signal at lower temperatures

and an increase in baseline signdligher temperatures.
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Figure 50. A fixed wavelength scan of water at 400 nm over 8.5 hours. The temperature of the device was
maintained at 35 °C for the first 6 hours before investigating the effect of changing the temperature.

2.4 Sdf-optimising reactor

The general workflow of this approach was as folloasvindow of userdefined
operating conditions was determined for the system. Automated HPLC pumps then
pumped nanoparticles and reagents into a tubular reactoredtteroutletstream was
analysed withUV-vis spectroscopy. The resulting analysis data was reducegingla
scalar value describing the reaction output variable to be optimised, for example
conversion or yield. These dateere then fed to an optimisation algorithmhigh

determine the next array of conditions to be set.

A schematic of the sebiptimising reactor is shown iRigure51 (specific component
details are described in secti@rl.4). Altering the pump flow rates allowed fiifent
concentrations of reagents as well as different residence times to be explored. A water
dilution pump was also included to increase the range of conditions that could be
attained by the system, as not all combinations of factors could be achi¢kedtwai
diluenti.e., particular concentrations and residence times. The reactor pumps were
controlled via a wired connection to a computer and a standard3RSserial
communication protocol, the reactor was then automated with code written in
MATLAB. The global optimisation algorithnSNOBFIT:% was used to optimise the

reaction, demonstiagt he pl at f or moére a wideirdngetof reattion e x p |

variables within a selected design space.
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Figure51. A simplified representatioof the automated flow reactor used for the optimisation of a nanopatrticle
catalysed reactin.

Aqueous solutions of nitrophenol (0.6 mM), NaB#O mM) and AuNPs (0.17 mM)
were prepared and stored in reservoirs before being pumped inibuler flow reactor
(PTFE, 0.8 mm ID, 3.51L). The initial concentration of-MIP (0.06 mM) was kephe

same for each experiment to simplify analysis.

The reaction was monitored with an OceanOptics inlinevisvspectrometer and
interpreted using ChemiVieW? software, which allowed redgime monitoring of
nitrophenol concentration and verification sfeadystate conditions. The UWis
spectroscopylata weredeconwluted and used to determineaction conversion. The
reaction conversion of each optimisation experiment was fed into the SNOBFIT
algorithmandthe next array of conditions watenautomatically set by the reactor.
This automated process was repeatedatiteely until an optimum solution was
obtained. The automated optimisation process is described in the flowchart shown in

Figure52.
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Figure 52. A flow diagram describing the automated processes by which the nanopatrticle catalysed nitrophenol
reduction reaction was optimised.

2.5 Self-optimisationof a nanoparticle catalysed reaction

After correcting for spectral convolution, elfoptimisation expgiments were
performednitially, the range of flow rates exploredtimeseexperimentareshown in
Table5. The preparation methods used to make up the reactor reservoirs are described
in Section7.1.1

Table5. Upper and lower bounds of reactor flow rates (mL/min), nitrophenol was set as afrdt@other flow
rates so that a constant starting concentration of 0.6 mM nitrophenol was pumped into the reactor.

Water | NaBHiaq) AuNPs
min 0.1 0.25 0.05
max 2.5 2 0.5

Initially, the system was optimised in terms of pump flow ratggure 53 shows the
design spaceexplored during the initial setfptimisation of an AuNP catalysed
nitrophenol reductioandtheresponsesbtained. The flow rates of the pumps for each
experiment andhe corresponding conversion undaeadystate conditions were

plotted in reattime during the optimisation. Higher conversions were observed when
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less water was pumped into the reactor and at higher AuNP solution flow rates. The

concentration of NaBlHappeared to have less of an effect on the reaction conversion.
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Figure 53. A 3D plot showing the effect of changing pump flow rates (FR) on reaction conversion.

To allow a more intuitive interpretation of thresults, the pump flow rates were
translated into reagent concentrations and residence times then repl&iiguorab4.
This plotindicatedthat increasing the regdce timeandAuNP catalyst concentration
led toincreasd reactionconversion, however, changes in Naiidncentration showed
less of an effect
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Figure 54. 3D Plot showing the effect of AUNP, NaBidncentration and residence time on the yield of an AUNP
catalysed nitrophenol reduction.
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This plot also revealed a mathematical bias towards lower residence times and lower
AuUNP concentrations. This was because the pumps were set to flow at diserestsint

within set limits, therefore the spacing between potential residence times increased at
lower flow rates, meaning there were fewer potential experiments present in these areas

of the design space.

To mitigate this a new function was incorporated ittte automation codayhich

allowed flow rates to bback calculatediepending on the desired reaction conditions.

This ensuedan even spacing of the potential experimémds could be selected by the
optimisation algorithnwithin thedefineddesign spee Thiswas calledthé c ondi t i on
gener at i oandwaswsed tb calculate pump flow rates basedasoparticle

surface area, reducing ageoncentratiorand residence times.
2.5.1 Conditionsgeneratio function

The total flow rate was calculated by dividing the reactor volume by the residence time,
seeequation(4).
YQOObE a6 aQ

w r SNELY . 4
YE OO o Fonpy 0 @

The starting concertation of nitrophenol was 0.06 mM for every experiment. The
nitrophenol stock solution concentration was 0.6 mM, therefore, the flow rate of
nitrophenol could be calculated by multiplying theatoeactor FR by 0.1, sequation

(5).
0 Q0 IENEQY  "YE OAY TP (5)

The fraction of the total flow rate that should be allocated to Nd8ldllow a specific
concentration of NaBlHto be pumped into the reactor was calculated by dividing the
desired reactor concentration of NaBbly the concentration of NaBHn the stock
solution reservaoir, this fraction was then multiplied by the totakftate to give the
final NaBH: pump flow rateequation(6).
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A similar approach was taken to calculating AUNP flow rates where the desired surface
area of nanopatrticles in the reactor (AuNP SA) was determined by dividing the product
of the surface area correlation coefficient, desired NP surface areatanitbte rate
by the concentration of AUNPs (mols of Ath)lin the stock solution reservoir @ation

).
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A water pump was used to make up the remaining solution volume required to give the
required total reactor flow rate for the desired residence time. Thisaladated by
subtracting the combined flow rates of the AuNP, nitrophenol and MaBMtions

from the total flow ratequation(8).

WOO WY "YE 0@ 060 00Y 0 06 WY 0 QO iAEENEQY  (8)
2.5.2 Selfoptimisation (with conditions generation function)
After integration of theconditionsgeneration function, the design space could be
explored evenly within the conditions shownTiable 6. A total of 29 optimisation
experiments were performed in undes Bours, the results are displayed-igure55.

A trend toward the highest conversion (95 %) was found at longer residence times (3
min) and higher NaBHAUNP concenttions: 2.1 mM and 0.04iM respectively.

Table6. The lower and upper variable bounds used for the optimisation irsthéy/

AuNP SA °LY) | NaBH:(mM) | Res. time (min)

max 0.16 2.5 3

min 0.04 0.5 1

These results fit wellvith the findings of previously reported studié$!*'where the

rate of the reaction was found to increase when higher concentrations of WaBH

used and the length of time the reaction was allowed to proceed was increased. Thes
studies did not directly compare different concentrations of the same catalyst, however,
based on the Langmeuitinshelwood kinetic model, increasing the surface area of
catalyst available in the system should increase the rate of reaction by incrbasing t

number of sites for catalysis. The results showigure55 clearly show these trends,
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the highest conversion (95% conversion) was found in the corner of the dpaigm
providing evidence oft he systembés capability for
optimisation.In addition, as the global optimisation algorithm explored a wide range of
design space, it was possible to use this data set to identify kinetic pensaamet obtain

a high degree of understanding of the reaction system (discussed in chapter 4).
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Figure 55. 3D plot showing the effect of changing three reaction variaisigheconversiorof nitrophenolto
aminophenolEachofthecolouredspotsin this diagram represents an experiment carriedlthe reactor.

The data obtained from this optimisation was also used to generate kinetic reaction
models. Allowingthe prediction of rection outcome@erformed ging conditions not
explored during the optimisation, either within or beyond the design space, discussed

in detail in Chapter 4.

Although this was the first paper to describe a flow reactor which uses homogeneous
nanoparticles as catalys@n analogous éterogenougpacked bed reactdras been
investigatedln a 206 paper byNischanget.al. the authors describeteeterogenous
packed bed reactavith nanoparticleadhered to the walls of a capillamased flow
reactor. The authorsof this paperinvestigated changing sodium borohydride
concentration ancesidence time on the conversion of nitrophenol to aminophéhnel.
findings of which were broadly in agreement Wwithe results obtainethis project
nitrophenol conversion was shown to increasth increasingsodium borohydride

concentration and reactor residence tifse.
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2.6 Conclusions

In summary, a continuous flow reactplatform was developed and successfully
demonstrated for the efficient optimisation of a nanoparticle catalysed reaction. The
AuUNP catalyst was analysed both before and after use in a reduction reaction with TEM
and XPS analysis, then further size clkteased with DLS. An inline UWis
spectroscopyanalytical method was developed which allowed live monitoring and
accurate determination of the reaction conversion by deconvolution of overlapping

absorption spectra.

