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Abstract

The well-known benefits of using micro-scale flow are associated with controlled mass transfer because
of the reduced dimensions of microfluidic devices. The improved mass transfer characteristics make
microfluidic devices an ideal candidate for synthesis of nanoparticles (NPs). In this study, mass transfer
characteristics are investigated for microfluidic devices such as the coaxial flow reactor (CFR) and the
impinging jet reactor (IJR), through the use of the interaction by exchange with the mean mixing model,
Villermaux-Dushman reaction scheme, high speed camera images and flow visualization using dye and
water. These reactors are contrasting in that the CFR has slower mixing because of its laminar flow
profile whereas as the 1JR has mixing time in the order of a few ms. The importance of mixing time as
well as manipulation of hydrodynamics at the micro scale is shown through the use of these types of
reactors for NP synthesis. Both types of reactors have beneficial properties for the synthesis of NPs. NPs
were characterized using UV-Vis spectroscopy, DCS and TEM. Longer residence times and a higher
consumption of reagents in the CFR led to reduction of size of silver NPs, leading to reductions in size
from 9.3+ 3 nmto 3.7 £ 0.8 nm. The IJR showed a reduction in NP size with increasing mixing efficiency,
with a reduction in size from 7.9 + 5.8 nm to 3.4 £ 1.4 nm using citrate as a ligand and from 5.4 + 1.6 nm
to 4.2 + 1.1 nm using PVA as a ligand. A system to control nucleation and growth periods was developed
by combining the CFR with a coiled flow inverter (CFl). Size control over gold NPs was achieved simply by
changing the flow rate of reagents, with a reduction in size from 23.9 £ 4.7 nm to 17.9 £ 2.1 nm. Various
hydrodynamics within the CFR were also tested. Vortex flow at higher Reynolds numbers did not give
good control over NP size and dispersity, while reducing the inner tube internal diameter resulted in a
decrease in NP size from 10.5 + 4.0 nm to 4.7 £ 1.4 nm. Silver and gold NP synthesis was also performed
in a batch reactor. Two different mixing configurations and variation in the order of reagent addition
was investigated, and confirmed the importance of mass transfer conditions in determining size and
dispersity. In both cases, fast and efficient mixing of the reducing agent to the precursor resulted in the
smallest NPs. The range of sizes obtained were 6.7+ 1.7 nmto 11.5+2.4nmand 13.1+2.2nmto 18.0
4.8 nm for silver and gold NPs respectively. All these results show a strong link between mass transfer
and NP size and dispersity for the systems tested, showing the need for well controlled and carefully

considered mass transfer conditions.
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1 Introduction

1.1 Motivation

In recent years, nanoparticles (NPs) have become a widely researched area to investigate the many
interesting properties arising from all manner of different materials, shapes and sizes. When considering
the “bottom-up” chemical synthesis approach to making NPs, most studies employ the use of reactors
consisting of a vessel which is mechanically stirred. In chemical engineering terms, these reactions are
carried out in a “batch” reactor. The benefits of using such reactors suit the aim of discovering new
methods involving different concentrations, temperatures and reagents in a relatively simple manner.
More recently, microfluidic devices have been employed to synthesize NPs because of the various
benefits offered by these types of reactors. These include improved heat and mass transfer, efficiency
and safety.1 It is believed because of these enhanced characteristics (in particular heat and mass
transfer); improvements in the morphological characteristics of NPs synthesized using chemical

methods can be made (i.e. narrow size distributions and control of size).

1.2 Nanoparticles
NPs are materials, with a size range from 1 to 100 nm, which differ from their bulk counterparts because
they exhibit unique properties due to their high surface area to volume ratios and quantum effects.”
Importantly, the properties of the NPs depend on the size, composition and shape, making them very
different from their bulk counterparts which retain their properties irrespective of size. NPs exhibit a
large surface area to volume ratio (a large percentage of their atoms are located on the surface), which
changes significantly with increasing size in the scale between 1-100 nm, resulting in changing
properties of the NPs. The most obvious example of this change in properties with size is quantum dots
which exhibit different colours on exposure to ultraviolet light depending on the size of the NpPs.> *
Morphology controls the NP properties hence being able to control the size distribution and size of the
synthesized NPs precisely is beneficial. Traditionally batch reactors have been used to explore new
synthetic routes to obtain a variety of different NP shapes such as spheres,5 plates,6 disks,7 rods,8
ﬂowers,9 urchins,10 octopods, " wires'” and core shell structures.” Such a wide array of NP shapes have
been the subject of interest because of the changing properties which a change in the shape of the NP
would afford.

The main focus of the research presented herein has been on silver and gold NPs, the literature
presented hereafter focuses on these materials. Silver NPs are used in many applications, such as

22 23,24 . . . 25-27
biomedicine, and surface enhanced Raman

14-16 . 17-19 . 20, 21 .
Sensors, optics, electronics, catalysis,
. 28 . . . . . 29, 30 . 31 . 32
scattering.” Gold NPs can be used in biological/biomedical, electrochemical,”™ catalytic,”™ and
optical applications.19 With the vast amount of potential applications presented, even just considering
gold and silver NPs, there is then a need to be able to control the size and dispersity of NPs for them to
display suitable properties for any intended application. Besides this, it is also desirable to be able to

produce NPs in suitable quantities in a reliable manner. Flow reactors have the advantage over

traditionally used batch reactors for the synthesis of NPs, because they are less labour intensive and
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Chapter 1

more conducive to mass production of materials. Given that the size and dispersity of the NPs
determines their properties and hence application, it is important to consider the advantages and

disadvantages of the characterisation techniques for NP analysis used within this work.

1.3 Characterisation techniques to determine the morphology of nanoparticles
The following section contains a brief description along with the advantages and disadvantages of the
characterisation techniques used in this work to determine the size and dispersity of the synthesised

NPs. The characterisation techniques used were UV-Vis spectroscopy, DCS and TEM.

1.3.1 Ultraviolet-visible spectroscopy

UV-Vis spectroscopy allows the measure of the interaction of NPs with the visible and ultraviolet
portions of the electromagnetic spectrum. This interaction is highly dependent on the material, size,
shape and dispersity of the NPs being measured. Small changes in the size of the NPs can cause changes

in their interaction with light waves.

1.3.2  Differential centrifugal sedimentation

DCS uses centrifugal force to separate particles of different size based on their density. Since NPs are
very small, they do not settle in aqueous solutions very quickly and therefore a centrifugal force is
applied using a spinning disc to allow smaller particles to sediment in a reasonable timeframe. Stokes’
Law is used to determine the distribution of sizes in a nanoparticle population by determining the
amount of time required for a given size of particle to settle in a solution of known viscosity and density.
The operation of the DCS involves the injection of a sample of NPs into the centre of a spinning disk
which contains a solution of sucrose in water with a density gradient. The size of the NP determines the
speed at which it reaches the light source and detector. The intensity of the light is recorded over time
and changes depending on the concentration of NPs passing through the light source and detector
region. The time can be related to size using Stokes’ Law and in this way the size distribution of the NPs

can be determined.

1.3.3 Transmission electron microscopy

The TEM operation can briefly be described as follows. An electron gun generates electrons which
travel through a vacuum generated within the microscope. The electrons pass through an
electromagnetic lens which focuses the beam. This travels through the specimen (a thin carbon coated
copper grid which the NP sample is placed on), where the NPs interact with the beam and electrons are
absorbed or scattered. The beam travels through the specimen and through various lenses to reach a
detector (such as a fluorescent film) where the sample is visualised. Areas where the electron beam
interacted strongly with the sample and were absorbed and/or scattered appear dark, whereas areas

where the electrons did not interact appear light. In this way, the NPs are visualised.
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1.4  Microfluidics
Microfluidics is a branch of flow processes concerning flow reactors which have reaction channels with
diameters in the micrometre range (<1mm). This has been an active area of research in recent years,
uncovering many challenges and benefits that microfluidics present.33

In this study, various types of microfluidic devices have been employed to synthesize gold and
silver NPs with the aim of investigating how different designs can be used to manipulate the resultant
size and size distribution of the NPs. The size and dispersity of the NPs are largely controlled by a
chemical reaction and subsequent nucleation and growth.34 These are in turn controlled by parameters
such as concentration of reagents, pH and temperature. Usually, a change in morphological parameters
is brought about by changing one of the above parameters. Currently, many studies in the literature
focus on doing exactly this. This approach enables a variety of shapes, sizes and compositions of NPs to
be obtained in a relatively simple manner. On the other hand, mass transfer within the reactor has been
the focus of much fewer studies. The mass transfer governs the concentrations at which the reactions
take place, and microfluidic devices offer tighter control over mass transfer when compared to a larger
volume flow or batch reactor. Another benefit of using microfluidic devices is the spatiotemporal
separation of the various stages in the synthesis including reaction, nucleation and growth which allows

35-37

for a greater control over size, shape, composition and size distribution of the NPs. It also allows for

an increased flexibility in analysing the mechanisms of each of these stages.38_40

As mentioned previously, the majority of research synthesising NPs has been carried out in batch
processes, e.g. bringing the reactants together and allowing them to react to form product, followed by
removal of the products after some reaction time. The main difference between a batch process and a
flow process reaction is that product is continuously withdrawn as reactants are pumped in a flow

process. Figure 1-1 shows a schematic of a batch reactor and Figure 1-2 shows a schematic of a flow

reactor.

Reactant A Reactant B

—

Figure 1-1: Schematic representation of a batch reactor
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Reactants Products

Volume segment ' dx

Figure 1-2: Schematic representation of a flow reactor

A key concept in mixing is the dimensionless Reynolds number, describing the ratio of inertial forces to

viscous forces in a fluid:

inertial forces  pud
e=—= ——
viscous forces u

where p is the density of the fluid, u is the velocity of the fluid, d is the diameter of the channel and p is
the viscosity of the fluid. This dimensionless number is useful in characterising the type of flow within
the system. There are two distinct characteristic flows, laminar flow and turbulent flow. Laminar flows
occur at low Reynolds numbers, typically at Re < 2000. Turbulent flow typically occurs at Re > 2000
(though in a microchannel, turbulence can occur at lower Reynolds numbers). There is a transitional
phase between the two characteristic flows. In the laminar regime, mixing occurs through diffusion and
the velocity profile is non-uniform across the channel (slower at the walls, faster in the centre). In the
turbulent regime, non-uniform velocity profiles form resulting in a stretching and thinning of fluid
lamellae. This improves the macromixing (time scale of bulk homogenisation) and also reduces the
diffusion distance as fluid lamellae are stretched resulting in faster mixing on the microscale. A

schematic representation of these types of flow within a channel is shown in Figure 1-3.

Turbulent flow

| “
— |
= |

Flow direction >

v
v
v

Figure 1-3: Schematic representation of turbulent flow and laminar flow
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Within a microchannel, Reynolds numbers are usually very low (Re < 100) because of the small channel
diameter the fluid flows through. This means that flow generally falls into the laminar regime so mixing
primarily occurs through diffusion. The performance of a mixer can be measured by the amount of time
it takes to mix reactants together (mixing time). Mixing time can be seen as the amount of time it takes
for reactants to achieve a homogeneous concentration profile. Depending on the degree of turbulence
in the microchannel, mixing will occur through a mixture of chaotic advection and diffusion. Diffusional
transport is described by Fick’s Law, and the characteristic mixing time can be deduced from this

relationship as follows:

where t is the mixing time, d; is the lamella width and D is the diffusion coefficient.” It can be seen from
this relationship that mixing time is dependent on the distance across which a given species has to
diffuse to mix with another species. Thus, to achieve quick mixing times it is necessary to efficiently
reduce the diffusion distance between different species which are to be mixed. Ottino describes the

striation thickness, s, as:

S= E(Sa+5b)

where s, and s, are thicknesses of stream A and stream B respectively, as the simplest measure of the
state of mechanical mixing.41 This is linked to the mixing time being proportional to the lamella width as
stated by Fick’s Law. Mixing in microfluidic devices is generally focused on this reduction of striation
thickness to improve mixing efficiency. Mixing efficiency is a key parameter when considering mass
transfer. There are some other pertinent dimensionless numbers, besides the Reynolds number, when
considering mixing within the microfluidic devices studied in the following chapters. The Peclet number
is used to define the dominant mechanism of mass transport in a fluid and is a ratio of the timescales of

diffusion and advection:

12
_ diffusion time _(3) _Lu
© = advection time _ (E) -
L

where L is the characteristic length, u is the flow velocity and D is the diffusion coefficient. A high Peclet
number (>> 1) is indicative of an advection dominated mass transport mechanism whereas if the
number is low (<< 1) it is an indicative of a diffusion dominated mass transport mechanism. Another
important number is the Weber number, which is a ratio between the inertial forces and the surface

tension forces in a fluid:
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where p is the density of fluid, u is average velocity of fluid before impact, d is the diameter of the jet
(taken as the tube internal diameter) and o is the surface tension of the fluid. The Weber number is
useful when describing the behaviour of impinging jets (chapter 4), as it is useful in characterising
whether there is a continuous jet after impingement or there is droplet breakup away from the jet after

impingement. This is an important consideration when looking at the mixing efficiency of impinging jets.

1.5 Mixing

Mixing occurs primarily through two mechanisms, advection and diffusion, which can be described in a
more encompassing term, convection. Diffusion describes the movement of molecules from areas of
high concentration to areas of low concentration and is relatively slow. When considering microfluidic
devices, the primary mode of mass transport is through diffusion (because the flow is generally in the
laminar regime). However, the distance across which diffusion of molecules occurs in a microfluidic
device is small. Usually this distance is reduced further by manipulating the flow in the microfluidic
devices to create thinner lamellae of fluid (different mixing designs are discussed in chapter 2). Laminar
flow is a result of the viscous forces in moving fluid dominating the inertial forces (described by the
Reynolds number), resulting in a smooth flow with straight streamlines along the direction of the flow.
When the inertial forces begin to increase, either by increasing the fluid velocity or applying external
force such as stirring of the fluid, the streamlines no longer maintain a smooth streamline in the
direction of the flow. The movement of the fluid can then enhance the mixing through advection, where
the fluid elements are stretched and folded, ultimately leading to faster mixing because diffusion can act

over a shorter distance.