Automated reactor controls and a sgbtimising feedback loop were integrated into an
automated flow reactor system. The effect of changing residence times, sodium
borohydride concentrations and AuNP surface area were explored using a conditions
generation function to translate the desiredttien conditions into pump flow rates and

the global optimisation algorithm SNOBFIT to direct the system toward the highest

possible reaction conversion.

The system was able to identify the optimum reaction conditions for maxiriib 4
conversion within a&et operating window. Demonstrating the first probprinciple
investigation automated optimisation of nanocatalysis in flow, this work allows the next
step of the project. Where this system is incorporated into a flow reactor capable of
nanoparticle sythesis, enabling rapid determination of the conditions required for
producing optimal catalytic nanoparticles as well as the best conditions for the catalysed

reaction.

The results described in this chapter have been publishedhie RS C6s Chen

CommunicationsJournal®3?
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Chapter 3

Continuous flow synthesis of nanoparticle alloy catalysts

This chapter describes the development of continuous flow reactors for the synthesis of
gold nanopatrticles (AuNPs) and gedver nanoparticle alloys (AuAgNPs). Reactor
fouling presentea significantchallenge duringhe initial development of this syste

the effects of fouling were mitigated through careful choice of reagent concentrations
and reaction conditions. The composition and consistency of the nanoparticles produced
weremonitored with inline UWvis spectroscopy. A graphical summary of the apph

is shown inFigure56.

Inline
UV-vis analysis

Nanoparticles

Metal precursors

Reducing

agents [g Wavelength (n mn 30 Time (min)
Reactor [
@ Q) UV/Vis flow cell ;'

Automated pumps
pump Nanoparticle

synthesis

Figure 56. A reactor design for the continuous flow synthesis of AUAgNPs with control over composition. A
reducing agent solution is pumped into a reactor with the metal precursors solutions of two different metals, a
reduction reaction takes place leading to the fation of nanoparticles which are characterideglinline UV-vis
spectroscopy.

3.1 Introduction

Alloyed metallic nanoparticles possess unique and tuneable dpfinadgnetié® and
catalytic propertie$>9138 Alloyed nanoparticle catalysts hawatso been shown to
possess superior properties compared to their muetallic counterparts® For
exanple, coreshell nanoparticle catalysts with a ferromagnetic iron core and a more
catalytic outer shell, can be magnetically separated from a reacting solution and
recycled!* this has also been demonstrated for heterostructured magnetic
nanoparticles$*142|n the cases where precious metals are used, such as ruthenium,
platihum or palladium, bimetallic nanoparticles could potentially offer a cheaper
alternative to monometallic nanopatrticles, where only the reactive surface layer of these

particles is composed of rare earth met&ls.
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This superior catalytic activity can be attributed to synergistic effects which occur
between the different metals in the nanopartittémtroducing a second metal, may
result in changes to the surfasteuctural and/or electronic properties of the
nanoparticles, enhancing their catalytic propefttedzor example, in the case of
hydrogen evolution reactions, computational studies have shown that nanoparticles
which adsorb hydrogen neither too stronggy too weakly, possess the highest catalytic
acivities.}#%147 In subsequent experimental studies, the absorption properties of
nanoparticle catgbts have been tuned by adjusting the ratios of their constituent metals,
leading to significant increases in activity when compared to their monometallic

counterpart§#148.149

Combining metals in nanoparticles has also been shown to improve activity by
protecting them from oxidation or poisoning. Conventional platinum nanoparticles
undergo significant CO poisorgriwhen used to catalyse the oxidation of formic &dd.

CO in this case isrpduced during an undesirable side reaction, which has been
evidenced to occur on platinum atom ensembles (an area of the nanoparticle surface
with continuous monometallic neighbouring sit€8)n cases where intermetallic PtPb,

PtPd or PtBi nanoparticles are used, these ensembles are less prevalent, meaning a
significant increase in catalytic performance is observed due to reduced catalyst

poisoning!®? 154

Nanopaticle alloys can be broadly categorised into three main structural categories,
shown diagrammatically ifigure57: intermetallic, where the constituemietals are
evenly interspersed within each nanoparttéfecoreshell, where one metal is
contained within the core of a nanoparticle with the subsequent metal layer/s of other
metal/s coated on the outside of the &Srand heterostructure, these nanoparticles are

composed of metals which are joined at an interface or interfdttén the particle'®’

Core-Shell Intermetallic Heterostructure

Figure57. A diagram showing the three categories of alloyed nanopastictee-shell (left), intermetallic
(middle) and heterostructure (right). Nanoparticle alloys may be composed of two or more metals.
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Cordshell nanopatrticle alloys are tgplly synthesised in solution, using a seeded
growth approach®® %! |n a study by Marzaat. al.multi-layered Au/Ag core/slieand
Au/Ag/Au doubleshell nanoparticles were synthesised in batch. This was
accomplished by successive separate addition of Au and Ag metal precursor solutions
to a reducing/capping agent solutiSAThe structure of nanoparticles such as these can
be confirmed with highresolution STEMXEDS analysis, seeigure58.

Figure58. A STEMXEDS micrograph showing the composition of Au/Ag/Au desiiddl nanoparticles
(Au= green, Ag = blue and oxygen = red). (Reproduced with permission fro#§4€bpyright 2005 Royal
Society of Chemistry. All rights reserved.)

There are two approaches commonly used to create intermetallic nanoparticles. The first
is to synthesise nanoparticles using a soldiased ceaeduction method, which
produces nanoparticles with conteal sizes but a disordered arrangement of different
metals. These nanoparticles are then later annealed at high temperatures to form an
ordered structur&3 1% The second approach is to use a soldtiased caeduction

method to directly form an ordered arrangement of metals within the nanop@&fticle.
173

Under these conditionshe formation of intermetallic nanoparticles can be thermo
dynamically favourable. At high terepatures disordered alloys are energetically
favoured, due to an associated increase in entropy. Complementhrgrital
interactions between different transition metals can also lead to an increase in enthalpy.
Therefore, the combination of these fasteesults in an overall reduction of Gibbs free

energy, leading to the formation of ordered intermetallic nanoparticle strutttires.

With a high degree of control, it is possible to create heterostructure nanoparticles with

multiple different metals separated by discrete interfacial boundarias2®i6 study

by Mirkin et. al.1”® individual heterostructure nanoparticles were synthesised within

nanosized reactors using a tetep annealing process. This was accomplished by

depositing an O6ink6é solution containing
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hemispherical domes, onto ktf substrateg.g, a silicon wafer) using dipped pen
nanolithography. These domes, termed nanoreactors by the authors, were then heated
to 120 °C under an argon atmosphere for 48 hours, then to 500 °C under an H
atmosphere for 12 hours, resulting in teéuction and coalescence of the reduced metal
precursor ions. This lontgrm thermal treatment leads to a thermodynamically stable
configuration of the constituent metdlepending on the compatibility of the elements,

these nanoparticlesan be heterdsictured, intermetallic or botlseeFigure59.
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Figure 59. STEMEDS micrographs showing the variety of individhaterostructure nanoparticles that can be
synthesised using a tvatep thermal annealing procedure of metal precursor and block copolymer solutions
deposited onto a flat substrat€.(A) monometallic nanoparticles, (B) bimetallic nanoparticles, (C) trimetallic

and, (D) tetrametallic nanoparticles. (Reproduced with permission froffe€opyright 2010, American
Association for the Advancement of Science. All rights reserved.)

This chapte presents work surrounding the development of continuous flow reactors
for nanoparticle catalyst synthesis, using AUAgNPs as an example system. Compared
to AuNPs, AuAgNPs have shown higher degrees of catalytic activity in the gas phase
oxidation of carbonmonoxide with molecular § under room temperature
conditions'’® For AuUAgNPs with segregated regions of Au and Ag surface sites, a
convincing theory for this superior catalytic performance is that the Ag sites effectively
absorb and activate;Owhile neighbouring gold sites adsorb €®Oxygen transfer to

the CO molecules can therefore easily ocaiwkeen these neighbouring sites, resulting

in a high rate of conversion. AUAgNPs have also proven effective for the catalytic

oxidation of glycerok’®as well as the reduction of nitroaromatic compouridls.
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3.2 Batch synthesis of AUAgNPs

Before developing continuous flow methods for the synthesis of AUAgNP alloys, these
nanoparticles were first synthesised in batch using a method adapted fromeRioux
al.,'*® described in Section.2.2.1 This method uses a similar approach to the protocol
used to synthesise AuNPs in Chapter 2 but incorporates an additionalsAgXD
precursor solution. The method produces clear coloured solutions containing AUAgNPs

ranging from yellow (predominantkilver) to red (predominantly gold), sEgure60.

Figure 60. Sample vials containing a range of AUAgNW®th increasing gold concentrations from left to right
The UV-vis spectra of the AuAgNPs (normalised to maximpeak intensity) are
presented ifrigure61 below. These results and many other studies have found that the
amaxvalue can be linearly correlated to tiagio of gold and silver contained within the
nanoparticle solution¥1162180184 The presence of a single jeim each absorption
spectrum, rather than two peaks, indicates that an alloyed nanoparticle species was

formed rather than a mixture of discrete monometallic gold and silver nanopdfticles.

Absorption (a.u.)

400 500 600 70
Wavelength (nm)

Figure61. A plot showing the UVis spectra depending on the:Ag metal ratio of the nanoparticles.

3.3 Flow reactor development

Continuous flow methods have been previoudgveloped for the production of
AuAgNPs®8%82However, these methods were either incompatible with multistage
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reactors or not designed for the continuous production of nanoparticles over several
hours, as would be required for this project. Therefore, in this chapter continuous
methods \ere first developed for the synthesis of AuNfesgain an understanding of
nanoparticle flow synthesishefore developing more complex methods for the
continuous synthesis of AuAgNPBIultiple reactor configurations and chemistries
were explored to deteime the best method for synthesising nanopartighes

consistent properties and a high rate of conversion over gt of time.
3.3.1 Tubular PTFEeactor

Reactors developed early in the project
thesereactors are commonly used for dsdmle continuous synthesis of organic
molecules. Unfortunately, these did not produce a consistent stream of AuNPs and
failed to reach steadstate conditions as the reactors were highly prone to fouling.
Figure62 shows a diagram of an early reactor design in the project, where solutions of
reducing agent/capping ligand (sodium citrate) and gold precursor (HAwEle
pumped into a 5 mL tubular reactor heated to 100 °C, with-ps#®ack pressure
regulator to prevent the solvent (water) from boiling and bubbles forming within the

flow cuvette and reactor.

w0z (S W k—D(QT)

) 5mL, 100 °C, 1/32" ID UV-vis
NaCit. (4.8 mM) <>_ PTFE tubular reactor  (Inline)

Figure 62. A reactor diagram showing the initial system designed for the synthesis of AUNPs in flow, gold
nanoparticle precursor solutions and sodium citrate reducing agent/capping ligand were pumpedinto a 5
PTFE tubular reactor heated to 100 °C.

This reacto was based on a study by Gavriilidet. al** and was constructed from
translucent PTFE tubing and ETFEpieces, allowing any fouling in the reactor to be
observed easily through the tubing. A detaidiescription of the reactor and method
can be found in Section2.2.2 The reactor outflow stream was monitored with inline
UV-vis absorbance spectroscopfgr over one hour, giving timeseries data
proportional to the concentration of AuUNPs in the reaction solution, (full wavelength
absorption spectra were taken once per second, then integrated betwe&bG0(Mn)

this data is showim Figure63 below.
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Figure 63. A plot showing the integrated absorption values between 580 nm measured at the reactor outflow.

This plot showshanopatrticle yield increasy steadily over the first 30 minutes of the
reaction. The reactor then failed to reach stestdie and a significant decline in
conversion was observed over the next 30 minutes. This was ds@toficant build

up of foulingon the internal walls of the reactor, an increase in conversion accelerated
until the rate of fouling in the reactor exceeded the rate of nanoparticle formation, at
which point accelerated fouling and a decline in nanoparticle conversion was observed,

seeFigure64.
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Figure 64. A diagram showing hothe rate ofreactor fouling increaseas the number of nucleation sites for
nanoparticle formation on the walls of the reactor increaties eventually exceedhe rate of nanoparticle
formation leading to a decline in nanoparticle yield

The increasing rate of nanoparticle formation within the first 30 minutes of this
experimen was likely due to the presence of catalytic nanoparticles adhered to the
reactor tubing® To confirm this, timeseries U\tvis absorption spectra were obtained
from AuNPs seeded growth studies in batch, a solution of AuNRsymthesised in
batch followed by successive addition of further precursor and reducingedtyge each
reaction had reached completion (see SedtidrR.3for detailed methodology). These
results showed that in the absence of seed AUNPs the amouné ¢ékien for the AU
precursor solution to reach full conversion to nanoparticles was nearly twice as long as
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when seed nanoparticles were presenh&solution(Figure65), thisis supported by

similar results in the literaturé’-188
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Figure 65. A plot showing theelative rates of AUNP formation for each growth step, the absorbance values
plotted are the integrated absorbance values between 500 and 550 nm.

Initially fouling presented as a light pink coating on the walls of the reactor, this coating
would then turrdark purple, before eventually developing a metallic gold appearance.
This was likely due to the adsorption of AuNP nuclei on the walls of the reactor

accumulating, growing and merging to form gold in the bulk phasé;igas66.

Figure 66. An image showing gold nanoparticles accumulating to form solid gold on the reactor walls.
For this project, it was essential for gef-optimising reactor to produce nanopatrticles
in a way that wasat influenced by previous conditions in the reactor and reach steady
state conditions indefinitely, to ensure that the results of the optimisation were
reproducible. However, the complgbeevention of fouling during continuous flow
nanoparticle synthesis is a challenging task. Many other studies have adopted
segmented flow regimes in their reactors to reduce fofifty-3°But for this system
both phases would need to be separated before entering the next stage of the reactor,

adding deadolume and the need for a phase separator within the reactor design.
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Commercially available, membrat@sed phase separators have been used in other
studies to separate phases in segmented flow redttétsHowever, these types of
phase separa®mvere unsuitable for the reactor system in this project. Membrane
separators use a diaphragpased backpressure regulator delicately balance the
backpressure of both the aqueous and organic streams. During initial tests, an excess of
backpressure at the aqueous outlet from the adjoining secondary reactor, caused the
diaphragm to close off on the organic outlet. This tesluih both phases being retained

on the aqueous side of the separator, as showgumne67.

Second reactor
Aqueous ﬁ
(Excess back pressure)

Organic

Figure 67. Due to arexcess of backpressure on the aqueous $itfeeanembrane separatdhe diaphragm valve
closes off on the organic side of the separator, causing both phases to be retained.

Therefore, instead of preventing the occurrence of fouling completely, thefrate o
fouling was limited as much as possible. This was accomplished by maximising the rate
of nanoparticle formation while preventing nanoparticles from forming on the reactor
walls. Table7 presents the major factors which influence the rate of reactor fouling and

the rate of nanopatrticle formation.

Table7. A summary of the factors influencing the rate of reactor fouling and thefratmnoparticle formation in
continuous flow reactors.

Rate of fouling Rate of NP formation
Reactor wall smoothness Reducing agent strength
Segmented flow Presence of seed solution

Reactor surface area to volume ratig Concentration of metagdrecursor

Flow reactor design Reactor temperature

Tubingmaterials such as PFA have been found to foul less than tubing made from other
materials such as PTR# The flow reactor design and type/extent of mixing can also
influence the extent of reactor fouliftf.The reactor surface area to volume ratio has a
significant influence over reactor fouling, by loweritige surface area to volume ratio

of the inside of the reactor, the amount of reacting solution exposed to the reactors
internal surface is reduced, presenting fewer opportunities for the nanopartioles to

on the reactor walls.
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Increasing the concentration or reduction potential of the reducing agents used in
nanoparticle synthesis can increase the rate of nanoparticle formation, leading to the
production of smaller more catalytically active nanops$!®* As the formation of
nanoparticles is an autocatalytic process, the presence of a seed solytelaareelp

to accelerate the rate of nanoparticle formation. Finally, increasing the reaction
temperature and reagent concentrations can accelerate the rate of nanoparticle formation
by increasing the frequency of collisions between reactants. A graphioarising the

effect of these approaches is showFkigure68.

Once the nanoparticles have fully formed in solytiasorption to the walls of the
reactor becomes less likely. This is evidenced by the observation that no fouling was
seen beyond the initiatection of the reactor. Therefore, increasing the rate of
nanoparticle formation in solution, rather than on the walls of the reactor was equally

important for achieving steaestate conditions.

Rate of fouling —>

Rate of NP formation =—>

Figure 68. A graphical summary showing how optimising the rate of nanoparticle formation and fouling may lead
to optimal steagstate conditions, without compromisingnoparticle quality.

Figure 68 presents the theory that increasing the rate of nanoparticle formation and
decreasing the rate of reactor fouling, caad tosteadystateconditions. However,

increasing the rate of nanoparticle formation too much can impact the uniformity and
size distribution of nanoparticles produced. Therefore, it was important to balance the

requirement to limit reactor fouling witthe need to produce nanopartichegh
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homogeneous physical properties. This chapter pregedsvelopment of anptimal

strategy for achievingteadystateconditionsin continuous NP synthesis
3.3.2 Continuous flow synthesis with pfermed AuNP solution

As AuNP formation is an autocatalytic process, the rate of nanoparticle formation could
be increased by pumping a gogmed nanoparticle solution into the reactor, with the
nanoparticle precursor and reducing agent. This approach has also been useslyreviou
in the synthesis of corghell AUAgNP alloy® and as a nanoparticle growth strategy in
the continuous synthesis of AgNFs.