1.5.1 Diffusion
Fick’s law of diffusion describes the flux of a species soluble in a fluid, where the species will travel
within the fluid from an area of high concentration to an area of low concentration. Considering species

a traveling through medium b in the y direction, the law can be stated as:

dc,
Ngy = —Dgp E

where n is the flux [mol/mzs], D,p is the molecular diffusivity of species a in medium b and C is the
concentration [mol/ma]. Diffusion describes the movement of material at the smallest scale, and is
essentially how all mixing occurs. The speed at which this process occurs is dependent on the diffusivity
of the material and the difference in concentration between the areas the material has to travel (as

described by Fick’s Law).
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1.5.2  Advection

Advection of a fluid enhances the mass transfer through the motion of the bulk fluid, which can be
described by its velocity profile. Velocity profiles within a fluid can be computed by using the Navier-
Stokes Equations. This enhancement in mass transfer occurs when fluid moves in such a way to
experience increased exposure to the surrounding bulk fluid. In laminar flow, each fluid element has
limited interaction with the bulk fluid, because the velocity profile consists of straight streamlines which
cause the fluid elements to stay on a linear path which cannot travel throughout the bulk fluid. When
the flow transitions into a turbulent flow, the fluid elements follow more complex streamlines which
allow them to interact with more fluid elements in the bulk fluid, as well as causing a stretching and
thinning of these fluid elements to reduce diffusion distance, enhancing the mass transport through

diffusion.

1.6  Objectives

Synthesis of NPs consists of reaction, nucleation and growth kinetics, also known as “reactive
crystallization”. Changes in size and dispersity of NPs can be achieved by changing reagent
concentrations, thus affecting kinetics of the processes involved in reactive crystallization. This approach
is often used from a chemistry perspective. The aim of this study is to investigate how changing mass
transfer conditions affect NP size and dispersity from a chemical engineering perspective, hence
considering flow hydrodynamics, mixing efficiency and concentration profiles within the microfluidic
devices. This is achieved by using various characterization techniques on the microfluidic devices such as
mixing time characterization using a competing parallel reaction scheme, high speed camera imaging
and flow visualization using a microscope. This characterization enables an understanding of the mass
transfer in each of the microfluidic devices used in this work. Synthesis of silver and gold NPs can then
be performed under a variety of different mass transfer conditions afforded by the microfluidic devices
used. This allows a connection to be made between the size and dispersity of NPs synthesized and the

mass transfer conditions they were synthesized under.

1.7 Chapter overview

= Chapter 2 contains a literature review concerning microfluidic devices, silver NPs and gold NPs.
Various designs of microfluidic devices used to achieve ‘passive’ mixing were reviewed (‘active’
mixers were not considered because of their increased complexity). Silver and gold NP synthesis in
batch reactors, flow reactors and an overview of the mechanistic studies on nucleation and growth

for each material are also covered.

= Chapter 3 contains a study on the synthesis of silver NPs using a coaxial flow reactor (CFR). Silver
nitrate is reduced via sodium borohydride in the presence of trisodium citrate within the CFR. The
effect of flow rate, precursor concentration and ligand concentration on NP size and dispersity are

presented.
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Chapter 4 contains a study on the synthesis of silver NPs using an impinging jet reactor (IJR). The IJR
is characterized using the Villermaux-Dushman reactions and high speed camera images. Details on
the Villermaux-Dushman reactions and the interaction by exchange with the mean (IEM) mixing
model are discussed. Silver NPs are synthesized by reduction of silver nitrate via sodium borohydride
with either trisodium citrate or PVA used as a ligand. The effect of flow rate on silver NP size and

dispersity using l1JRs of two different jet diameters is presented.

Chapter 5 contains a study on the synthesis of gold and silver NPs using a CFR in conjunction with
other microfluidic devices (coiled flow inverter and split and recombine mixer) as well as using the
CFR in isolation with different types of hydrodynamics (vortex flow and variation of stream
thickness). Gold NPs are synthesized by reduction of tetrachloroauric acid via trisodium citrate at
elevated temperatures, silver NPs are synthesized by reduction of silver nitrate via sodium
borohydride in the presence of trisodium citrate. The effect of variations in mass transfer conditions

and temperature on NP size and dispersity are presented.

Chapter 6 contains a study on synthesis of gold and silver NPs using a batch reactor. Gold NPs are
synthesized by reduction of tetrachloroauric acid via trisodium citrate at elevated temperatures,
silver NPs are synthesized by reduction of silver nitrate via sodium borohydride in the presence of
trisodium citrate. The effect of mixing efficiency and the order of reagent addition on NP size and

dispersity are presented.

Chapter 7 summarizes conclusions drawn from the work presented along with possible future

directions.
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2 Literature Review

2.1  Microfluidic devices for mass transfer

The following section gives an overview of microreactor technologies, in particular micromixers,
currently in use. This is to aid in the understanding of how each technology works, the focus being on
the method of mixing.

There exist a wide variety of micromixers reported in the literature. These are divided into two
categories, passive and active micromixers.” ** Active micromixers require the application of an
external force to enhance the mixing performance, and are more complex to fabricate and package in
general than passive micromixers. Passive micromixers rely on the geometrical manipulation of fluid
elements within to achieve mixing.44 This section focuses on passive micromixers, a simpler type of

micromixer with many more studies reported in the literature.

2.1.1 Parallel lamination

547 Y—mixers,48 interdigitated streams™® and hydrodynamic focusing fall® into this class of

T-mixers,
micromixing. The basic concept behind the mixing is to reduce the striation thickness between streams
to be mixed, which in turn reduces diffusion distance and speeds up mixing. Figure 2-1 is an example of

an interdigitated parallel lamination micromixer studied by Bessoth et al.®®

Figure 2-1: Example of a parallel lamination mixer."’ Reproduced from Ref. 49 with permission of The Royal Society

of Chemistry.

2.1.2  Serial lamination

This type of micromixer consists of a number of splitting and recombination (SAR) steps a stream
consisting of two components to produce progressively thinner lamellae to decrease the diffusion path.
This form consists of a number of elements which will perform successive SAR of the streams. The
difference between parallel lamination and this type is that streams that are split, are recombined after
one split. This is then repeated to produce progressively thinner lamellae. A characteristic advantage of
this type of mixer is that the flowrate is not the main factor in determining mixing performance.
Schonfeld et 01/.,51 Kashid et al.,52 Buchegger et al.® and Chen et al.>* have all investigated serial

laminators of different designs.
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2.1.3 Segmented flow

This type of micromixer functions by splitting a continuous fluid flow into smaller discrete segments,
similar to tiny individual reactors flowing through a larger flow reactor. These smaller segments are
generally dispersed in a non-reacting medium which carry the smaller segments through the reactor.
The movement of these segments creates an internal flow ﬁeld,42 thus mixing is generated within each
segment. Waelchi and Von Rohr,55 Kashid et a/.,56 Tanthapanichakoon et al.>’ have investigated
segmented flow reactors. Figure 2-2 gives a visual depiction of the internal flow fields in slugs typically

found in segmented flow.>’

-
- &

Figure 2-2: Slugs with a mixture of blue dye and water showing advection within. Reprinted from Ref. 57, Copyright

(2006), with permission from Elsevier.

2.1.4  Injection micromixers
The basic mixing principle behind injection micromixers is one reagent is injected into another reagent
stream through a number of small nozzles which reduce the striation thickness of the streams, resulting

58, 59

in quicker diffusion. Miyake et al. and Voldman et al.®° have investigated injection micromixers.

2.1.5 Chaotic advection micromixers

Chaotic advection can be described as the movement of fluid in such a way that the interfacial area
between reagents to be mixed is continuously increased, accompanied by a reduction in the diffusion
length between reagents (striation thickness).61 Usually some kind of internal structures within the
microchannel are used to induce flow fields to increase the interfacial area between fluids to be mixed.
Stroock et al.®* and Kang and Kwon® have studied the staggered herringbone mixer (SHM), which is a

type of chaotic advection micromixer.

2.2  Silver nanoparticles

This section presents silver NP synthesis studies using batch reactors, microfluidic devices and those that
investigate mechanisms in silver NP formation. The main focus of the batch reactor section is silver NPs
synthesized using sodium borohydride as a reducing agent given this is the system that has been studied
in this work. A wider variety of systems have been reviewed for studies using microfluidic devices to
highlight the possibilities of controlling size and dispersity of synthesized NPs. Studies that investigate

the mechanisms of reaction, growth and nucleation of silver NPs are also reviewed.
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2.2.1  Batch synthesis of silver nanoparticles via sodium borohydride reduction
A variety of reducing agents exist for reduction of silver precursors to form NPs. In this section, the focus
is on sodium borohydride as a reducing agent given that this the reagent used in this work.

Creighton et al. used ice cold sodium borohydride to reduce silver nitrate to produce NPs in quite a
wide range between 1-50 nm with some sols produced being in the range between 1-10 nm.**
Interestingly, the sols were stable over a period of several weeks in the absence of any ligand.

Shirtcliffe et al. used silver nitrate, sodium borohydride and sodium hydroxide as reagents for the
synthesis of silver NPs in the range between 15-77 nm.% They used Eppendorf pipettes to mix reagents
within a cuvette at 2°C and found that the method and order of mixing had a significant effect. Addition
of silver nitrate to a mixture of sodium borohydride and sodium hydroxide produced the narrowest and
most reproducible peaks using UV-Vis analysis (though the TEM images showed quite large polydisperse
NPs, possibly because of the lack of ligand used in the system).

Ryu et al. synthesized highly concentrated silver NP samples (up to 40 wt%) by reducing ice cold
silver nitrate via slow addition of sodium borohydride and/or hydrazine monohydrate in the presence of
polyelectrolytes in the MW range between 1200-30000.°° NPs were in the range between 1-35 nm with
the majority of conditions tested producing less than 10 nm NPs.

Song et al. produced silver NPs by adding silver nitrate to a solution of sodium borohydride and
sodium dodecyl sulfate.”’ They observed that increased sodium borohydride resulted in less aggregation

of the NPs, pointing to the hydrolysis of sodium borohydride causing aggregation but when a high molar

ratio (sodium borohydride to precursor) was used, a thick layer of BH;1 ions prevented boron hydroxide
from attaching onto the surface and destabilizing the NPs. However another possibility is that the
hydrolysis reaction causes an increase in pH which ultimately suppresses the hydrolysis reaction,
preventing the switching point which results in a sudden shift to a higher size due to coalescence,
because of the consumption of sodium borohydride.68

Pinto et al. synthesized silver NPs in the size range between 3-10 nm by addition of sodium
borohydride to a mixture of silver nitrate and trisodium citrate.” On increasing sodium borohydride to
silver nitrate molar ratios, the size of the NPs decreased and the concentration of NPs increased based
on UV-Vis spectroscopy analysis. The standard deviation of the absorbance maximum increased with
increasing sodium borohydride molar amount i.e. a lower reproducibility between experiments.

Theggersen et al. synthesized silver NPs in the size range between 6-19 nm by addition of ice cold
AgNO; slowly via drops to an ice cold solution of sodium borohydride.70 They found an increasing size
when the molar ratio of silver nitrate to sodium borohydride was increased.

Agnihotri et al. synthesized silver NPs in the range between 5-100 nm by adding silver nitrate to a
heated solution of sodium borohydride and trisodium citrate (60°C), followed by further heating of the
solution to 90°C.” They were able to synthesize monodispersed NPs and they suggested a two-step
growth mechanism, where sodium borohydride produced small seeds through a coalescence of small
silver clusters followed by a surface reduction type growth via citrate to grow the NPs into a more
monodispersed sample. They were able to synthesize a wide range of sizes by varying the

concentrations of the reagents used in the system. In general, altering the ratios of reducing agent to
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precursor was the main method to achieve control of size of the NPs. This highlights the importance of

concentration in the resultant NP size.

2.2.2  Microfluidic synthesis of silver nanoparticles
Wagner et al. have used split and recombine micromixers in series with residence loops in between to
allow the growth of silver NPs.” They reduced silver nitrate using sodium borohydride. Synthesized
silver NPs had a mean diameter of 15 nm. The study showed a dependency of the size distribution of the
NPs on the flowrate, with an increased flowrate resulting in a narrower size distribution. A faster
flowrate would result in better mixing, with a narrower size distribution pointing to a sharper distinction
between nucleation and growth periods. This suggests mixing is extremely important in obtaining
monodisperse NPs. Kohler et al. used a similar split and recombine mixer as well as a number of other
configurations, which included the use of t-mixers and segmented flow techniques to synthesize
composite gold and silver NPs.”” Tetrachloroauric acid and silver nitrate were used as precursors, while
ascorbic acid was used as a reducing agent.

Lin et al. mixed silver pentafluoropropionate in isomethyl ether in the presence of trioctylamine to
form a single phase.73 Silver NPs were formed through thermal decomposition using a simple tubular
microchannel which was immersed in an oil bath held at temperature between 100-140°C. The

experimental setup is shown in Figure 2-3.

7 Oil bath

Syringe pump

Heater

Figure 2-3: Experimental flow reactor setup of silver NP synthesis used by Lin et al. Reprinted with permission from

Ref. 73. Copyright (2004) American Chemical Society.

Synthesized particles ranged from 7.4 to 8.7 nm in size with size variance ranging from 10% to 19%. The
study showed an increase in flowrate resulted in a smaller average diameter of the NPs, though they
were more polydisperse. The study suggests this is possibly down to wall effects playing a role, resulting
in a parabolic velocity profile within the tube. Since this system is one phase (reagents are premixed),
theoretically mixing should not be an issue (assuming they are well mixed beforehand). The activation of
the reaction occurs through an increase in temperature. Therefore, to obtain monodisperse silver NPs
the temperature profile must be uniform. Since microreactors have extremely high surface area to
volume ratios, they excel at heat transfer. Assuming the temperature profile is uniform, the other
possibility that leads to polydispersity is a broad residence time distribution (RTD).

Sonnichsen et al. used a simple setup involving a three way valve followed by a residence loop

(tubing inner diameters of 0.75 mm for silver and 1mm for gold) shown in Figure 2-4."" They
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synthesised both gold and silver nanorods based on the method by Jana et al.”? Though reasonable
results were obtained for gold nanorods, silver nanorods were more difficult. The results showed a wide
range of different sizes and shapes in TEM images (Figure 2-4). They reported residence times with a
spread of about 12 minutes when they injected a pulse of pre-made NPs into the reactor. This leads to
poor size control of the NPs because residence times differ between different NPs flowing through the
reactor. This would result in broader particle size distributions. Similar affects were seen in the work of

Linetal.”?

Spectrometer

—
f,+fs | ‘

Growth solution

Figure 2-4: Micro flow setup to synthesise silver nanorods and TEM image of silver nanorods. Reproduced from Ref.

74 with permission of The Royal Society of Chemistry.

Knauer et al. employed a micro segmented flow technique within a microchannel to synthesise double
shell NPs with a gold core which has a silver shell and a subsequent gold shell.”® Tetrachloroauric acid
and silver nitrate were reduced by ascorbic acid in the presence of cetyltrimethylammonium bromide. A
narrower size distribution for the synthesized NPs was obtained in the case of the micro segmented flow
reactor in comparison to the batch synthesis. This supports the idea of better control over size
distributions with a better RTD. A narrow RTD is a characteristic of segmented flow techniques.77

Koehler et al. also synthesized Au/Ag composite NPs using a number of split and recombine mixers
in series to bring the reactants together.78 Tetrachloroauric acid and silver nitrate were reduced by
ascorbic acid. The importance of mixing was highlighted in this study, indicated by the diverse range of
different NP composites obtained by changing mixing orders, mixing times and flow rates (which also
affects the rate of mixing).

Liu et al. studied the effects of various parameters on the size distribution of synthesized silver
NPs.” The synthesis is a thermal reduction of silver nitrate using plant extract from C.Platycladi with

addition of sodium hydroxide. The setup is shown in Figure 2-5.
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Figure 2-5: Experimental setup of microreactor used by Liu et al. Reprinted from Ref. 79, Copyright (2012), with

permission from Elsevier.

Particle size increased when flow rate was increased from 0.2 ml/min to 0.4 ml/min (3.5 nm to 7.2 nm)
and then decreased when the flow rate was further increased from 0.4 ml/min to 0.6 ml/min (7.2 nm to
3 nm). Increasing C.Platycladi concentration resulted in increasing particle size and dispersity (4.7 + 1.9
nm to 15 + 8.6 nm). The microreactor properties also played a key role. T-type mixers produced smaller
and more narrowly distributed particles than that produced by Y-type mixers (4.7 £ 1.9 nm against 5.3 +
2.9 nm respectively). Particles produced in PTFE reactors were smaller and more narrowly distributed
than those produced in ETFE (4.2 £ 0.9 nm against 4.7 + 1.9 nm respectively). Both reactors had a
channel diameter of 0.8 mm. Smaller channel diameters (0.5 mm, 7.0 £ 1.9 nm) produced larger
particles on average than larger channel sizes (0.8 mm, 4.7 £ 1.9 nm), however the flowrate was
changed to produce similar residence times which may have also affected flow hydrodynamics.

Kumar et al. synthesised silver NPs in a spiral flow reactor using segmented flow techniques via
inert liquid kerosene and inert gas air.® Stearic acid sophorolipid molecules were used as both a
reducing and capping agent. Silver nitrate was reduced by these molecules at 90°C. Figure 2-6 shows the

setup used in the study.
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Figure 2-6: Spiral flow reactor used by Kumar et al., 8w represents reacting phase, K represents liquid kerosene
inert phase, A represents gas air inert phase. B represents inlet micromixer (cross mixer) used to generate slugs,
with PEEK and Stainless Steel being used (dimensions given). C and D are PMMA (0.5 mm ID) and Stainless Steel (1

mm ID) spiral reactors respectively. Reprinted from Ref. 80, Copyright (2012), with permission from Elsevier.

They studied the effects of variations in the slug flow (liquid-liquid, gas-liquid, size), flow rate, inlet
micromixer diameter and flow rate ratios have on the size distribution of the formed silver NPs. Various
effects were reported, the main one being that smaller and narrower size distributions were obtained
when the reactive phase was continuous rather than in slug form. It is suggested that internal circulation
(mixing), flow velocities and differences in material properties (liquid-liquid and gas-liquid) contribute to
the particle size distribution. Flow rates used were 35 pl/min, 100 pl/min and 1 ml/min with ratios of
inert phase to reacting phase being 0.5, 1 and 2. At lower flowrates, smaller and more narrowly
distributed particles were formed, with air/water at 35 pl/min (2:1 air to water) performing the best in
terms of narrow distribution with the smallest size.

Lazarus et al. studied the synthesis of silver and gold NPs using segmented droplet flow using ionic
quuid.81 Droplet formation of viscous BMIM-Tf,N (1-butyl-3-methylimidazoliumbis-
(trifluoromethylsulfonyl)imide) within a continuous fluorocarbon oil phase, polychlorotrifluoroethylene
(PCTFE), was achieved by coating the PDMS microfluidic device with a fluoropolymer via initiated
chemical vapour deposition (iCVD). This allows the carrier oil phase to coat the surface of the channel
walls to prevent the ionic droplets from contacting the wall (improving the residence time because
segmented flow is known to improve RTD, but further improvements would be obtained if wall effects
are minimised as in this case). Droplet formation at a number of different flow rate ratios can be seen in

Figure 2-7.
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Figure 2-7: Configuration of microfludic device with four inlets: 1) Carrier fluid inlet, 2) Precursor solution inlet, 3)
Solvent inlet, 4) Reducing agent inlet. Right hand side shows segmented flow of ionic liquid (BMIM-Tf,N) within the
oil carrier phase (PCTFE). At higher flowrates, jetting occurs further along the channel as the droplets pinch and

form thin strand phases. Reprinted with permission from Ref. 81. Copyright (2012) American Chemical Society.

In the study, 1-butyl-3-methylimidazolium borohydride (BMIM-BHs) is used as a reducing agent
preferentially over sodium borohydride. 1-methylimidazole was used as a stabilising agent, because it
binds to metal surfaces and serves as an acid scavenger which would prevent the destabilisation and
agglomeration of NPs in the case of acid build-up. AgBF,; was used as a precursor (HAuCl, was used for

gold).

Normalized Absorbance (a.u.)

250 350 450 550 650 750
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Figure 2-8: Silver NPs made using A) Microfluidic device, B) using a batch reactor, C) UV-Vis comparison of both
(microfluidic device is black, batch is red). Reprinted with permission from Ref. 81. Copyright (2012) American

Chemical Society.

Figure 2-8 shows the Ag NPs synthesised in the study with a marked difference between the two
synthesis methods employed, batch reactor and microreactor. The mean size of the Ag NPs synthesised
in the microfluidic device are 3.73 + 0.77 nm whereas those in batch produced large coral like
assemblies. The UV-Vis data presented suggests a high number of smaller Ag NPs of less than 10 atoms

present in the batch synthesis.
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Overall, a variety of different microfluidic devices have been used for the synthesis of silver NPs to

showcase the potential benefits they present.

2.2.3  Mechanistic studies of silver nanoparticle synthesis

Polte et al. studied the mechanisms of silver NP synthesis using a continuous SAXS (small angle x-ray
scattering) setup.68 Silver perchlorate was used as a precursor, sodium borohydride as a reducing agent
and PVP as a stabilising agent. System 1 used no stabilising agent and system 2 shows the synthesis with
PVP as a stabiliser, showing similar trends but taking longer than system 1 in terms of the growth of
silver NPs (Figure 2-9). It seems that surfactants may slow the kinetics down (PVP in this case). In both
cases the growth mechanism is the same, however, the hydrolysis of NaBH, (which is supposedly sped
up by the presence of metal NPs) slows down with the addition of PVP resulting in a longer time before
the switching point. The switching point is the point at which particle stability decreases massively,
resulting in particles coalescing from 2-3 nm up to 6-8 nm in size. The hydrolysis of sodium borohydride
results in a change in the colloidal stability, resulting in an inevitable increase in the size of NPs due to
coalescence coupled with a reduction in polydispersity. An illustration of the suggested mechanism is

shown in Figure 2-9.

1. REDUCTION 2. COALESCENCE 3. METASTABLE STATE 4. COALESCENCE FINAL NANOPARTICLES
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Figure 2-9: Suggested growth mechanism for silver NP synthesis. Reprinted with permission from Ref. 68. Copyright

(2012) American Chemical Society.

Takesue et al. performed mechanistic studies on silver NP synthesis using silver nitrate as a precursor
with citric acid as a stabiliser and tannic acid as a reducing agent.82 SAXS was used to characterise the
NPs online in a flow reactor setup (Y-mixer). The mole ratios of silver nitrate:citric acid:tannic acid was
1:5:0.02 with sodium hydroxide used to adjust the pH to 12. The main growth mechanism suggested by
this study is that Agys clusters are formed which then coalesce and aggregate to form larger NPs. This is
evidenced by an initial formation of seed particles which match the size of an Ag,s cluster, followed by
gradual increase in the size of the NPs to a final average size of around 7 nm. Agss clusters were not
formed in significant numbers because the size of this NP was only present in very small amounts. The

proposed mechanism can be seen in Figure 2-10. The onset of nucleation becomes clear at 0.59 ms in
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this synthesis. 0.71 nm Ag clusters form the majority between 0.59 and 0.79 ms, corresponding to Agis
clusters, however some particles larger than 10 nm exist and the process of growth is essentially over at
3.93 ms. The author suggests the process of growth is dictated by Agi; particles coalescing and growing

to form larger particles.
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Figure 2-10: Mechanism of silver NP synthesis proposed by Takesue et al. & Silver nanoparticles are formed through
(1) an induction period during which Ag+ ions are reduced to Ag0 atoms; (ll) a nucleation-dominant formation period
during which Ag13 clusters are nucleated and simultaneously consumed in silver nanoparticle formation; and (lll) a
growth period during which larger silver nanoparticles are formed by coalescence and aggregation of smaller silver

nanoparticles. Reprinted with permission from Ref. 82. Copyright (2011) American Chemical Society.

Henglein and Giersig synthesised silver NPs using AgClO, solution as a precursor which also contains 2-
propanol, N,O and sodium citrate in various concentrations.”> The reducing agent is the 1-hydroxyalky!
radical generated through radiolysis. The main findings of the paper is that at low citrate concentrations
the NPs synthesised are partly agglomerated with many imperfections, at an intermediate concentration
the particles are well formed and separated with narrow size distributions and at higher concentrations
there is coalescence of particles due to the instability caused by the high ionic strength of the solution.
The molar ratio of sodium citrate to precursor in the study ranges from 0.5 to 15. They propose two
mechanisms of silver NP growth (Figure 2-11). Surface reduction growth which occurs via electron
transfer, reducing Ag" ions onto the surface of the particles already present in the solution, or
coalescence of smaller NPs to form larger NPs. The study suggests that if the citrate concentration is too
low, the silver NPs are not sufficiently covered with stabilising citrate and coalescence occurs. At higher
concentrations, the ionic strength of the solution destabilises particles. A very important growth
experiment they carried out which involved taking a seed solution of silver NPs and adding further silver

precursor and reducing electrons to check how the seed particles were affected. The experiment shows
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a perfect surface reduction occurring as all the silver reduces to make existing particles bigger rather
than produce new particles. This occurs by introducing 5 ml of seed particles to another 35 ml of
solution, which after irradiation produces particles which have grown perfectly in size according to the
amount of silver added. This is important because it shows the potential for tuning NP sizes but more

importantly that the mechanism of surface reduction for growth of silver NPs does exist.

Optimal citrate conc.

Ag, Adn Agp
Ag*
L
condensation .. '.
o0 o
R ®9

Coalescence

Low citrate conc. ....

Figure 2-11: Growth mechanisms proposed by Henglein and Giersig at low and optimal citrate concentrations with
two different mechanisms occurring. At optimal concentrations, it is suggested that a surface reduction of silver
ions occurs on the surface of formed NPs owing to the reduction potential of the citrate adsorbed onto the surface.
At low concentrations, coalescence of smaller silver NP clusters occurs.*” ® Ref. 34 published by The American

Chemical Society.

Pillai and Kamat studied the role of the citrate ion in reducing silver ions as well as its stabilisation of
silver NPs and the formation of complexes with silver ions.®* They reduced silver nitrate using citrate at
elevated temperatures as well as y radiolysis. Using citrate as a reducing agent, a higher concentration
allowed the reaction to proceed faster as well as resulting in increased absorbance at 420 nm
wavelength on the UV-Vis peak. This is in agreement with a stronger reducing effect producing faster
reactions, as well as producing a more concentrated sample at 420 nm, indicating more NPs in that size
range were successfully formed and stabilised. In the case of using y radiolysis, the author suggests the
silver may not react at low citrate concentrations fully because of a lower peak absorbance. However,
the peak absorbance may be lower because of the presence of aggregates; naturally the peak
absorption will be lower if there is a higher concentration of aggregates which contribute absorbance to
longer wavelengths (indicated by more prominent shoulder peaks). Citrate concentration in the case of
y radiolysis will affect the stabilisation of the NPs and as the concentration increases, the shoulder peak
absorbance decreases indicating decreasing concentration of aggregates (Figure 2-12). Higher reducing

power points to smaller average particle size from the difference in size between the two methods
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(Turkevitch, 50-100 nm and y radiolysis, 5-10nm), where the citrate has less reducing power than the
radiolysis (resulting in a lower supersaturation). A growth dominated mechanism is favoured when the
reducing power is relatively low (citrate) resulting in fewer nuclei which grow to larger sizes and vice
versa for higher relative reducing power (y radiolysis). The growth mechanism they suggest is shown in

Figure 2-13.
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Figure 2-12: Absorption spectra of Ag colloids prepared by y irradiation of an aqueous solution (N2 purged)
containing 1 mM AgNOs, 1% methanol, and (a) 1mM, (b) 5mM, and (c) 10 mM sodium citrate as stabilizer.®*

Reprinted with permission from Ref. 84. Copyright (2003) American Chemical Society.
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Figure 2-13: Growth mechanism through pulse radiolysis of a mixture of silver nitrate and trisodium citrate
proposed by Pillai and Kamat: primary and secondary growth steps in the formation of silver nanocrystallites.84

Reprinted with permission from Ref. 84. Copyright (2003) American Chemical Society.