The diagram shen in Figure 69, presentsa reactor which incides a stream of
preformed AuNPs, being pumped into the reactor alongside a HMwthl precursor

and sodium citrate reducing agent solution (see Settiba.4for method).

AuNPs (aq), 0.17 mM

NaCit (aq), 4.8 mM

<>— BPR (40 psi)
HAuCI, (ag), 0.2 mM /\_l><]
o A

5mL, 100 °C, 1/32" ID UV-_VIS
(Inline)
PFA tubular reactor

Figure 69. A tubular continuous flow reactor which incorporates an AuNP seed solution stream for accelerated
nanoparticle formation.

The plot slown in Figure 70 shows an overall increase in precursor conversion
compared to the reactor presented3iB.1 This was likely because the gamed
nanoparticles, which were injected into the reactor along with the precursors, provided
a preferential/catalytic surface for the reduction of*Aions. The addition of a seée
solution increased the rate of nanoparticle formation, but not significantly enough to
prevent reactor fouling, which was observed after approximately 15 minutsteadly

statecould not be achieved using this approach, alternative methods were éxplore
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Figure 70. A plot showing the integrated absorption values betweer 580 nm measured at the reactor outflow
for a reactor which usesreformed AuNPs as a catalyst for nanoparticle formation

3.3.3 Ascorbic acid reducinggent

The reducing agent strength greatly influences the rate &f mduction. Stronger
reducing agents with greater redox potentials rapidly redué&igéns, increasing the
rate of nanoparticle formatiof® Ascorbic acid is a stronger reducing agent than sodium

citrate and has been used in presistudies to reduce HAugh continuous flow'!

Ascorbic acid was added to a sodium citrate solution telete the rate of
nanoparticle formation by promoting nucleation within the solution, instead of the walls
of the reactor. The diagram Figure71 bdow, shows a reactor with two inlet streams,
one for HAuUC} and the other for a mixture of sodium citrate and ascorbic acid (see

Section7.2.2.5for method).

HAuC|4<o.2mM><>— ((((((((@ — f&‘%‘l‘

NaCit. (4.8 mM) 5mL, 100 °C, 1/32" 10 YV-Vvis
Ascorbic acid (0.2 mM) " PFA tubular reactor ~ (Inline)

Figure 71. A reactor diagram showing nanoparticle precursor HAUS#Eing pumped into a 5 mL PFA tubular
reactor alongside a mixture of sodium citrate and ascorbic acid.

This modification ledtoimpra@me nt s i n t he sys tcteadyStade abi | |
conditions, (se€igure72) supportinghe hypothesis that a decline in conversion could

be avoiedd by increasing the kinetics of nanoparticle formation. The reactor required
approximately an hour (6 reactor volumes) to reach maximum conversion, then the next

several hours a decline in reaction conversion was observed.
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Figure 72. A plot showing thentegrated absorption values between 5&50 nm measured at the reactor outflow
for a reactor which used ascorbic acid to accelerate the rat@nbparticle formation.

As this method required over an hour and several reactaneslto reackteady state

it was likely that some fouling was required to catalyse the reduction of HAuCI
Therefore, because the reactor could not maistaadystateconditions or reach high
conversions without the presence of some reactor foulurthefr attempts to reach

steadystateconditions were made with stronger reducing agents.
3.3.4 Sodium borohydride reducing agent

NaBHs is a very strong reducing agent and has been used in the synthesis of highly
catalytically activeandcolloidally stable gold nanoparticles. Similar to sodium citrate,
NaBH; canact as both a reducing agent anchpping agent. The rate of formation of
these nanoparticles was very fast, with the nanopatrticle solution appearing to reach full
conversion inntaneously upon mixing at room temperature. A metteselopedy
Larmet. al.for the synthesis of AuUNPs with NaBf’ was translated to flow with the
reactor shown itfrigure 3.

Due to the rapid kinetics of this reaction, the reactorskastened to 0.5 mL. The total
combined flow rate of the reactarasincreased to 6 mL/min impravwy spacetime

yield, see Sectioid.2.2.6for method details.
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UV-vis
0.5 mL, RT, 1/32" ID .
NaBH, (4.11 mM) <> ‘ PFAmtubuIar reactor (Infine)

Figure 73. A reactor diagram showing nanoparticle precursor HAUgging pumped into a 0.5 mL PFA tubular
reactor alongside a NaBtsolution.

This reactor proved capable of operating unsteadystate conditions for over 30
minutes Figure 74), producingapproximately 200 mL of colloidally able catalytic
AuNPs. In the study bikarmet. al, these nanoparticles were significantly more active
than nanoparticles produced using weaker reducing agents, this is likely due to the
smaller average size of the nanoparticles formed and the absenng sfr@angly

binding capping agent which could restrict reactants from accessing the catalyst surface.
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Figure 74. A plot showing the integrated tinseries absorption values between 550 nm, measured at the
reactor outflow, fo a reactor which usellaBHs solution as a reducing agent

Only a small amount of fouling was observed within the reacipiete after a litre of
nanoparticle solution was produc@eigure 75). This indicated hat the nanoparticle

formation reaction had reached near 100% completion before leavingpibe€lof the
reactor.
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Figure 75. The reactor Ipiece before nanoparticle synthesis (leftdthe reactor Tpiece after nanopatrticle
syrthesis (right) a small amount of fouling can be seen after nanopatrticle synthesis.

Nanoparticles formed rapidly in this system, meaning waitdineéween experiments
of only a few minutes allowing efficient screening of reaction design space. This

methodwas next developed for the synthesis of gglder nanoparticle alloys.

3.3.5 AuAgNP flow synthesis with sodium borohydride reducing agent

The nanoparticle synthesis method discussed in Se8td has also been used
previously for the synthesis of bimetallic AAg:-x nanoparticles. In a study by Baker

et. al, the authors found alloys of Au and Ag to be significantly more catalytically
active than their monometallic counterparts in nitrophenol reception reactions, with the
higher catalytic performance observed with AuAgNP alloys than pure AuNPs or
AgNPs1¥’

The flow reactor in thissection of the report was adapted from the study above,
incorporating an additional silver precursor salt solution (AgiNSee Sectioi.2.2.7

for adetaileddescription of thexperimental method.

HAuCl, (0.411 mM) @7
AgNO; (0.411 mM)<>_4 ((((((((@ " BPR (40 psi)

0.5 mL, RT, 1/32" D UV-vis
PFA tubular reactor ~ (Inline)

NaBH, (4.11 mM) <>— L

Figure 76. A diagram showing a reactor designed for siyathesis of Ad\gi-x nanoparticles. Comprising of a PFA
tubular reactor with a 0.5 mL volume. HAu@hd AgNQ precursor solutions were pumped into the reactor
alongside a NaBkisolution.

Samples were collected for AUAgNPs with alloy ratios ranging fram@®1:0 Au:Ag

in increments of 0.1Figure 77 shows the nanoparticle solutions immediately after
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synthesis and 1 hour after synthesis, withiholir ranoparticle solutions containing
between 50 and 70% Ag had begun to aggregate to form a black precipitate. To increase
the longterm stability of the nanoparticles, milder reducing agents were explored
during the next stage of method development.

Figure 77. A photogrph showing the nanoparticle solutions produced immediately after flow synthesis (Top) and
one hour after synthesis (bottomijith black pgecipitate highlighted irthered box.

3.3.6 Tannic acid reducing agent

Tannicacid is a stronger reducing agent than ascorbic acid but weaker than.NaBH
has been used in the synthesis of smaller more catalytically active AuNPs than is
possible using the traditional Turkevich protocol, which uses only sodium citrate. An
AuNP synhesis method which employed tannic acid was originally presented in the
seminal work of Mhpfordt in 1982:%8 This synthesis methodak the benefit that it

does not require toxic reagents or strongly binding capping agents, which wahid inh
theperformance of nanoparticle@scatalytic or medical applications.