Zhang et al. synthesised silver NPs and nanorods using silver nitrate as a precursor, sodium borohydride
as a reducing agent and trisodium citrate as stabilizing agent.85 Though this is not a specific mechanistic
study, there is useful information regarding mechanisms of silver NP formation. To obtain different
shapes of NPs, preferential growth is required in certain directions. The evidence in this study suggest
that nanocrystals formed with little defects show a uniform coverage of citrate, whereas those with
defects are more suitable for nanorod growth because of the preferential adsorption of citrate on
different surfaces because of defects in the crystal structure. This has implications on monodispersity
and shape control of NPs. Moreover, the difference in defects of NPs formed arises from a difference in
the mixing of the reagents (all at once and dropwise).

Woehl et al. studied the effects of reducing power (i.e. number of electrons available for reduction)
using in-situ TEM scanning on the nucleation and growth characteristics of silver NPs.®® Reduction was
achieved directly from electrons acquired from the TEM beam, which are transferred to the solution and

reduce the silver nitrate. The authors use classical nucleation theory to explain the effects observed
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pointing to a certain concentration of electrons (reducing power) needed to achieve the conditions
which induce nucleation (supersaturation) and observed there was no nucleation below a certain
threshold of electron concentration. They find at a dose rate much higher than this threshold, the
growth of the NPs is diffusion limited and is controlled by how quickly silver atoms can find the surface
of the crystals from the bulk of the solution. In this case the morphology of crystals was seen to be
spherical. At an electron dosage closer to that of the threshold for inducing nucleation, growth is
reaction limited in the sense that the surface reduction of silver atoms onto the NP is the slowest
process resulting in NPs that grow into different shapes. These differences are attributed to diffusion
limitations in the case of spherical particles, where there is an abundance of reduced silver ions which
can attach onto the surface of formed nanocrystals, and reaction limited in the non-spherical case
where there is a lack of electrons available near the surface of the particles leading to a surface

reduction reaction limiting step. The summary of their investigation can be seen in Figure 2-14.
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Figure 2-14: Mechanisms of silver NP growth using different beam currents under a TEM microscope.86 Reprinted

with permission from Ref. 86. Copyright (2012) American Chemical Society.

The various mechanistic studies in the literature have performed the silver NP synthesis using slightly
different conditions (reaction vessels, chemicals, concentrations etc.), so must be considered when
making comparisons. The studies by Polte et al. and Takesue et al. both use SAXS and achieved similar

68, 82

sized NPs. They are in agreement that the overarching mechanism of the silver NP formation is
coalescence with no mention of surface reduction (surface reduction implied by the study by Henglein
and Giersig).83 However, because of the limited conditions at which the SAXS studies are carried out, it is
possible that there may be different mechanisms depending on the conditions. Henglein and Giersig
and Zhang et al. discuss the presence of defects in crystals, which is somewhat correlated in the studies

83, 85

to differences in shapes and size distributions. Different growth mechanisms depending on the

defects present on the crystal surface have been highlighted by these studies. Lastly, Pillai and Kamat

8 87 \which affect the

and Jiang et al. discuss the complexes formed between citrate and silver ions,
kinetics of the growth, adding more complexity to the issue of controlling the size, distribution of size

and shape of the silver NPs.
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2.3  Gold nanoparticles

This section presents gold NP synthesis studies using batch reactors, microfluidic devices and those that
investigate mechanisms in gold NP formation. The main focus of the batch reactor section is gold NPs
synthesized using the Turkevich method. A wider variety of systems have been reviewed for studies
using microfluidic devices to synthesize gold NPs. Finally, studies that investigate the mechanisms of

reaction, growth and nucleation of gold NPs are reviewed.

2.3.1  Batch synthesis of gold nanoparticles

The most popular method for synthesis of gold NPs is known as the Turkevich method. Turkevich et al.
tested a variety of different methods but found the sodium citrate method to be the most repeatable.g8
This famous method involves bringing a stirred aqueous solution of chloroauric acid to the boil before
adding a sodium citrate solution to the precursor. Subsequently, the colour transitions through yellow,
clear, grey-blue, purple and finally a wine red. The method produces NPs typically in the range between
15-20 nm. The popularity of this method is down to its ease and reliability in producing monodispersed
gold NPs. The effect of temperature, sodium citrate concentration were studied by Turkevich et al.
Decreasing temperature below 100°C resulted in slowing down the reaction, but a change in size was
observed. The smallest NPs were seen at 80°C but increased slightly in size if synthesis temperature was
set to 70°C. Reducing the sodium citrate concentration resulted in some marked changes such as the
colour changes being more defined while the grey-blue was more blue with decreased concentration.
The overall synthesis was more rapid at lower citrate concentrations while the average diameter of the
NPs increased. The colour change of the solution, from the initial yellow of the chloroauric acid to the
final wine red, gives an idea of the mechanisms taking place to form the NPs.

Frens worked further on this method and synthesis and synthesised NPs in the range of 12-150 nm
by varying the amount of citrate which was injected into the boiling solution of tetrachlorauric acid.®’
The conclusion of the study was that the final size of the NPs was governed by the number of nuclei
formed which was controlled by the amount of citrate added. Higher amounts of citrate led to smaller
NPs, and Goodman et al. observed a similar trend with the same procedure when increasing citrate
concentration with NP size from 21 to 80 nm.”

Chow and Zukoski synthesised gold NPs with sizes ranging between ca. 16-52 nm for
unagglomerated particles (very large agglomerated NPs were seen in cases were the synthesis of gold
NPs was not complete).91 They varied temperature between 60-80°C and found that the final particle
size tended to ca. 20 nm and it took longer to arrive at the final size with decreasing temperature.

Su et al. synthesised gold NPs by sonication of tetrachlorauric acid and trisodium citrate solutions
at 4°C.” They varied the gold precursor to citrate molar ratio from 1:1 to 1:8 and found that non-stable
large aggregates were formed at ratios at or below 1:3 and NPs in the size range between 17-22 nm
were formed at or above ratios of 1:4.

Pei et al. synthesised gold nanowires with a modification on the standard method in which 200 ml
of sodium tetrachloroaurate is brought up to 80°C in a temperature controlled bath followed by rapid

addition of trisodium citrate in various controlled volumes to adjust the molar ratio of citrate to gold
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from 0.1 to 2.7.” Nanowires were formed for ratios below 0.4, and particles were formed for ratios
above 0.4. A blue colour was associated with wire formation which was observed at all ratios from 0.2 to
2.7, but this transitioned into a red colour for ratios at 0.4 or higher which is associated with spherical
gold NPs.

Kimling et al. synthesised gold NPs using the Turkevich method, UV-assisted reduction with citrate
and ascorbic acid reduction. The reaction volume for the Turkevich method was 100 ml, 2 ml in a
cuvette for the UV-assisted reduction and 50 ml for ascorbic acid reduction.”® They tested gold to citrate
molar ratios of ca. 0.1-1.5 for all the syntheses. Using the Turkevich method they synthesised gold NPs
between ca. 17-130 nm at concentrations of less than 0.8 mM, 1 mM and 1.2 mM tetrachlorauric acid.
They found that the size increased when reducing the citrate concentration, attributed to the lack of
stabilization of smaller NPs because of incomplete coverage of citrate. At concentrations less than 0.8
mM, the size of the NPs was independent of gold concentration and dependent on citrate
concentration. When gold concentration was increased above 0.8 mM the size of the NPs almost
doubled at lower citrate to gold molar ratios. In contrast the UV-assisted reduction showed a similar size
correlation for gold concentrations of 1 and 1.6 mM with NPs in the ca. 17-117 nm range. The ascorbic
acid reduction enabled synthesis of NPs between ca. 17-110 nm. This method showed an NP size
increase when increasing the gold concentration from 0.5 mM to 1.6 mM similar to that in the Turkevich
method, but when increasing the pH to 7, the size of the NPs was similar for both gold concentrations
supposedly because of a reduction in instabilities caused by the acidity at the higher concentrations.

Ji et al. investigated the role of citrate in the standard method.” By varying the trisodium citrate
concentration, they found a minimum size of ca. 15 nm to exist at a molar ratio of 3.5 to 1 trisodium
citrate to tetrachloroauric acid, if the ratio was lower or higher than this there was increase in size of
NPs. They found that at higher citrate ratios, the reaction took longer to proceed. Nanowire like
structures were observed in the early stages of synthesis at citrate ratios in the lower range (< 3.5) while
at higher ratios the NPs where spherical in all stages of the synthesis. The consumption of precursor was
found to be in general more rapid at lower citrate ratios, in line with the idea that reactivity and hence
nucleation rate is higher at lower pH. By tuning the pH but keeping the citrate to gold precursor molar
ratio constant, the size was varied from small to large in the same way as increasing citrate
concentration would but the dispersity was reduced and more constant through the pH variation
method from 20-40 nm NP size.

Patungwasa and Hodak investigated the effect of pH on gold NPs.” They found that NP size
decreased with increasing pH in the range between 4 and 6.5. This was suggested to be because of the
charge on the citrate adsorbed onto the NP surface, at lower pH there is decreased charge on the citrate
surface resulting in reduced stability whereas at higher pH the citrate has a higher charge which would
explain why smaller and less polydisperse NPs are seen at higher pH. The system tends to higher
average NP size at low pH.

Ojea-liménez et al. synthesised gold NPs using the standard method as well as a modification using
deuterium oxide as a solvent instead of water.”’ They synthesised gold NPs by heating trisodium citrate

in either 100% H,0, 50% D,0/H,O or 100% D,0 to which they added tetrachloroauric acid and
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subsequently let the solution boil for 3.5 min. The NP size was in the range of 5.3 + 1.1 nm for pure D,0
and 9.0 = 1.2 nm for pure H,0. The reduction in size by using deuterium oxide was attributed to the
increased reducing strength of the citrate (in D,0).

Uppal et al. synthesised gold NPs from 11 to 15 nm with trisodium citrate added to boiling
tetrachloroauric acid drop wise over a period of 6 min.”® The solutions were removed from the
temperature bath used to heat the solution when the colour of the sample went lilac and the samples
were observed over a number of days. It was found that the peak wavelength decreased or blue-shifted
from 540 nm to 522-523 nm regardless of whether the solution was stored in dark or light conditions.
Uppal et al. also synthesised gold NPs with a number of different initiation methods.”® This involved
initiating the reaction between tetrachlorauric acid and trisodium citrate using thermal heating,
sonolysis, microwaves and UV-light. These initiation methods were tested with premixed solutions of
tetrachlorauric acid and trisodium citrate, where the trisodium citrate concentration was increased to
vary the reducing agent/stabilising agent concentration. 11.0 to 11.9 nm NPs were formed using thermal
initiation with little variance in size with increasing citrate concentration, 11-17 nm NPs were formed
using microwaves with a decrease in size with increasing citrate concentration, 8 nm NPs were formed
using UV-light initiation with an increase in the elliptical shape of the NPs with increasing citrate and 17
to 18 nm NPs were formed using sonolysis and size changed minimally with increasing citrate
concentration.

Ojea-liménez et al. compared the standard method to an inverse method, which involves adding
tetrachloroauric acid to hot sodium citrate."® They found that the NPs synthesised using the inverse
method were smaller than those in the standard synthesis while NPs synthesized using the standard
method at a sodium citrate to tetrachloroauric acid ratio of 13.6 were 36.6 nm while the inverse method
gave NPs 9 nm in size, lowering the sodium citrate to tetrachloroauric acid ratio to 6.8 gave a smaller
disparity in size between the methods: 17.8 nm and 14.9 nm for the standard and inverse method
respectively. By using a mixture of sodium citrate and dicarboxyacetone (DCA) (90:10) they found that
the surface plasmon resonance band of the solution developed quicker (from 11 min with no DCA, to 5
min with DCA) while there was a reduction from 21.2 to 17.7 nm in size when DCA was added to the
citrate before addition to the hot tetrachloroauric acid. By using a 50:50 mixture of DCA and sodium
citrate, it was found that the resultant NPs were larger and more polydisperse (25.9 nm) and using DCA
only resulted in no NPs being formed. There was a possibility of changes in size when changing the
sodium citrate DCA ratio because of changing pH, and pH is a parameter known to affect size of NPs.”
To check whether DCA had a real effect on the NP size, the pH was modified using sodium hydroxide. A
decrease in size was found when the pH was adjusted to similar values to that of experiments which do
not use DCA, and the resultant NPs were found to be smaller suggesting that DCA does indeed play an
important role in the synthesis of gold NPs. Ojea-Jiménez and Campanera synthesised gold NPs with a
modification of pH by adding hydrochloric acid to the tetrachloroauric acid before addition of sodium

101

citrate to the mixture at 90°C, with the pH of 6.5, 5.6 and 4.7 being tested.” The NP size decreased

from 36.6 nm to 16.1 nm with decreasing pH value.
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Sivaraman et al. synthesised gold NPs using the inverse method by adding tetrachloroauric acid to

boiling trisodium citrate solution.*®

They found that at citrate to gold ratios of < 5, the mean size of the
NP was not significantly affected (52 nm for inverse method, 56 nm for Turkevich method at a ratio of 1
to 1) whereas for ratios > 5, there was a significant reduction in the size of the NPs (10 and 16.1 nm at a
5.2 ratio, and 7.2 and 13.6 nm at a ratio of 20.8) when using the inverse method. They investigated the
possibility of the oxidation of citrate to DCA by boiling citrate before addition to tetrachlorauric acid and
comparing it to the standard method (citrate is not boiled before addition to boiling tetrachloroauric
acid) and the inverse method. They found that the inverse method yielded smaller NPs as expected, but
the first two methods yielded similar sizes suggesting that order of reactant addition is the cause for a
change in NP size, rather than the oxidation of citrate to DCA.