The diagram presented Figure 78 showsan aqueous mixture of tannic aciddan
sodium citrate being pumped into a tubular reactor alongside HAd@H full

experimental details see Sectin2.2.8

Hauci, 0.4 ) (" —— BPR (40 psi)
‘ ((((((((@ /\—N—‘

Sodium citrate (4.8 mM) 5mL, 100 °C, 1/32" Ip YV-vis
Tannic acid (0.1 mM) " PFA tubular reactor  (Inline)

Figure 78. A reactor diagram showing nanoparticle precursor HAUS#Eing pumped into a 5 mL PFA tubular
reactor alongside a mixture of sodium citrate and tannic acid.
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The reactor reachesteadystateconditions for over 50 minutes,iti little change in
the UV~vis absorption spectra over tipisriod, sed-igure79. After approximately one

hour fouling was observed on the first 30 ehthe reactotubing Figure80).
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Figure 79. A plot showing the integrated time series absorption values betweerb500m, measured at the
reactor outflow for a reactor which uses a mixture of sodium citrate and tannic acid eeslti@ng agent
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Figure 80. An image showing the PFA reactor tubing after approxdydt hour of use, the internal waif the
first 30 cm of the reactor tubing is coated in metallic gold.

The nanoparticle solution leaving the reactor also appeared brown, in comparison to
nanoparticles synthesised using the same synthetic method in batch (see7Szétign

for batch method). This observation, coupled with a widewvi$vabsorption peak,
indicated a wide nanoparticle size distribution and/or agglomeration of the
nanoparticlesseeFigure81. The synthesis of AUNPs was likely affected by the build

up of fouling on the first section of the reactor.

To prevent reactor fouling from affecting the size distribution/dispersion of the

nanoparticles formed within the flow reactor, it was necessary to either eliminate reactor
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fouling completelyor decrease the internal surface area to volume ratio of the flow
reactor. This would mean that less of the reaction solution was in contact &ith th
reactor walls during the reaction. This reduction in internal reactor surface area was

achieved through the use of CSTRs.
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Figure 81. (a)uV-vis spectra showing the AuNP solution formed in flow (red) and in batch (blde) an
photograph of the resulting solutions (b) left, showing the nanopatrticles formed in flow and right, showing the

nanoparticles formed in batch.

3.3.7 AuNP synthesis in a fReactor with preheating

Miniature CSTRs have emerged as alternative continuous re&stonsnoparticle
synthesis and multiphasic reactiof$?®?®These reactors possess lower surface area
to volume ratios, without compromising on mass transfer due to active mixing within
each CSTR, which ensures a high degree of solution homogeneity throughout the
reactor’’ Recently miniature CSTR reactors have been used to synthesis@silich

INP/ZNnS quantum dot nanopartichés.
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Screw threads

For cover O-ring Holes for

Cover screws fReactor
cover

Inlets/outlets

%-28 fittings Magnetic stirrer

Machined peak Reaction chamber

Body fReactor

window

Figure 82. diagram showing annotated design of individual CSTR

Herein, AuNPs were synthesised using commercially available miniature CSTR
reactors (fReactol¥),%” consisting of reactor modules with an internal volume of
1.55mL (including stirrer bar), pressure rated to 9 hiae, fReactorgan have up to 4

ports liquids to move into and/or out of the reactegFigure 82 andFigure83.

Figure 83. Aphotograph showing the fReactors used to synthesise AuNPs, cotton wool was used to insulate the
tubing connections between the preheating fReactors and the main fReactor.

The reactants were preheated to 10 separate fReactors, before converging withi

a final fReactor where the nanoparticle formation reaction took place. The connecting
tubes between the preheating fReactors and the main reactor were insulatgdssith
fibre to prevent heat loss. A diagram of the reactor is presenkgurne84, see Section

7.2.2.10for full experimental details.

1.55 mL, 100 °C
fReactor

HAUCI, (0.2 mM)

©

1.55 mL, 100 °C .
fReactor BPR (40 psi)

D]

UV-vis
1.55mL, 100 °C (inline)
Reactor
Tannic acid (0.1 mM)<>

Sodium citrate (4.8 mM

o

@

Figure 84. A reactor diagram showing a mixture of sodium citrate and tannic acid, as well as nanoparticle
precursor HAuG4, being pumed through separate preheating fReactors and combined/mixed in a final fReactor
for nanoparticle synthesis.
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Figure85shows time series inline UVis absorption spectra values integrated between
500550 nm. Approximately 30 minutes into the reaction the reducing agent pump
stalled, leading to a brief spike @bsorption due to an increase in nanoparticle
concentration, this was quickly corrected. The reactor then returnsttadystate

conditions.
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Figure 85. A plot showing the integrated absorption values betweer 580 nm measutkat the reactor outflow
for a fReactor system which uses a mixture of sodium citrate and tannic acidredubieg agent

After the conditions of the reactor returned to normal no change in theidJVv
absorption profile was observed for a further 2.6reorhis indicatedhat the system

was capable of producing nanoparticles with consistent properties over a significant
period of time.Figure 86 shows400 mL of AuNP solution collected from the flow

reactor over this period.

PYREX

600ml

Figure 86. An image showing 400 mL of AuNPs collected from the fReactor CSTR.
Figure87 shows a overlay plot of all of thaJV-vis absorption spectra (resolution =
one second) taken after 1 hour into the experiment, with an insert to show the spectra in
3D with time as the'8axis. This figure confirms that the nanoparticles produced from
this reactor were consistent, the narrow peak width also indicates the nanoparticles
possessed a relatively narrow size distributfon.
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Figure 87. A plot showing overlapping UVis absoption spectra for nanoparticles synthesised duringstieady
stateperiod of thereactor's operationno change in the nanopartitdeabsoption properties were observed during
this period.

3.3.8 Modified fReactor design

A nearinstantaneous colour change from pale yellow to ruby red was obskreadgh

the window of the first fReactor in the CSTR seri€Bis indicatedthat the reaction
reaclked completion within onlya few seconds. To ensure full conversion of the
nanoparticle precursor solution, two additional fReactors were added. Because of the
rapid heat transfer from the fReactors to the reacting solution, the preheating fReactors

were found to be unnecessary aechoved.

The rector inFigure 88 showsthe final reactor design used to synthesise AuNPs, a
CSTR cascade made up of three fReactors in series. 8dutor was tested with the
precursor and reducing agent solutions pumped through the reactor with equal and total
combined flow rates of 1, 3 and 4 mL/min. The reactor was flushed with water between

each experiment, full experimental details can be foarkerction7.2.2.11

HAuCl, (0.2 mM)@— B 7
BPR (40 psi)

Sodium citrate (4.8 mM) /D —| ><
Tannic acid (0.1 mM) ( >_w k
UV-vis
1.55mL, 100 °C |  (inline)

fReactor —
L Jn=3

Figure 88. A reactor diagram showing gold nanoparticle precursor HAuRingpumped into a series of 3
fReactorswith a mixture of sodium citrate and tannic acid reducing agents at 100 °C
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Figure 89 shows the time taken for theactor to reaclsteadystate conditions at
different combined totdlow rates/residence times. Full conversion was reached within
8 minutes for all flow rates but within 3 minutes when reagents were pumped through
the reactor with a total combined flow rate of 4 mL/min. This was equivalent to a

residence time of 1.16 mior the reactor, minimising wait times betwesteadystate

periods.
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Figure 89. The integrated UWis absoption profiles for total combined flow rates of 1,3 and 4 mL/min.

Reactor fouling was observed only within the first fReactor ofstirées Figure 90),
however, this buileup was very gradual and did not significangiffect the U\tvis
absorption properties of the nanoparticles produced by the CSTR. This indicated that
the fouling within these CSTRs while using the nanoparticle synthesis method described
above, had little to no influence over the properties of the raticles produced by the
reactor.

.“.\:‘

Figure 90. Clean fReactor (left) followed by stages 1, 2 and 3 (right), fouling was observed only within the first
reactor of the series.
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3.3.9 Continuous flow synthesis of AUAgNPs

To synthesise nanoparticles with different Au/Ag metal ratios, an additional AgNO
silver precursor stream was added to the flow reactorFgpee 91. The separate
solution reservoirs of HAuland AgNQ were both made up to 0.4 mM and pumped
into CSTRs heated to 100 °C, the flow ratios of these two streams were changed while
maintaining a total combined flow rate of 2 mL/min. Sodium citrater®§ was aso
pumped into the reactor as a reductant and stabiliser along with tannic acid (0.1 mM) at
1.5 mL/min. Finally, a KCOzs solution (10 mM) was simultaneously pumped into the
reactor at 0.5 mL/min. This was used as a pH mediats£OK has been found in
previous studies to help reduce the nanoparticle size distribution of the particles
produced using this methd#8Experimental details can be found in Secfioh2.12

NaCit, 4.8 mM
Tannic acid (0.1 mM)

Y

K,CO3, 10 mM

BPR (40 psi)

[ ]

UV-vis
(inline)
n=3

Figure 91. A diagram showing the reactor used tothgsise AUAgNPs.

i

HAUCl,, 0.4 mM —

:

1.55mL, 100 °C
fReactor

AgNO3, 0.4 mM -

Y

A photograph showing the range of AUAgNP solutions that could be synthesised using
the reactor setup described abov&igwn inFigure92. Thecolour that can be observed

for the different alloy ratios ranges from yellow (pure silver nanopartialedyarious
shades of orange (Au:Ag nanoparticle alloys) to red (pure gold ndictes).