Schulz et al. synthesized gold NPs of ~ 3.5 nm with a low dispersity of 5-6% using an inverse
method.’® The method was optimised by the use of sodium citrate/citric acid buffer to control pH.
EDTA was used to remove potential trace contaminations of metals such as zinc or copper, it was
suspected that these caused the formation of gold triangular plates since the metal ions can affect the
growth of the Au NPs. It was found that the addition of EDTA reduced the formation of triangular
particles to practically zero.

Wouithschick et al. synthesized gold NPs using the Turkevich method and investigated the effect of
temperature, pH and variation of reactant concentrations and order of addition."® It was observed that
there was a minimum size achieved of 12.2 nm when the synthesis was carried out 60°C and the
synthesis time decreased with increasing temperature. By varying the initial pH of the tetrachloroauric
acid, a pH window between 2.8 and 4 was found to produce the best dispersity of around 10% with the
minimum size achieved of 10.8 nm. The citrate concentration supposedly had little effect as long as the
concentration was enough to maintain a neutral pH after mixing, whereas increasing tetrachloroauric
acid concentrations led to a decrease in the size of the NPs. Changing the order of reactant addition
showed that adding tetrachloroauric acid to a larger volume of citrate gave smaller NPs than the
standard method.

Piella et al. synthesised sub-10 nm gold NPs based on a modification on the inverse method,
involving the use of tannic acid together with sodium citrate as a reducing agent.105 Highly
monodispersed 3.6 nm seeds were synthesised (505 nm peak wavelength) and were subsequently used
in further growth steps to obtain a range of size in the sub-10 nm range. Parametric studies on optimal
tannic acid to gold molar ratio, temperature and pH were conducted, and the optimal values were found
to be 0.01, 70°C and pH 8 respectively for obtaining the smallest NPs. Sodium citrate and tannic acid
were also tested in isolation where 10.9 + 1.3 nm (518 nm peak wavelength) and 4-12 nm NPs (527 nm
peak wavelength) were obtained respectively, suggesting there is a synergistic effect between the tannic
acid and sodium citrate, although the resultant 4-12 nm NPs from using tannic acid alone may be
because of insufficient stabilisation.

Kettemann et al. synthesised gold NPs using the standard method and a modification to improve

106

reproducibility of the synthesis.”~ With the improved synthesis they were able to synthesise NPs in the

11-18 nm with less than 0.6 nm deviation in all cases. Similar to Schulz et al.,103 in the improved

42



Chapter 2

synthesis they used a buffer of sodium citrate and citric acid to achieve a pH between 5.5 and 6, which
was found to be the area in which the synthesis is most reproducible because of the stability of the
HCit” species. This species was suggested as the form of the citrate which is responsible for the

reduction of the gold precursor.

2.3.2  Microfluidic synthesis of gold nanoparticles

Weng et al. synthesized gold NPs using a Turkevich method in a novel microfluidic device (Figure 2—15).40
Hexagonal NPs of around 35 nm were obtained at a temperature of 115°C with reaction time in the
order of 2 to 5 min. They observed a coalescence of smaller NPs to form larger NPs by analyzing the

sample at a reaction of 2 min. This mechanism was possibly due to the relatively quick mixing time

obtained in the reactor (reaction volumes were ca. 30-40 pl) which may have led to the quick
hydroxylation of the AuCl, species to AuCIxOH;‘_X species, which is known to reduce the reactivity of the

gold precursor, possibly leading to a lower nucleation rate and increased growth rate, particularly when

the citrate to gold molar ratios are between ca. 4-9. The quicker mixing time (relative to a batch process)

would have reduced the time for reaction while the AuCl, species exists in solution.
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Figure 2-15: Microfluidic device used to synthesize hexagonal gold NPs.* Reprinted from Ref. 40 with permission

from The Institute of Physics.

Ftouni et al. synthesized gold NPs with the Turkevich method using a fused silica capillary and a t-mixer
to mix chloroauric acid to sodium citrate prior to introduction into the heated capillary (Figure 2—16).107
In this case neither reagent was preheated before being mixed, and the residence times within the
capillary were varied between 35 and 94 s. In this residence time range, they obtained NPs in the size
range between 1.5 and 3 nm, with larger NPs being obtained at longer residence times. They further
investigated the effect of sodium citrate to gold precursor molar ratio, and found a minimum at around
3.15. The explanation given is that at lower citrate ratios, there is an excess of gold precursor which is
suggested to lead to an increased growth of NPs whereas at higher citrate ratios the size is suggested to

increase because of an increased ionic strength in solution. No discussion on the balance between

nucleation, growth and stabilization in terms of pH and reactivity of the respective reagents is made,
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although this is likely to play a significant role in the final size of the NPs. Temperature effect was also
investigated, and the size of the NPs decreased with increasing temperature in the range between 60
and 100°C.

Stainless steel hot plate (100 °C)

Syringe 1: sodium citrate —
O—é»—/\
T mixer ——

Syringe 2: HAuCl4 —

‘— Collecting
c—@\/ flask
(nanoAu)
Fused silica capillary tubing —
(200 ym i.d., 1.5m)

Figure 2-16: Synthesis of gold NPs using syringe pumps, t-mixer and fused silica capillary tubing set in a hot plate.

Reproduced (Adapted) from Ref. 107 with permission of The Royal Society of Chemistry.

Sugano et al. synthesized gold NPs between 10-45 nm using a y-type micromixer with a pulsed flow of
chloroauric acid and sodium citrate to mix the reagents within a small channel at room temperature.108
They investigated how mixing affected the synthesis by altering the pulsing rate between 50,100 and
200 Hz. Analysis of the mixing showed that increasing the pulsing rate improved the mixing efficiency.
They used two collection methods, in the first method the fluid was allowed to collect at the outlet of
the micromixer for 5 min before collection and in the second method the fluid was collected for a total
of 5 min through a 0.5 mm tube which was connected to the outlet of the micromixer. The
polydispersity of the resultant NPs showed the following behavior, collection method 2 produced
relatively lower polydispersity than collection method 1 for all pulsing frequencies. This is attributed to
the reasoning that collection method 1 allows fluid that has travelled through the mixer initially to mix
and react with fluid that is travelling and exiting the mixer after the initial period, resulting in interaction
of the fluid with different concentrations over a 5 min period. Collection method 2 saw a reduction in
polydispersity from 50 Hz to 100 Hz, but further increase in frequency showed no improvements
suggesting that faster mixing reduces polydispersity only up until 100 Hz and further reduction in mixing
time has no effect. The size of the NPs was found to increase with a higher pulsing frequency, suggesting

faster mixing resulted in larger NPs. This is most likely due to the reaction rate of precursor decreasing

with mixing as the AuCl, species becomes more hydroxylated on contact with citrate.
Kohler et al. used a split and recombine type reactor (Figure 2-17) to mix tetrachloroauric acid,

199 Because they used 4

ascorbic acid, PVA, sodium metasilicate and Fe(ll) sulfate to synthesise gold NPs.
pumps which were individually controlled to feed reactants to the reactor which had 4 inlets, they were
able to precisely control the concentrations simply by altering the flow rates. They obtained a wide array
of gold NPs using this method including small 5 nm gold NPs, NPs arranged in a circle like structure,

aggregates and larger hexagonal aggregates.
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Figure 2-17: Split and recombine mixer employed for the synthesis of gold NPs. Reproduced from Ref. 109 with

permission of The Royal Society of Chemistry.

Wagner and Kohler synthesized gold NPs in a split and recombine reactor (similar to that shown in
Figure 2-17, but with 2 inlets instead of 4 using tetrachlorauric acid, ascorbic acid and
polyvinylpyrrolidone. With increasing flow rate in the reactor, a decrease in NP size was observed from
35 nm at a flow rate of 1 ml/min to 24 nm at a flow rate of 8 ml/min. A larger size at lower flow rates
was attributed to a preferential nucleation at the walls of the reactor, where a dark violet film which
gradually deepened and became opaque was observed. Supposedly this effect is lessened with
increasing flow rate because of an increased sheer at the walls of the reactor, though if an equal sample
volume was taken for each experiment, this may have been because the reactor was operated over a
shorter period of time at the higher flow rate and hence there was less time for the dark violet film to
build up. Another reason for the smaller NP size at higher flow rates was suggested to be an increased
nucleation rate because of more efficient mixing, which would lead to a quicker contact of excess
reducing agent with the precursor ions. Mean diameter and dispersity also decreased with increasing
ascorbic acid concentrations, due to the increased nucleation rate obtained at a higher reducing agent
concentration. Smaller and less disperse NPs were obtained at higher pH (21 nm at pH 2.8, 8 nm at pH
9.5), attributed to the increasing redox potential of ascorbic acid at higher pH resulting in increased
nucleation rate. Increasing PVP concentration also resulted in smaller NPs, attributed to the suppression
of growth around newly formed nuclei which occurs because of the large PVP molecule slowing the
approach of gold precursor to the surface of a nuclei stabilized by PVP. Reduction of fouling was also
attained using two different approaches, elevated pH and silanization of the reactor walls to produce a
hydrophobic surface. Both approaches achieved similar results in obtaining much higher peak
absorbance than the standard approach at lower pH. Kéhler et al. and Wagner et al. also used the split
and recombine reactors to synthesize gold NPs using borohydride.71’ 72

Shalom et al. synthesized small gold NPs using the Brust-Schiffrin method within a micromixer
which splits two streams into 16 sub streams and subsequently interdigitates the streams for improved
mixing (Figure 2—18).110 Tetrachloroauric acid was reduced via sodium borohydride with 1-dodecanethiol
being used as a stabilizing agent. NPs between 3-4 nm were synthesized within the reactor and a
significant reduction in size and dispersity was achieved as compared to similar conditions using a batch

reactor. This was proposed to be because of more efficient mixing, and supposedly the rate of sodium
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borohydride addition affects the NP size. NPs will be more polydisperse when addition is slow because
nuclei generated early in the reaction are exposed to an increased thiol concentration and those nuclei
generated later as more sodium borohydride is added grow to a larger concentration because of
decreased thiol concentration. However, it is not mentioned that borohydride has an abundance of
electrons available to reduce the gold precursor, and hence if mixing is slow this may lead to a reduction
of many gold ions to metal via a single borohydride molecule, which subsequently doesn’t provide
enough surface charge to stabilize the formed nuclei leading to aggregation because of poorly
distributed sodium borohydride. Therefore one could argue that the polydispersity observed in the
batch is due to poorly dispersed borohydride, leading to larger NPs produced initially rather than smaller
NPs because of an increased thiol concentration. However, this would still explain why dispersity is
reduced in the microfluidic system, since there is a better dispersion of sodium borohydride earlier in

the mixing process.
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Figure 2-18: Interdigitating micromixer used by Shalom et al. for the synthesis of gold NPs via the Brust-Schiffrin
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method.”™ Reprinted from Ref. 110, Copyright (2007), with permission from Elsevier.

Cabeza et al. synthesized gold NPs within a microchannel in which segmented flow was generated with
an aqueous phase that was segmented with either air, toluene or silicone oil (Figure 2—19).111 Sodium
borohydride was mixed with tetrachloroauric acid and tetradecyltrimethylammonium bromide in the
aqueous phase and then segmented by the inert fluid at room temperature before being introduced
into a heated channel with a temperature of 100°C. They found increasing residence time resulted in
larger and more polydisperse NPs, with size increasing from 3.8 £ 0.3 to 4.9 + 3.0 nm at a residence time
from 10 to 40 s, for a water-toluene system where toluene was the dispersed phase and water the
continuous phase. Smaller slugs of fluid were obtained at a lower residence time, indicating that these
types are more beneficial for controlling the size and polydispersity of the resultant NPs in the

continuous phase. This is probably because of the decreased size of the continuous phase slugs which

would result in faster mixing and therefore decreased polydispersity. Considering this, they further
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investigated the effect of changing the dispersed phase fluid on NPs synthesized in the continuous
aqueous phase and found that air as the dispersed phase produced the smallest and most monodisperse
NPs (2.8 £ 0.2 nm) followed by toluene (3.8 + 0.3 nm) and silicone oil produced a bimodal distribution
(7.8 £ 6.5 nm and 15.5 + 3.1 nm). This was determined to be because of how well the continuous
aqueous slug phase recirculated material, with air producing the highest circulation rate followed by
toluene and silicone oil. This was down the hydrodynamics within the microchannel and the difference

in material properties of the inert dispersed phase.

Microreactor Inlets
Air
Silicone oil  Gold precursor Reductant
Toluene
Mixing Zone
Internal circulation  Aqueous sjug
Qutlet

Cold zone

Hot zone

Figure 2-19:Segmented flow in microchannel employed for synthesis of gold NPs by Cabeza et al. Reprinted with

permission from Ref. 111. Copyright (2012) American Chemical Society.

Tsunoyama et al. synthesized small gold NPs of around 1 nm by reducing tetrachlorauric acid with
sodium borohydride in the presence of polyvinylpyrrolidone in an interdigitating micromixer (Figure

112

2-20).7" Smaller clusters were obtained when the flow rate was increased and when the concentration

of the precursor and reducing agent was increased.
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Figure 2-20: Interdigitating mixer used by Tsunoyama et al. for the synthesis of gold NPs. Reprinted (adapted) with

permission from Ref. 112. Copyright (2008) American Chemical Society.
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The gold NP synthesis in microfluidic devices studies presented show the wide range of possibilities and
potential benefits that microfluidic devices offer for the synthesis of NPs, and also highlight the

importance of mass transfer in controlling size and dispersity of the NPs.