Figure 92. A photograph of the AUAgNPs showing the effect of alloy composition on the colour of the nanoparticle
soluions, with the samples from left to right increasing in Au compositionleffiat00% silver with sampb
increasing in gold content by 10% up 100% gold on the far right.

The UV-vis absorption spectra for the array of nanoparticles presenkegure92 are
shown below irFigure93. In previousstudiesthe presencef a single peak rather than
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two discrete peaks has been found to indicate that thepaditles form an alloyed
species rather than discrete silver and gold nanoparteclésding which has been
further confirmed with TEM, EDS arEIXAFS analysist>®2%?|n the case thatsolution
of pure AgNPs and AuNPs are mixed two peaksf

300 400 500 600 700 800
Wavelength (nm)

Figure 93. UV-vis spectra corresponding to AUAgNP solutions synthesised using the CSTR cascade, changing the
flow ratio of Au and Agrecursor solution pumped into the reactor.

T h emax Wavelength of the absorption spectra was tracked, to monitor changing
nanoparticle composition in the reactor and coniteadystateconditions, at a variety

of metal precursor pump flovate ratios ogr 2.5 hoursFigure94 shows the changing

amax Wavelength during an experiment where the ratio between the gold and silver
solutions being pumped intbe reactor was changed by 10% every 15 minutes, from
1:0 to 0:1 Ag:Au in increments of 0.Confirming the capability of the reactoto

synttesisea range of AUAgNP alloys without any decline in conversion due to reactor

fouling.
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Figure94d. A pl ot s h aawavelgngtb &sdhe percengge &f Au in the AUAgNPs was increased by
10% every 15 mites, with pure silver nanoparticles at t=0 and pure gold nanoparticles at t = 2.5 hours.
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3.3.10TEM-EDS analysis of AUAgNPs

A range of AuUAgNP samples from Sectio.3.9 were analysed with TENEDS to
determine the size distribution, shape and composition of the nanopatrticles in each
sanple. Figure95 shows an example TEM image of the geitver nanoparticle alloys
synthessed in contimous flow. A comprehesive analysis of the TENmages with

histograms cosspondingo each sample can be found in the Appendix (Se&ibr).

Figure 95. A TEM micrograph showing axample of the AuAgNPs (40:60 Au:Ag) collected from the outlet of the
flow reactor developed in this chapteee Appendix, Secti@nl.4

TEM analysis was perfmed on nanoparticles with metal ratios betweerl001AU/Ag

at intervals of 0.2Table8 showsthe mean and standard deviation size ranges for each
AuAgNP sample. With the exception of the pure AgNPs, the nanoparticle alloys all fell
within a similar size range with a mean average size of B.3/hm. The nanoparties$

were mostly spherical, some aggregation was observed although it is possible that this
aggregation occurred during sample prep as the nanoparticle saspatried on the

TEM sample grids.

Table8. The mean average sizes and staddleviation size variation for the AUAgNPs sampled in this chapter.

NP alloy ratio (Au:Ag) Mean average size | Standard deviation (+£ nm)
0.0:01 12.06 5.45
0.2:0.8 6.22 2.59
0.4.0.6 4,12 1.84
0.6:0.8 5.72 2.68
0.8:0.2 5.64 1.24
01:0.0 7.91 3.31
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The larger pure AgNPs likely formed due to the slower rate 6fréduction compared
to AuCl, as Ag ions possess a lower redox poterfalproviding fewer nucleating

particlesandmore opportunities for nanoparticle growth.

To confirm this theory, a kinetic study was performed in batch, comparing the growth
rates of nanoparticle alloys with different ratios of Au and Ag, see experintsutibn
7.2.2.13 Time-series U\Wvis absorption spectra integrated between 45058@dnm

were recorded for AUNPs, AgNPs and a range of AUAgNP alk®ef-igure96.

These results show that AQNPs are formed relatively slowly in so|ua&ing over 2
minutes to form and stabilise in solution. In comparison, AUAgNPs were fully reduced
at the same rate as AuNPs, when placed under the same reduction conditions. This is

likely because the rapidly formed AuNPs acted as a catalyst fordhetien of Ag.
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Figure 96. Timeseries UWvis absorption spectra integrated between 450 and 500 nm for AuNPs, AgNPs and a
range of AUAgNP alloys formed in batch.

Energydispersive Xray spectroscopy (EDS) was also used during Tatdlysis to
further determine the amount of Au and Ag contained within each sample, a multi
polynomial model was used for the background correctioradrdwn-Powell model

(a semiempirical ionisation crossection model) was used to determine the redativ
ratios of each metal. An example EDS spectrum from a sample containing AUAgNPs

with a metal ratio of 60:40 Au:Ag shown inFigure97.
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Figure 97. An example EDS spectrum for an AUAgNP sample wifkuaAg ratio of 60:40.
When all of the relative metaltras determined using the EDS data were compared, a

nearlinear relationship was observed betwé#enfraction dgold in the sample and the

ratio of different metal precursors used to synthesise the nanoparticlEg)ee®8.
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Figure 98. Plot showing the fraction of nanoparticles containing Au (%) with the remainder made up of Ag from
EDS analysis.

3.4 Summary anduture work

A synthetic route for the synthesis of AUNPs and AuAgNPs with different Ataas
weredeveloped for continuous flow. The procedure vestedin batch, before being
transferred to continuous flow for use in a smtimising system. The issue of fouling
was overcome through a combination of increasing the reaction rate of ria®pa

formation in solution and strategies to reduce the rate and influence of fouling on the
reactor walls.
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Previous work has shown that AuNPs, AgNPs and AuAgNPs can be synthesised using
continuous flow methods, however, these articles tend to adoptessgd flow
strategies to avoid issues related to reactor fouling. Despite the prevalence and
effectiveness of segmented flow regimes in the literature, these were avoided due to the
complications associated with implementing such a system in a telesgudr

system.

This chapter describes, to the best of the alghHarowledge, the first reported ron
segmented continuous flow method of gellver nanoparticle synthesis. Where the
flow reactorés ability to pr erceveradahoargs nop a
without a decline in conversion due to reactor fouling, was proven with continuous

monitoring withinline UV-vis spectroscopy

Several reactor design iterations and nanoparticle synthesis methods were attempted
before reaching the finakactor design. These included changing the PFTE reactor
tubing material to smoother PFA tubing, then from a tubular reactor to a CSTR cascade.
The synthesis of AUNPs was attempted using different redagjegts ascorbic acid,
sodium borohydride and firlgltannic acid. Tannic acid was able to redgoéd and

silver metal ions while also producing stable nanoparticle suspensions.

Continuously monitored batch reactions for the synthesis of AgNPs required over 2
minutes to fully convert to nanoparticles.wkver, under the same reaction conditjons
AuNPs and AuAgNPs reached 100% conversiaty 20 seconds after the reaction
reagents were mixed. These kinetic experiments confirmed that the reactor was capable
of producing nanoparticle solutions with a 100%\ersion rate during the synthesis

of either pure AuNPs or AUAgNP alloys but not pure AgNPs.

Nanoparticle samples from the final reactor iteration were analysed with-BIEM
which showed the nanoparticles possessed a mean aveeagé &+ 2.3 nm with the
exception of the pure silver nanoparticles which were slighthetaf@2.1 + 5.4 nm).

EDS confirmed the nanopatrticles contained a ratio of gold and silver to be proportional
to amounts of Au and Ag metal precursor introduced into tve iftactor.

The next stage of this work will involve implementingstheactor and nanoparticle
synthesis method into a tandem s@timising system. Where the nanoparticles
synthesised in the first reactor stage are pumped into a second reactomiongece
based optimisation in a pharmaceutically relevant reaction.
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Chapter 4

Modelling nanoparticle catalysis optimisation

The optimisation of a chemical or material synthesis method requires the iterative
process of performing experiments to determihe effect of different reaction
parameters on a desired outcome such as reaction efficiency and/or product quality.
Several common optimisation strategies were discussed in section 1.3 of the
introduction.Choosing which algorithm to use in each case tifficult decision,

owing to a large number of available optimisation algorithms. In this chapter
systematic computational approach was developed to compare a range of optimisation
algorithms commonly used in sealptimising flow reactors, a summaof which is

shown inFigure99.

4% N N N S N N N S N S S S S S S S S S S S S S .,

Benchmarking Process

Optimisation Reaction Simulated
algorithm - model = results

Figure 99. A summary of thapproachused to compare optimisation algorithms in this chapter. A variety of
algorithms were benchmarked using a reproducible, simulated reaction. The outcomes of these optimisation
processes were then used to compare the efficacy of each algorithm.