2.3.3  Mechanistic studies of gold nanoparticle synthesis

One of the more commonly held views of the mechanism for gold NP formation is a burst nucleation
process, as described by LaMer and Dinegar,113 in which the nuclei are formed in a short period of high
nucleation rate, causing the supersaturation to drop below the required level for nucleation and into a
growth phase which results in monodispersed particles. Turkevich et al. conducted a study to investigate
the mechanisms involved in the nucleation and growth of gold NPs in the chloroauric acid and citrate
system.114 The nucleation mechanism was suspected to have four distinct regions: induction period, an
auto-accelerating period, a linear period and a decay period. Briefly, the induction period was believed
to be caused by the oxidation of citrate ions into acetonedicarboxylate ions which when reaching a
sufficient level, induces nucleation through the reduction of precursor. The auto-accelerating portion is
suspected to be caused by the increase in production of acetonedicarboxylate ions past the speed at
which they can be utilised for reduction. The linear proportion is when nucleation achieves a constant
rate and the limiting factor is the speed at which the precursor is reduced to form nuclei. The decay
period occurs when nucleation gives way to the growth of the NPs, i.e. the precursor begins to be
utilised at the surface of existing nuclei surfaces rather than nucleating new particles. It is important to
note that at the decay stage, it was observed that less than 5% of the gold precursor and citrate had

been consumed, so the decay period doesn’t seem to be due to the exhaustion of reagents.

Biggs et al. investigated the colloidal stability of the gold NPs and the role of the AuCl, ion and the

citrate ion."” Using AFM measurements, it was shown that the citrate ion binds onto the surface of gold
causing a repulsive force, but when the AuCl, ion was introduced; the repulsive force is greatly reduced

suggesting that the citrate is displaced by AuCl,. The preferential attachment of AuCl, onto the surfaces
of the gold NPs causes a reduction in the repulsive force of the NPs leading to flocculation. This

flocculation is the cause of the purplish-blue color usually observed in the Turkevich synthesis, and as

the AuCly is consumed through surface reduction, there is a subsequent increase in repulsion forces at
the surface as more citrate attaches leading to the formation of a well-dispersed gold sol. Injection of a
mixture of gold precursor and citrate onto a gold plate surface that had been previously equilibrated
with citrate showed that the surface potential went from repulsive to attractive and remained attractive
because of the slow reduction of the Au(lll) onto the surface of the gold plate.116 Further work was done
on this by Wall et al. using the same techniques but with a thiol coated cantilevers to prevent NP
formation, and the results revealed that the behavior was consistent with a multilayer adsorption of

citrate onto the surface of the gold and because of the low charge density, there was most likely some
counter-ion pairing with the citrate."™ The possibility of the AuCl, ion adsorbing with a counter-ion or

with a ClI” displacement was likely according to the results of the study.
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Chow and Zukoski suggest a growth mechanism were large fluffy NPs are formed in the initial
stages of the reaction and then subsequently these larger agglomerated NPs break down to form
smaller and more monodispersed NPs.” They suggest that the concentration of small NPs increases and
larger NPs decreases through the course of the reaction. The proposed mechanism can be briefly
described as follows. Aurate ions are reduced by citrate to form gold atoms which form clusters
consisting of gold metal, with adsorbed citrate and aurate ions. Since aurate ions are preferentially
binded over citrate to the surface of the gold, there is a lower surface potential which results in a loose
aggregation. Over time the aurate ions are reduced onto the surface to grow the NP, resulting in an
increase in surface potential eventually leading to an electrostatic repulsion which causes the loosely
aggregated NPs to break off into smaller NPs. This describes how the large fluffy NPs eventually break
down to form a monodispersed and stable sol.

Pei et al. monitored the evolution of gold at various reaction times by monitoring the
concentration of the precursor species (AuCl,) and the total gold concentration, which allowed the

concentration of metallic gold to be inferred.” It was found that the reduction in AuCl, ion was faster

with a higher citrate to precursor ratio which is natural since the citrate behaves as a reducing agent.
Nanowires remained in solution if there was AuCly ions still in solution and in the case of ratios 0.2 and
0.3, nanowires persisted until at least 180 min, supporting the idea that the AuCl, does lead to an
aggregation of NPs as suggested by the studies above. As soon as AuCl, was consumed, the blue color of

the nanowires disappeared and the red color of spherical NPs was obtained. Hence excessive AuCl, ion

was important in nanowire formation, and it was observed that exposure to hydrogen gas caused the

breakdown of nanowires into NPs presumably because of a reduction of excess AuCl,. It is suggested

that the mechanism is as follows: nucleation of small gold particles, subsequent attachment of further

AuCl, onto the particle surface, this AuCl, ion results in an attractive force between NPs which causes
them to stick together, followed by growth of nanowires and large 2-D structures of nanowires.

Kimling et al. found that the crystal sizes within citrate prepared gold NP were usually smaller than
the particle diameter indicating a polycrystalline nature.” This supports the idea of nucleation followed
by growth through coalescence. They propose a four step process described here briefly as: cluster
formation, agglomeration of clusters into NPs with a defined surface plasmon resonance (SPR), fusion of
these NPs into larger entities and finally there is a significant amount of atoms in solution which
continue to aggregate leading to their incorporation into the larger entities resulting in a homogenous
density and improved symmetry of NPs resulting in a blue shift of the SPR. This growth mechanism
applied for UV-assisted NP formation and using ascorbic acid as a reducing agent, and was based on the
movement of the SPR which starts from an initial phase which blue shifts, followed by a red shift and

then finally a blue shift. This behavior could also be explained by a loose aggregation of NPs due to

unreduced AuCl, on the surface , explaining the red shift, and eventual surface reduction leading to

uniform stable NPs, explaining the subsequent blue shift.
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Kumar et al. proposed a model for the formation of gold NPs based on reactions they deduced
from evidence in the literature pertaining to stoichiometry of reactions and suggestions for the
oxidation of citrate into the DCA molecule.™™® Briefly, the mechanism is described by a reduction of the
Auj ion to Au* via the oxidation of the citrate molecule to DCA, which subsequently forms a complex
with the Au*. The DCA organizes the Au* and disproportionation of the gold ions into gold atoms occurs.
These atoms pick up further Au* ions to form larger aggregates and further disproportionation occurs
leading to larger gold clusters and subsequent formation of gold nuclei. Based on this, a model is
presented with mass balances for the species involved, which accounts for the mass of auric chloride,
aurous chloride, citrate, DCA and acetone (acetone is also proposed as a reagent which can reduce auric
chloride to aurous chloride). A population balance model is also included so that the number
concentration of particles, which plays a role in the consumption of precursor through surface growth,
can be deduced. Kinetic rate constants for each step of the proposed mechanism are then obtained
through fitting to the experimental data presented by Frens.®’ A reasonable fit to the experimental data
in the literature is obtained, suggesting that the proposed mechanism is able to account for at least
some of the physical mechanisms occurring in the synthesis of gold NPs in the Turkevich synthesis.
Interestingly there is no suggestion of particle aggregation to form wire like structures and subsequent
reduction into monodisperse NPs which is observed experimentally by many studies discussed in this
section.

Ji et al. propose a mechanism for two different sets of ratios of citrate to gold precursor, one for
low citrate to gold ratios (< 3.5) and the other for high citrate ratios (> 3.5), shown in Figure 2-21.% At
high citrate ratios, where the pH is closer to neutral there is nucleation followed by a slow diffusion
controlled growth, evidenced by small spherical NPs at the initial stage followed by growth into larger
spherical NPs. At the lower citrate ratios, dense nanowires with fatter heads and thinner tails were
observed which eventually lead to spherical NPs. It is suggested this is far more likely because of intra-
particle ripening rather than through the cleaving of material from the nanowires which then grow to
larger spherical NPs which is suggested by Pong et al.™® This is because the evolution from nanowires to
spherical NPs takes much longer than the reduction of gold precursor into gold metal, hence there
would be a lack of monomers available for growth of any cleaved NPs and most of the precursor has
already been utilized to form the nanowire structures. There is also an observed fattening of the head
and thinning of the tail over time which supports the idea of intra-particle ripening. The mechanism was
found to be controlled by the reactivity of the precursor which was determined by its speciation. By
tuning the pH, it was found that the reactivity of precursor corresponded with the switching points of
the gold ion complexes i.e. reactivity fell as the pH increased as a result of increasing the hydroxylation
of the gold ion from AuCl,; to AuCI;OH to AuCl,OH,. This reactivity is suggested to be the reason for
nanowire like structures at lower pH and spherical NPs at higher pH. Sivaraman et al. also found the rate
of reduction of gold species was highest when the tetrachloroauric acid was present in its most reactive

form (i.e. AuCIZl).102

The extent of protonation/deprotonation of citrate may be important also, since the
point at which a minimum in size occurred was at pH around 6.5, corresponding to the third pK, value of

6.4 for citric acid where it is completely deprotonated (Cts').
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Figure 2-21: Mechanism suggested by Ji et al. for gold NP synthesis. Two pathways exist dependent on pH.95

Reprinted with permission from Ref. 84. Copyright (2007) American Chemical Society.

Polte et al. observed the nucleation and growth of the gold NPs using the Turkevich synthesis at 75 and
85°C through the use of UV-Vis, SAXS and XANES analysis.120 In contrast to mechanisms which suggest
the formation of larger NPs which eventually form smaller and more spherical and monodisperse NPs,
there were no larger NPs observed in this study. Instead the mechanism is proposed to be consisting of
four main steps: the reduction followed by nucleation of gold, the coalescence of gold nuclei to form
larger gold NPs, slow growth of the larger gold NPs through reduction of precursor onto existing NPs,
and finally a more rapid growth onto existing NPs possibly because of an autocatalytic effect (Figure
2-22). Polte et al. also observed a coalescence of smaller NPs to form larger NPs when using sodium
borohydride as a reducing agent.121 Goia and Matijevic used iso-ascorbic acid to reduce tetrachloroauric
acid and found a coalescence of gold NPs of a crystal size of 30 nm which formed much larger
micrometer sized particles.122 Park et al. modelled the process of burst nucleation followed by
aggregation of primary particles to form larger secondary particles and the model was found to sensitive

to the surface tension of the particles and singlet-singlet aggregation rate.'”
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Figure 2-22: Mechanism of gold NP formation suggested by Polte et al. Reprinted (adapted) with permission from
Ref. 120. Copyright (2010) American Chemical Society.

Wouithschick et al. investigated the mechanism from the speciation of reagents aspect and answered
some questions pertaining to the control of the size of the NPs.'* They present a suggested mechanism

124

for gold NP formation for the Turkevich synthesis, based on that proposed by Polte (Figure 2-23).”" The

main suggestion is that the speciation of the AuCl, controls the nucleation of the gold NPs which
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ultimately determines their final size. The degree of hydroxylation of the AuCl, affects the reactivity as

highlighted by Ji et al.,95 and that the Turkevich method produces monodisperse NPs because of the

change in speciation of the precursor which creates a separation of nucleation and growth as AuCl, is
both consumed and transitions into more hydroxylated forms as pH goes from acidic to neutral. They
note that once the nucleation is over, the kinetics of growth has little effect on the final size which is
determined in the nucleation phase, suggested to be of the order of 30 s long for the conditions tested.
They emphasize that, contrary to the majority of studies elucidating the mechanism of gold NP synthesis
using the Turkevich method, there is no aggregate or agglomerate formation leading to the formation of

wire like structures according to the SAXS analysis by Polte et al*°

The bluish-gray color which is
observed in the Turkevich synthesis is suggested to be due to an optical alteration of gold NPs with
precursor ions adsorbed onto the surface rather than because of an aggregation or agglomeration of
NPs. Plech et al. synthesised NPs using a modified Turkevich method in which X-rays were used to
induce nucleation.'” They introduced a mixture of chloroauric acid and trisodium citrate into an X-ray
capillary, where it was exposed to X-rays and formed NPs. In the early stages of the process, they
suggest a bimodal distribution centred around 7.8 and 3.9 nm at 38s, and 9 and 4.6 nm at 83s. Following
this period, the data suggests that the particles are close in distance and that there is clustering of
particles to bigger aggregates (20-40 particles). Finally after 2h, the data can be fitted by isolated

particles with a few clusters still present. The final size of the NPs was not different to the aggregates

detected in the earlier stages, supporting the idea of coalescence of smaller NPs to form larger ones.

igrowth due 1o coakescence.
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Figure 2-23: Mechanism of gold NP formation in the Turkevich synthesis suggested by Polte. Ref.124 — Published by

The Royal Society of Chemistry.

Kettemann et al. investigated the importance of the speciation of the citrate species in the Turkevich

synthesis.106 Depending on the pH, the protonation/deprotonation of the citrate species changes,
increasing pH from acidic to basic deprotonates the species. They deduced that the HCit'2 was the likely
species which reduced the AuCl, and if the synthesis is manipulated to ensure a reproducible

concentration of HCit'z, the synthesis becomes highly reproducible. HAuCl, was also prone to differences
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from batch to batch, it was found that boiling and refluxing the precursor for 1 h enabled
reproducibility.

Much work has been carried out to understand the mechanisms involved in gold NP formation,
with particular focus on the reduction of gold precursor using citrate at elevated temperatures. The
color changes observed in the synthesis can best summarize the mechanisms. Initially there is a color

change from the yellow of AuCl, to clear, which is most likely the transition of the Au® ion to some

118

intermediate such as Au” as suggested by Kumar et al. Following this, a purple-blue color is usually

observed. The consensus is that this color arises from flocculation or loose aggregation of newly formed

93, 95

gold nuclei, observed to be large fluffy NPs,91 or wire like structures. The explanation of this seems

to arise from the preferential binding of gold precursor to the surface of gold nuclei over the citrate

15117 This then leads to the color of

molecule, as highlighted by the work of Biggs et al. and Wall et al.
the solution deepening and eventually turning ruby red, indicating the formation of monodispersed gold
NPs of 10-20 nm. This is suggested to be caused by the slow surface reduction of the gold precursor,
which eventually leads to increasing stability of NPs as citrate begins to attach onto the surface. This
increased stability causes a repulsion, which enables the flocculated NPs to break apart. There seems to
be an agreement that a coalescence of nuclei in the initial phase to form small gold NPs, indicated by

120, 125

their polycrystalline nature and the SAXS studies by Polte et al. and Plech et al. There is a

suggestion that the formation of wire like structures or larger NPs doesn’t exist in solution and that the
purple blue color is caused by an optical effect of gold precursor binding onto the surface of gold NPs.'*
However, it is still seems like flocculation is a strong possibility because of the preferential binding of
gold precursor on the surface of gold NPs, which would create attractive rather than repulsive forces.

The speciation of the components in the Turkevich synthesis have also been identified to be important

in determining the mechanisms, reactions rates and resultant NP size.
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3 Synthesis of silver nanoparticles in a microfluidic coaxial flow reactor

The disadvantage of using reactors with a high surface area to volume ratio is that there is a higher
chance of fouling and accumulation of material on the walls of the channel. Hence, microreactors which
are not easily susceptible to accumulation of material on their walls are desirable. There are various
studies which implemented different strategies to avoid fouling, such as the segmented-flow approach
and the reduction of wall interactions through pH alteration and surface silanization of the channel

76, 126, 127

walls. One type of design that alleviates the occurrence of fouling is the coaxial flow reactor

(CFR) which allows an inner stream of reagent to be surrounded by an outer stream, creating a reaction

. 35, 36, 128-130
interface between the streams.

The CFR is less susceptible to fouling because the reduction of
precursor ions and nucleation of metal NPs occur at the interface between the inner and outer streams,
rather than near the channel walls. This reduction in fouling relies on the flow profile of the channel
remaining in a stable laminar regime. This has adverse effects with regards to mixing efficiency, unless a
reduction of diffusion distances or sufficient contact time is applied.

Examples of CFRs are found in the studies by Takagi et al. who produced titania NPs using an axial
dual-pipe microdevice.'?® Using various flow conditions and tuning of solvent properties such as
viscosity and surface tension, the flow characteristics in their device were tuned and led to increased
control over mass transfer. The mass transfer of the reagents in the microdevice determined the size
and monodispersity of the NPs which was demonstrated by using different solvent types, tube
diameters and precursor concentrations. Maki et al. employed a concentric-axle dual-pipe microreactor

128, 129

to synthesize zirconia NPs, and showed that increasing residence time resulted in larger NPs.

Abou-Hassan et al. used a coaxial flow device operated under laminar flow conditions to synthesize iron

35, 36, 130

oxide, goethite and Fe,0;@SiO, core/shell NPs. 7 nm iron oxide NPs were synthesized in the
coaxial flow device and polydispersity decreased from 35% in a typical batch synthesis to ca. 20% in the
coaxial flow device.”® Goethite NPs were synthesized using the coaxial flow device as a nucleation
section before a long residence loop in a temperature controlled bath. The goethite NPs were produced
with a residence time of around 15 min as opposed to several hours using traditional batch methods,
and were also smaller than those made in batch vessels.” Similarly, a multistep approach using the
coaxial flow devices was used to synthesize Fe,0;@SiO, core/shell NPs within a much shorter timescale
as compared to batch.*® Lim et al. operated a CFR in the turbulent regime to produce various NPs such

131 schiilein et al. used

as iron oxide with an ability to tune the size through changing the flow conditions.
a micro coaxial-injection flow mixer for the synthesis of nickel NPs. The process for synthesizing nickel
NPs quickly blocked commercially available microstructured mixers and the coaxial-injection mixer was
used in a pilot plant scale process mainly because it could avoid fouling and blockage issues.™

Synthesis of silver NPs using silver nitrate, sodium borohydride (with sodium hydroxide) and
trisodium citrate in a coaxial flow reactor in this study has not been reported in the literature. Shirtcliffe
et al. reported the synthesis of silver NPs using sodium borohydride and sodium hydroxide as a reducing

agent for silver nitrate using a PTFE flow chamber and also using Eppendorf pipettes to mix reagents

directly into plastic cuvettes.®” Wagner et al. synthesized silver NPs in a split and recombine mixer using
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borohydride as a reducing agent for silver nitrate and despite fouling were able to control the size of the
NPs by tuning the borohydride ratio, obtaining NPs in the range of 10-20 nm for borohydride to silver
nitrate ratios ranging from 3 to 40.* Further studies using borohydride as a reducing agent for the
reduction of a silver precursor to form silver NPs in the aqueous phase were mainly in batch reactors
with NP sizes ranging between 1-100 nm.> %% ¢ %

The main objective of this work is to study how the size and monodispersity of silver NPs can be
controlled by changing the operating parameters of flow rate and concentration of ligand (trisodium
citrate) and precursor (silver nitrate). The motivation for using a CFR was to avoid fouling issues and
blockages, an issue which was encountered when synthesising NPs using the same chemical system in a

split and recombine type micromixer (see Appendix B, Figure Bl for images of fouling in such a

micromixer).
3.1 Experimental

3.1.1 Chemicals

Silver nitrate (AgNO;, 0.01 M stock solution), trisodium citrate (HOC(COONa)(CH,COONa), -2H,0,
powder form) and sodium borohydride solution (NaBH,4, ~12 wt% in 14 M NaOH stock solution), were
obtained from Sigma Aldrich Company Ltd., UK. All chemicals were used without further purification and
solutions were prepared with ultrapure water (resistivity 15.0 MQ-cm) and diluted to the desired

concentrations before being introduced into the CFR.

3.1.2  Experimental Setup

Syringe pumps (Pump 11 Elite OEM Module, Harvard Apparatus) were used in the experiments to
deliver the two streams of silver nitrate/trisodium citrate solution and sodium borohydride solution to
the CFR. The CFR used in this study consisted of a small inner tube which was inserted into the center of
a larger outer tube (Figure 3-1). Both the inner and outer tubes were made of glass and inner tubes of
two different internal channel diameters of 0.556 mm (0.8 mm external diameter) and 0.798 mm (1.09
mm external diameter) were used in separate experiments. The outer tube had an internal channel
diameter of 2 mm. The distance from the inner tube outlet to the outlet of the CFR was 130 mm. A 1.59
mm PTFE tube sleeve with a suitable inner diameter is placed around the inner tube to keep the tube
stable within the larger outer tube. The capillaries were connected together using a T-piece connector
(0.508 mm thru-hole, Upchurch Scientific) which was drilled to a size of 2 mm internal diameter (I.D.) to
allow the inner tube to be inserted into the outer tube. The flow ratio between the inner and outer

stream, Qqu::Qin, Was fixed at 1:1 and the CFR operated in the laminar flow regime for all experiments.
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Figure 3-1: Schematic of the coaxial flow reactor setup. Insert shows flow visualization of laminar flow inside the
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coaxial flow reactor with blue dye flowing through the inner tube and water flowing through the outer tube.

3.1.3  Synthesis of silver nanoparticles
A typical synthesis was as follows: silver nitrate and trisodium citrate were mixed together in solution
and introduced via the inner tube of the CFR, while the sodium borohydride solution was introduced via
the outer tube of the reactor. Fresh trisodium citrate solution was made by dissolving the powder in
ultrapure water before each synthesis. All reactions were carried out at room temperature (typically
between 22-24 °C). All concentrations, unless otherwise stated, are concentrations of the individual
streams being introduced into the CFR. Since the sodium borohydride was stored in 14 M sodium
hydroxide, the concentration of sodium hydroxide was 3.21 times higher than the stated sodium
borohydride concentration in all cases.

The literature shows that borohydride can supply up to eight molar equivalents of electrons to

. . . 133-135
reduce the silver ions to silver metal.

The amount of electrons released from the borohydride
molecule depends on whether the formed H® ions react with H ions from the molecule to form
hydrogen gas, which would limit the electrons available for reducing metal ions. Highly basic conditions
reduce the formation of hydrogen gas hence freeing up more electrons for reduction of the metal ion. In
this study sodium borohydride was stored and used under basic conditions which should produce a
higher amount of electrons for reducing the metal ions. Samples were stored for months without
noticeable formation of hydrogen bubbles whereas when sodium hydroxide was not used to arrest the
hydrolysis reaction, hydrogen bubbles formed within the samples after a short time. The actual amount
of electrons utilized to reduce silver is unknown, though it is suggested by Shirtcliffe et al. that six of the
available eight electrons are utilized to reduce silver ions under basic conditions.”

The primary purpose of sodium borohydride is to reduce the silver ions to silver metal; however, it
also affects the growth of the NPs. The surface charge of the particles is affected by borohydride and
hydroxide ion adsorption and it is well established that the conversion of borohydride to borate in

68, 136

aqueous solution results in changes in the particle charge. Under basic conditions the conversion of

137,138

borohydride slows down. However, trisodium citrate is used as the primary stabilizing agent in this

study. The concentrations of the reducing agent (sodium borohydride) and ligand (trisodium citrate) in
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relation to the precursor concentration (silver nitrate) determine the nucleation, growth and
stabilization of the NPs. Since the concentration is important in determining the size and dispersity of
resultant NPs, the mass transfer during the reaction becomes important as this dictates the
concentration at which the reaction takes place at any given time during the reaction. The
reproducibility of the synthesis in the CFR over a range of flow rates was assessed by repeating the
synthesis 4 times for each flow rate (Figure B2 in Appendix B shows UV-Vis analysis of the repeated

syntheses).

3.1.4  Characterization of nanoparticles

The silver NPs were analyzed within an hour of the synthesis using a UV-Vis spectrometer (USB 2000+
Spectrometer and DT-Mini-2-GS light source, Ocean Optics). Transmission electron microscope (TEM)
images were captured using a JEOL 1200 EX ii microscope with a 120 kV acceleration voltage. Carbon
coated copper TEM grids were prepared within an hour of synthesis by pipetting approximately 15 pl
sample onto the grid and allowing it to dry at room temperature. It was important to keep the droplet
small enough to only partially cover the grid. This has two beneficial effects. Firstly, the drying time of
grid is shorter because of a lower volume of solution. The second reason relates to the well-known
‘coffee ring’ effect, where particles are pushed towards the edges of a droplet that is evaporating,
meaning that these areas will contain aggregated NPs which are not representative of the sample but
rather an artefact of sample preparation. When the grid is prepared in such a way, the ring of
aggregated NPs can be physically identified on the small copper grid and easily visible when analysing
the sample using TEM. This allows the differentiation between aggregates that are in the sample and
those that are artefacts of sample preparation. The TEM images have in the inset particle size
distributions, average diameter, d, standard deviation, 6d, indicating polydispersity and number of
particles counted to obtain the particle size distribution, n. PEBBLES software was used for the counting

and sizing of TEM images of the synthesised NPs.

3.2 Investigation on variance in nanoparticle morphology using parametric studies

3.2.1 Effect of total flow rate
Experiments were carried out in the CFR with an inner tube channel diameter of 0.798 mm at various
flow rates. The CFR was used to synthesize silver NPs at concentrations of 0.2 mM silver nitrate, 0.2 mM
trisodium citrate and 0.6 mM sodium borohydride at total flow rates ranging from 1 ml/min to 14
ml/min. The molar ratio of sodium borohydride to silver nitrate is 3:1, but the ratio of electrons to silver
ions is many times greater than this. Figure 3-2 shows TEM images of silver NPs synthesized at 1 ml/min,
2.5 ml/min, 8 ml/min and 14 ml/min along with their respective particle size distributions. The particle
size synthesized at the lower flow rates of 1 ml/min (3.1 £ 1.6 nm) and 2.5 ml/min (3.3 £ 2.2 nm) are
statistically smaller than those at the higher flow rates of 8 ml/min (5.6 £ 2.7 nm) and 14 ml/min (5.4 +
3.4 nm) while the polydispersity steadily increases from + 1.6 nm to + 3.4 nm. However, the particle
sizes at 8 ml/min and 14 ml/min were not found to be statistically different using a t-test (p = 0.209).
According to Mie theory, for NPs in the range between 6-10 nm the peak absorbance increases

139

with size (for a given concentration) but the peak wavelength does not shift significantly.” From the
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UV-Vis analysis (see Appendix B, Figure B3), the peak wavelength does not change significantly (between

392-393 nm for all flow rates) in agreement with theory. However, the peak absorbance of the spectra

decreases minimally from 1.35 to 1.27 (statistically different, p < 0.01) with increasing flowrate even

though TEM shows an increasing average size of NPs from 3.1 nm to 5.4 nm. This can be explained by

the increased polydispersity observed at higher flow rates where NPs larger than 10 nm are formed. This

results in increased full width at half maximum of the resonance peaks at higher flow rates, and since

the mass of silver used in each experiment is constant, the peak absorbance decreases.
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Figure 3-2: TEM images and particle size distributions of silver NPs synthesized at different total flowrates. A: 1

ml/min, B: 2.5 ml/min, C: 8 ml/min and D: 14 ml/min. Concentration of silver nitrate 0.2 mM, trisodium citrate 0.2

mM, sodium borohydride 0.6 mM. 0.798 mm inner tube I.D.

The concentrations of precursor, reducing agent and ligand are important factors in controlling

nucleation and growth and hence size of the synthesized NPs. The evolution of the concentration

profiles along the length of the reactor is controlled by mass transfer, i.e. the mixing characteristics.

Mixing in the CFR occurs by diffusion, since it operates in the laminar flow regime for the flow rates

. . . 140
employed. We can use a simple relationship:
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(x/2)?
t=
2D

where t is time, x is the thickness of the stream and D is the diffusion coefficient, to estimate the time
required for the reagent to diffuse significantly along the radial direction in the CFR (i.e. the mole
fraction becomes approximately uniform across the channel diameter in the absence of reaction). Using
a diffusion coefficient of 1.7 x 10” mz/s for AgN03,141 and a stream thickness of 1 mm (half the diameter
of the outer tube), a time of 73 s is calculated. Using a diffusion coefficient of 3.5 x 10° mz/s for NaBH,
in NaOH solution,142 a time of 36 s is calculated. The volume of the reactor is 0.4 ml, yielding an average
residence time of 1.75 - 24.5 s for flowrates between 1 - 14 ml/min. Hence, complete mixing does not
occur because the residence times are shorter than the characteristic diffusion times. At higher flow
rates, minimal mixing occurs in the channel as the molecules have very little time for diffusion. The
majority of the reagent mixing in this case is at the outlet of the CFR where droplets form and are
collected. A high reactant concentration in the streams is maintained in the CFR because of the slow
mixing. This is confirmed when considering the Peclet number of the conditions tested. For a
characteristic length of 2 mm (inner diameter of the outer tube) the Peclet number varies between ca.
3000-42000 for sodium borohydride and ca. 6000-87000 for silver nitrate. This indicates that for the
flow conditions tested, the mass transport is dominated by advection. This is because the residence time
within the channel is quite short compared to the time needed for diffusion along the cross-section of
the channel. Even given the advection dominated mass transport (because the residence time is quicker
than diffusion time), the size and dispersity of the NPs is still significantly affected with varying flow rate
which highlights the speed at which the reactions take place with the limited diffusion time available.