4.1 Introduction

As discussed in Chapter 1, Sectib@ optimisation algorithms have become a major
technology used to solve many problems which have multiple possible solutions, often
with complex economic and performance interactions. In a surveyparts from a
variety of industries including power generation, aerospace, automotive construction
and software, respondents reported the difficulty of choosing one technique over others
as one of the most difficult challenges faced by their organis&fibns

To solve ths challenge researchers have become interested in developing methods
which allow different algorithms to be efficiently and effectively compared/
benchmarked®-2°® Benchmarking of optimisation algorithms involves the fair and
systematic comparison of eithehiet same algorithm with different hyperparameters;
different implementations/versions of the same algorithm or different optimisation

algorithms on a series of test problet?fs.
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During their initial development, before they are used in specific applications, these
algorithms are normally compared using benchnfanctions. These functions are
purely mathematical and computationally cheap to evaluate. For example, the Matyas
benchmarking function, which has no local minima other than the global one, is shown
in equation(9). The optimisation is performed with x values ranging frdto 10 and

the optimum of this function is 0 when bothand % equal 0.

N ™ e ® ™ @w (9)

There are a variety of benchmark functions available, however, there is no standardised
set to be used for the purpose of comparing optimisation algorithms. Common practice
is to compare optimisation algorithms with a diverse range of benchmark functotns s

as the ones shown Figure100.
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Response

Figure 100. Examples of unconstrained singlbjective reponse surfaces, these tgmd functions are commonly
used to benchmark optimisation algorithms. These algorithms are each named according to their shape or after
their creators: a) Bird, b) Schweffel, ¢c) Matayas, d) Zettl, e) Bukin, and f) Beal.
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In a study by S. Arora and S. Singi® benchmark functions including the Matyas and
Schwefel functions were used to evaluate the butterfly global optimisation algorithm
(an algorithm inspired by the food foraging behaviour of butterflies). In this Stuely
butterfly algorithm was compateagainst other similar metaheuristic algorithms which
mimic natural phenomena, such as the honey bee algdafi#tidaring this procesthe
number of functionevaluationsrequired tooptimise various test functions were
compared for the different algorithmis the case that there wetbe test functions
containedmultiple local optiméboththe number of local optima found and the ability
of the algorithm to escape local optima avoiding premature convergesreaalso

investigated®®

The evaluation approach used in this study was based on a general framework proposed
by Shilaneet al. Where 100 optimisation iterations were performéth each of the
optimisation algorithms within every benchmarking function. As the algorithms tested

in this study followed stochastic processes, 30 Monte Carlo runs were performed for
each of the algorithms/benchmarks. Tiest, mean, median, standarvition and

worst resultgor each optimisation ererecorded and compared in each case.

Convergence plots were used to visualise the comparative performance of the
optimisations in this study. Convergence plots show the running best optimisation value
recorded after each function evaluation. The convergence plot showing how each of the

algorithms performed with thecBweffel function is shown ikigure101
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Figure 101 A convergence plot showing the averaged cumulative best fithess of each of the algorithms compared
in this study, benchmarked using ®ehwefefunctionwith the butterfly algorithr#?® against seven other
optimisation algorithmd05.208.210214 (Reproduced with permission fronf f&° Copyright 2018Springer Sciencé&
Business Medi&ll rights reserved.)
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The authors found that in most cases the butterfly algorithm significantly outperformed
other similar algorithms during benchmarking experiments, this was in terms of both
accuracy and the number of iterations requioagtach the optima, particularly in cases

involving noisy surface$®

However, it should not be conclud&éom the results of studies such as this that one
algorithm is fAbettero than the other opti
that for any algorithm an observed increase in performance over one type of problem
class is offset by decreasiasperformance over another cl&s$&For this reason, it is
important when selecting algorithms for a specific purpose, that the algorithms are
benchmarked using functions which reflect their intended application. As synthetic
benchmark functions are not typically designed to mimic real chemical space, it is
instead more appropriate to use kinetic models to benchmark optimisation algorithms

in the context of benchmarking chemical reaction optimisation algorithms.

In 2020 the lapkin group published a paper comparing 6 single and -ohjkictive
algorithms designed to find optimureactionconditions with a minimal number of
iterations. In this study the group evaluated the: Nelddead Simplex!’
SNOBFIT!% single objective Bayesiaroptimisation (SOBQ$® GRYFFIN?2*°
TSEMCG*?*andDeep Reaction Optimagion(DROY?*algorithms. These benchmarking
functions were baskeon the kinetic models for ann&r and C-N crosscoupling
reaction with the input variables of catalyst concentration, temperature, residence time
and concentrations. The objectives were sitimge yield, Efactor for the {Ar and

yield and costor theC-N crosscoupling reaction.

Both simulated reactions were run through 50 iterations with each of the optimisation
algorithms. On average the Bayesian optimisation algoritfi®ENMO, GRYFFINand
SOBO showed the best performance in terméirafing the mat optimal pointsafter
50 experimentswith TSEMOshowing the besh-class performance in terms of total
hypervolume discovered upon termination of the optimisation run in both of the
reactions’?2 However, as previously discusseah, optimisation strategy well suited to
one problem will be inherently bad for anotfiethis is commonly referred taithin
the optimisation communita s t he princi pl %°It sftherédfareo f r e
important to undestand both the strengths and weaknesses of each type of optimisation
algorithm. Developing workflows which allow efficient and cheap evaluation of
optimisation algorithms is one way of gaining this understanding.
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4.2 Kinetic model development

Kinetic models dbw the prediction of reaction rates under different conditions. These
models are normally determined by obtaining tiseeies concentration dataoughout

a reaction under a range of conditiéA%??* This kinetic data can be obtained by
periodically or continuously analysing a batch reaction using a quantitative analytical
technique such as HPL% GC 226 UV-vis spectrocopy' or NMR??’ to determine the
concentrations of different compoundstirese samples over time. Continuous flow
platforms have also been used to determine kinetic model parameters in a range of
reactions by sampling the reactor outlet stream for different residence times at a range
of steadystatecondition§®?28or using transient conditiort$? This approach has eve

been used to determine the kinetics of a heterogeneously catalysed hydrogenation

reaction?°
4.2.1 TheLangmuirHinshelwood kinetic model

The heterogeneously catalysed reduction of nitrophenol is currently widely accepted to
follow LangmuirHinshelwood (LH)kinetics!19131:231234 The |LH model is described

by equation {0) below, whereSis a factor relating to the number of active sites in the
system (in this case the estimated surface area of the AuNPs in the relaétidhg

rate constant) andd represent the concentrations of the nitrophenol and sodium
borohydride species respectively, and andu  are the dsorption coefficients of

nitrophenol and sodium borohydride respectively.

. Qo Q0 Q0
v Q0 Q0 Qo
YO 6 0 o)
b 0 8 0 & (10

This model consists of several steps occurring in parallel, these steps are represented by
the LH model diagram shown Figure102 In a mechanism proposed by Wundéer

al., BHs ions react on the surface of the nanoparticles forming,BQO and H. The

H™ ions then react with surface adsorbeditfophenol (Nit) forming 4aminophenol

and waterfinally these products desorb from the nanoparticles back into solution. The
diffusion, adsorption and desorption processes are assumed to be fast relative to the

reduction of 4nitrophenol which is the ratémiting step3!
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Figure 102 A dagram showing the conversion ohitrophenol to 4aminophenol on the surface of a solid catalyst
via the LangmuiHinshelwood model. Here Hlissociates from NaBHandonthe surface of the catalystoth
components then react torin aminophenol which then desorbs.

The Eley Rideal (ER) model has been proposed as an alternative mechanism for the
nanoparticlecatalysed reduction of nitropherfét:2*®However, a much larger body of
research and more recent studies which specifically investigata#iies of reduction

of nitrophenol on heterogeous catalystgprovide evidencsupporing the theory that

this reaction takes place via a LH mechant$t3!-231234 The key difference between
these two models is that only one of the reactanécoules is adsorbed onto the catalyst
surface in the ER mechanisifihe other reactant molecules react with the adsorbed

molecules without adsorbing to the catalyst surfaceF-gpeel03

o ® ° oo
® ® ° ®
®e @, @,
00 o % ® 0e®
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Figure 103 A dagram showing the conversion ohitrophenol to 4aminophenol on the surface of a solid catalyst
via theEleyl RidealmechanismHere onlythe aminophenol adsorlmnto the surface of the catalysts before the
other reacts with this adsorbed tacule withou adsorbing itself.
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Reaction conversion can be monitored continuously usingvid\spectroscopy, the
absorption profile @400 nm (corresponding to nitrophenol) decays linearly with
concentration as the reaction proceeds. Previous studies and work comnt&etetibn

2.1.1 have confirmed that this reaction proceeds from nitrophenol to aminophenol with

no stable intermediates or side prodiéfs.

Equation (1) describes how the apparent rate condtapts normally obtained when
benchmarking catalysts using this reaction, this value is commonly used to compare the
activity of different catalyst specie8o corresponds to the absorbance of nitrophenol at
the start of the reaction just after the reagents are mixed\acarresponds tdhe
absorbance of nitrophenol at timig uring the reaction. When NaBhs present in
excess the reaction proceeds via psdirdborder kinetics?? allowing Kapp to be
obtained by taking the gradient of /(o) plotted against time.

I I(“)_ Q to (11)

The model in this case can be damkd using one of two methods. Eithiey,changing
the concentration of nitrophenol while keeping the concentrations of the catalyst and
NaBH: constant or by changing the concentration of NaBthile keeping the

concentrations of the catalyst and nitrophenol constant.

In cases where a surface catalysed reaction proceeds via an ER mechanism and the
hydride ions adsorb onto the surface of the catakysivalues would be expected to
increase ashe concentration of nitrophenol increases. As the two starting reagents
would not be competing for surface sites on the catalyst, meaning the rate of reaction

would increase as the concentration of nitrophenol increases.

Whereas, in the cases where stefaatalysed reactions proceed via an LH mechanism,
the kapp values would be expected to decrease as the concentration of nitrophenol
increases beyond the concentration of NaBJHhis is due to saturation of surface sites
with nitrophenol preventing hydmdions from adsorbing onto the surface of the

catalyst.

In a kinetic study for the catalytic reduction of nitrophenol with AuNPs by Thawarkar
et al.2*?researchers found thiapvalues decreased as nitrophenol concentrations were

increased beyond the concentration of NaBH solution, while subsequently
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increasing upoanincreasan the concentration of NaBHThus, supporting the theory

that this reaction takes place via a LH mechanism.
4.2.2 LH kinetic model fitting

The benchmarking function used to evaluate the optimisation algorithms in this chapter
was based on ¢hLH kinetic model. A kinetic fitting methodologyas developed to
determinethe absorption coefficients and rate constamitsthe AuNP catalysed

nitrophenol reduction reaction optimised previously in Chahter

The LH model is a rate equation which allows one to determine the rate of change of
reactanfproduct concentration as a function of the concentration and temperature of a
reaction. As a reaction proceeds the concentration of reactants/products decrease and
increase respectively, therefore the rate of reaction changes throughout the reaction.
This meant that the LH kinetic model alone could not be used to predict the reaction

outcome.

A RungeKutta solver function (MATLAB ODE15s) was used to generate kinetic
reaction profiles from the LH model described in differentialagipn (10). Different

kinetic parameters were applied iteratively to the LH model using a genetic
algorithm?38 after each iteration a set of predicted reaction conversions for the reaction
conditions performed in Chapter 2 were generated and compared against the actual
conversion data usirignetic fitting software developed by Taylet al?*°

Y'YO o Y (12

0«
0«
&(
= xi

A genetic algorithm was then used to minimise the sum of squared error (SSE) in
equation(12), whereiO and"Y were experimental and simulated data points from each
experiment (x) and n was the total number of experimgstserating théllowing rate
constantsk = 2.46 Mst, Knir = 12.17andKgn. = 1.47.Upon identifying the kinetic
parameters for this reaction, it was possible to create a kinetic mbaehllowedfor

the prediction of reaction conversion under different experimental conditions, both in

lab experiments anid silico. A summary of this approach is showrFigure104.
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Figure 104. A graphical summary of the approach used to generate the kinetic model in this chapter.

The model was validated Ipyedicting the reaction kinetics of a AUNP catalysedPt
reduction reaction performed in a batch regctath a twofold increase in NP

Residence time (min)

concentration compared to the flow optimisation stuéy,using conditions outside of
the range used to generdatee data set that was used to create it. The resulting
extrapolated reaction kinetics showed good agreement with the model prediction, with

a residual error of only £1.85%, ségure 105 (experimental method described in
section7.3.1).
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Figure 105 A plot showing predicted versagperimental kinetic profiles for a batch reduction of nitrophenol
reaction.

The surface plot shown frigure106 describes how reaction conversion changes with

respectto nanoparticle concentrations and residence time, with a nitrophenol starting
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concentration of 0.6 mM. Experimental data points were also includeégune 104

for comparison with the simulated surface. Increasing both the residence time (min) and
nanoparticle surface area {in') resultedin higher reaction conversion, Ligt. al.

found similar results when modifying the size 06@d supported AuNPs betweerB3

and 8.2 nni?

100

50 5

Conversion (%)

AuNP SA (m2L?) 0 0o 1 Residence Time (min)

Figure 106. A plot showing the predideeaction conversion (mesh surface) under different nanoparticle
concentrations and reactor residence times, with the concentration of NaBH4 held at 1.5 mM to aid visualisation.
Experimental data (coloured points) are overlaid for comparison thit#modé, the red line shows the simulated

kinetic reaction conversion versus time.

4.2.3 Model extrapolation and scalarisation

The kinetic model was extrapolated beyond the existing data set to predict reaction
outcomes outside the experimental data range. This extrapolated model is presented in
Figure1l07relative to the experimental data.i¥BD plotshows thawith enough time

and catalyst, the reaction always reached 100% conversion with an infinite plateau
beyond the point at which enough catalyst and residence time was provided for the

reeaction to proceed.

Maximizing reaction conversion for a predictable response surface such as this would
be trivial for most optimisation algorithms, as the maximum conversion value is reached
by maximising the input variableAn alternative approach to s@l thisproblemwas

to modify the response surface to reflect reaction efficiency as well as reaction

conversion.
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Figure 107. A plot showing the extrapolated model, a large flat plane isrobdeas 100% conversionrisached
at high residence times and catalyst surface areas.

This approach is known as optimisation by scalarisation and was achieved by applying
weighting factors to each of the input variables,espeation(13).

i Q00RO QE &E0 Qi | QE &

e s T s e %o S (13
I BDUAAH w0 WDHB @ T

In this example weighting factors 0.06 and 60 were chosen fatere® time and
catalyst concentration respectively. These weighting factors were selected to create a
symmetrical response surface and prevent the optimisation algorithm from favouring
one variable over the other. In a study by Fitzpaticlal, a scaarisation function was

used to reduce resource consumption while maximising reaction conversion. In this
study weighting factors were added to allow the importance of different terms within
their scalarisation equation to be increased or decré#Sedrealworld applications

these weighting factors could be composed of values relating to actual
market/production costsThis would enable the determinatiori conditionswhich

allow the process to run as cesfectively as possible.

Figure 108 shows the response surface after scalarisation, the surface shape was
transformed so that conditions which gave full conversion with excess use of catalyst
or residence time received a loweaction efficiency rating. The surface was also
scaled to show the responses relative to the optimal response in terms of % reaction
efficiency. The optimal conditions were found using a brute force approach, a

computationally expensive 2000x2000 grid sbamhich explored 4,000,000 catalyst
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surface areas and residence times between 0 and 0.6 and between 0 and 10 minutes

respectively found the optimal conditions to be: 3.7 minutes and 0.248 m
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Figure 108 The response surfacéer scalarisation with weighting factors of 0.06 and 60tf@ramount of
catalyst used and residence time respectively. This scalarization process transforms the shape of the surface so that
the most efficient conditions were a singular point (red markeopposed to an infinite surface.

4.3 Simulated optimisation

After developing amn silicotest problem representative of the reaction explored in this

project, it was possible to compare the performance of different optimisation algorithms

in a way that would require less time and resources than conducting actual experiments

but which would alkieve similar results. Four different types of algorithm, all of which

have previously proven effective in selptimising flow reactors, were then
benchmarked using this simulated reaction: SNOB# Bayesiar’*? TSEMO'® and

genetié*3 algorithms, comparing the number ahttion evaluations required to reach

t he

opt.i

ma |

condi

4.3.1 Genetic algorithm

ti

ons

and

how

c |

os e

t he:

Genetic algorithms are particularly useful for problems that are cheap to evaluate and

have multiple optima. They havween used previously in continuous flow material

synthesis and optimisation platforié2** The performance of these algorithms

depends largely on the numbef generations and the population size of each

generation. Bigger population sizes with more generations tend to lead to more optimal

res

ul t s.

After

12

gener at.i

ons

each

W i

genetic algorithrf®® found the conditions for 99.9% reaction efficienEjglure 109).
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Figure 109. A response surface showing the residence times and catalyst surface areas explored by the genetic
algorithm, after 12 generations each with a population of 150, the optimum conditicinsli@eged with a red
marker.

However, most examples of selptimising reactors are presented with fewer than 100
experiments as this is a comfortableompromise between performing enough
experiments to converge on optimal conditions with@ihg anexcessiveamount of
reactor time andathemicals Therefore, m this benchmarking chapter the maximum
number of function evaluations was set at 100 for each optimisation algdfiumne
110shows the experiments performed by the genetic algorithm after 5 generations each
with a population size of 10.

Figure 110 A plot showing the residence times and catalyst surface areas explored by the georétfnralgfter
5 generations each with a population size of 10. The large red marker on this surface highlights the optimal
conditions.
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