Literature suggests that reaction and nucleation in silver NP synthesis have very fast kinetics
evidenced by the timescales of NP appearance in studies by Polte et al. which suggests reduction occurs
in less than 200 ms,e'8 and Takesue et al. in which nucleation is observed in less than 1 ms.® Thus, the
reaction is likely to occur at or very close to the interface between the two streams, at least in the initial
part of the reactor and at high flowrates. The inner and outer streams behave as reservoirs of precursor
and reducing agent respectively which supply the necessary reagents at the interface region for
reduction of silver ions to silver metal and subsequent clustering and stabilization. Comparing the
average residence times with characteristic times for diffusion, we can conclude that at high residence
time (24.5 s) most silver nitrate in the inner stream would be consumed, because of the fast kinetics and
sufficient diffusion time of the borohydride (36 s). This is likely not to be the case at low residence time
(1.75 s).

Higher flow rates resulted in the appearance of larger silver NPs. This may be rationalized as
follows. The reaction occurring at the interface within the CFR results in silver atoms being formed in
that region. The concentration of silver atoms increases until they form clusters (synthesis mechanisms
in the literature strongly suggest that the metal atoms form clusters which coalesce to form small
NPs).68’ 8. 1% A smaller amount of silver precursor is consumed and smaller amounts of clusters are
formed within the CFR at low residence time. A higher amount of silver nitrate is left unreacted at the
outlet of the CFR, where droplets form and mixing and consumption of reagents continue within them.
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Mixing there is through recirculation patterns as the droplets form. Even though these convective
patterns promote faster mass transfer than diffusion, they result in non-homogenous concentration
areas. Thus, the larger amount of remaining silver ions reacts and moves to areas where the
concentration of silver nitrate may be high relative to borohydride. The resultant NPs would have a
lower surface charge because of the low amount of borohydride ions which adsorb onto their surface.
This in turn allows the NPs to aggregate and grow to a larger size, since it is established that a decrease
of surface charge of the NPs (most likely because of borohydride ion depletion) causes NPs to grow to a
larger size.”®® The appearance of higher amount of larger NPs, further gives rise to the increased
polydispersity observed. The increasing Peclet number (with increasing flow rate) also quantifies the
diminishing significance of the diffusion mechanism on the mass transport with increasing flow rate,
further supporting the idea that there is less reaction occurring within the channel at higher flow rates.
An interesting observation was that a layer of silver formed on the inner wall near the outlet of the
inner tube through which the silver nitrate was flowing. This fouling occurred on the outer wall of the
inner tube when silver nitrate was flowing through the outer tube. Fouling only occurred on the side of
the inner tube where silver nitrate was flowing i.e. a silver nitrate rich zone (see Figure B4 and Figure B5
in Appendix B for images of fouling on the channel walls). The reason fouling did not occur on the
sodium borohydride side during experiments may be because silver metal atoms produced in sodium
borohydride rich zones would have a high negative surface charge and hence cannot grow and deposit
on the negatively charged glass channel wall in the sodium borohydride stream.™* This is consistent
with the larger NPs obtained at higher flow rates, which increases the polydispersity. Another point to
note is that citrate molecules were also available in the silver nitrate stream, but they did not prevent

the deposition of silver metal on the inner tube.

3.2.2  Effect of trisodium citrate concentration
The effect of surfactant concentration on the NP morphology was investigated by varying the trisodium
citrate concentration. The silver nitrate and sodium borohydride concentrations were kept constant at
0.1 mM and 0.3 mM respectively. The role of sodium borohydride and why it was in such high excess
was discussed previously. Trisodium citrate concentration was varied between 0.025 mM and 1.5 mM.
Due to these high citrate concentrations, the silver nitrate and sodium borohydride concentration was
reduced (though still using a 3 to 1 ratio of sodium borohydride to silver nitrate) to keep the ionic
strength as low as possible. The flow rate of each stream was 1.25 ml/min making a total flowrate of 2.5
ml/min. Figure 3-3 shows TEM images and particle size distribution of the silver NPs synthesized at
various citrate concentrations (0.025 mM to 0.75 mM) with average diameter and standard deviation
for each concentration. It can be seen that the polydispersity and average size of the NPs decreases with
increasing citrate concentration because of the reduction in the amount of large fused NPs present.
Figure 3-4 shows the UV-Vis spectra of the silver NP samples for each citrate concentration tested.
The resonance peaks at lower citrate concentration are characterized by a lower plasmon peak
absorbance and a higher absorbance at longer wavelengths; and as the citrate concentration is
increased up to 0.25 mM the plasmon peak increases and the peak at higher wavelengths is reduced.

The tail in the resonance peak is indicative of the presence of larger fused NPs, as confirmed by TEM
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imaging at lower citrate concentrations, suggesting citrate plays a key role in reducing formation of
larger fused NPs. Increasing the concentration of citrate above 0.5 mM up to 1.5 mM does not alter the
synthesized silver NP characteristics. This shows that a minimum citrate concentration is needed to
obtain relatively monodispersed NPs and to prevent the formation of larger fused NPs with irregular
shapes. Henglein and Geirsig also showed in a study using radiolysis for the reduction of AgClO, that
larger fused NPs were formed when insufficient amounts of citrate were used (they also showed large
fused NPs when the citrate concentration was too high).83 Further qualitative analysis of the TEM
images shows that at lower concentration, there are smaller NPs which surround the larger NPs.
Because of the high contrast of the larger fused NPs, these smaller NPS may be harder to identify since
they do not yield as high of a contrast. Table 3-1 shows the full width at half maximum (FWHM) and
peak wavelength of the silver NPs synthesised at the various citrate concentrations, obtained from the
UV-VIS spectra. As expected the FWHM decreases with increasing concentration (lower FWHM indicates
lower dispersity), in line with the TEM images showing decreased polydispersity with increasing citrate
concentration. Interestingly, the peak wavelength shows increase with increasing citrate concentration
(higher peak wavelengths indicate increasing NP size). This is obviously not the case according to the
TEM images as well as the large shoulder peaks in the UV-Vis, but it does support the idea that at lower
citrate concentrations, there is a possibility of smaller NPs existing (in particular, smaller than the

smallest NPs present in the synthesis at higher citrate concentration).
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Figure 3-3: TEM images and particle size distributions of silver NPs synthesized at different trisodium citrate
concentrations. A: 0.05 mM , B: 0.1 mM , C: 0.25 mM and D: 1.5 mM. Concentration of silver nitrate 0.1 mM,
sodium borohydride 0.3 mM. Total flow rate 2.5 ml/min, 0.556 mm inner tube I.D.
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Figure 3-4: Absorbance peaks of silver NPs synthesized at various trisodium citrate concentrations in the range
0.025- 1.5 mM. Total flow rate 2.5 ml/min, concentration of silver nitrate 0.1 mM, sodium borohydride 0.3 mM.

0.556 mm inner tube I.D.

Table 3-1: FWHM and peak wavelength of silver NPs at various trisodium citrate concentrations in the range 0.025-
1.5 mM. Total flow rate 2.5 ml/min, concentration of silver nitrate 0.1 mM, sodium borohydride 0.3 mM. 0.556 mm

inner tube I.D.

Citrate concentration (mM) FWHM (nm) Peak wavelength (nm)

0.025 9% 381

0.05 91 379

0.1 84 385

0.25 77 389

0.5 77 393

1 75 392

1.5 77 392

3.2.3  Effect of silver nitrate concentration

The effect of precursor concentration on the NP size and polydispersity was investigated by varying the
concentration of silver nitrate. The trisodium citrate and sodium borohydride concentrations were kept
constant at 0.5 mM and 0.3 mM respectively. The silver nitrate concentration was varied between 0.05
mM and 0.4 mM. Sodium borohydride is expected to reduce all silver ions even at the highest precursor
concentration used since it is expected to supply an excess of electrons for reduction. The flow rate of
each stream was 1.25 ml/min making a total flowrate of 2.5 ml/min. The Beer-Lambert law applied for
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synthesized Ag NPs having peak absorbance values below 1.5. Therefore, samples were diluted if the
absorbance was above this value for normalization.

Figure 3-5 shows TEM images of the silver NPs along with their respective particle size
distributions. The size increased from 3.7 £ 0.8 nm to 9.3 + 3 nm with increasing silver concentration. It
can be seen that small and relatively monodisperse NPs form at the lowest concentration with a
transition into a more polydisperse bimodal distribution occurring at 0.15 mM silver nitrate. The higher
polydispersity may be related to a larger extent of reduction taking place in the droplets at the exit of
the CFR, as discussed earlier. Figure 3-6 shows the UV-Vis spectra for each synthesis carried out at
various silver nitrate concentrations. The peak absorbance increases with increasing concentration
showing a linear dependence. The increase is most likely because of a higher concentration of NPs and

3% Table 3-2

increased average size of the NPs (absorbance increases with size for NPs below 10 nm).
shows the FWHM and peak absorbance of the silver NPs synthesised at various silver nitrate
concentrations, obtained from the UV-Vis spectra. At the lowest concentration the spectra is diffuse and
has a larger peak wavelength (which indicates large and polydisperse NPs). However, the NPS are 3.7 nm
according to TEM. At this size, the NPs would show very little absorbance, so the absorbance shown in
the spectra could be from small amounts of larger NPs which would have a much higher absorbance.
The large FWHM could be because the larger NPs that exist in the solution are polydisperse. This can
explain to an extent the FWHM and peak wavelength at a concentration of 0.15 mM also. With
increasing concentration after 0.15 mM, the FWHM and peak wavelength shows little variation
indicating that there is minimal change in NP size and polydispersity.

As discussed previously, high amounts of silver nitrate in the droplets forming at the outlet of the
CFR can lead to silver nitrate rich zones (due to imperfect mixing) which lead to larger NPs forming (as
well as increased polydispersity). In the case of the lowest silver nitrate concentration (0.05 mM) there
is a low amount of silver nitrate in the droplets at the outlet of the CFR, leading to a lower possibility of
silver nitrate rich zones. At higher silver nitrate concentrations there is a larger amount within the
droplets at the outlet of the CFR, increasing the likelihood of reactions occurring in silver nitrate rich

zones leading to an increased formation of larger NPs and polydispersity.
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Figure 3-5: TEM images and particle size distributions of silver NPs synthesized at different silver nitrate

concentrations. A: 0.05 mM, B: 0.15 mM, C: 0.25 mM and D: 0.4 mM. Concentration of trisodium citrate 0.5 mM,
sodium borohydride 0.3 mM. Total flow rate 2.5 ml/min, 0.556 mm inner tube I.D.
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Figure 3-6: Absorbance peaks of silver NP synthesized at various silver nitrate concentrations in the range 0.05-0.4
mM. Total flow rate 2.5 ml/min, concentrations of trisodium citrate 0.5 mM, sodium borohydride 0.3 mM. 0.556

mm inner tube I.D. Inset: Silver nitrate concentration vs. peak absorbance for resonance peaks.

Table 3-2: FWHM and peak wavelength of silver NPs at various silver nitrate concentrations in the range 0.05 - 0.4
mM. Total flow rate 2.5 ml/min, concentrations of trisodium citrate 0.5 mM, sodium borohydride 0.3 mM. 0.556

mm inner tube I.D.

Silver concentration (mM) FWHM (nm) Peak Wavelength (nm)
0.05 88 402
0.15 76 399
0.2 67 397
0.25 64 395
0.3 68 396
0.4 66 395

3.3  Conclusions

The performance of a Coaxial Flow Reactor (CFR) was investigated for silver NP synthesis. The reaction
was confined to the interface between the inner and outer streams resulting in the generation of silver
clusters which increase in concentration along the length of the CFR. Hence the residence time is an
important parameter which determines the amount of the precursor consumed before the advective
mixing within the droplets at the end of the CFR. Residence time determines the amount of silver nitrate
consumed in the CFR, and it is shown that shorter residence times where less silver nitrate is consumed,
results in larger NPs being formed. This is possibly because reactions in silver nitrate rich zones (i.e.
reactor outlet at high flow rates) lead to the formation of NPs with low surface charge which have
reduced stability and hence have a tendency to grow by coalescence. For the same reason, increasing
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silver nitrate concentration, while maintaining a constant residence time resulted in an increase of NP
size and polydispersity. Increasing citrate concentration reduced the amount of larger fused NPs
resulting in a smaller average size and reduced polydispersity. Such fused NPs disappeared above a
citrate concentration of 0.25 mM. Increasing the concentration of citrate past this amount did not
decrease the size of the NPs further, indicating that a threshold is reached. The CFR offers a simple
method to control the size of the NPs because of its unique design. By keeping advective mixing to a
minimum, the reaction is maintained at the interface region between the two streams. This avoids the
problem of blockage of the channels by containing the reaction away from the channel walls, unlike

other types of microfluidic devices where the reaction can take place close to the channel walls.
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4 Synthesis of silver nanoparticles using a microfluidic impinging jet reactor

The synthesis of silver NPs using sodium borohydride as a reducing agent typically leads to small NPs
because borohydride is a strong reducing agent, however it tends to give polydisperse NPs. Our previous
study using a coaxial flow reactor produced silver NPs in the 4-10 nm range and showed that mixing is
an important parameter when using borohydride as a reducing agent.145 Split and recombine type flow
reactors’” and PTFE flow chambers® have been utilized to synthesize silver NPs using borohydride
obtaining NPs in the range of 10-20 nm for borohydride to silver nitrate ratios ranging from 3 to 40.
Batch reactor syntheses of silver NPs using borohydride as a reducing agent produced NPs in the 1-100
nm range.S, 64, 67,69

A non-confined impinging jet reactor (IJR) with characteristic dimensions in the micrometer range
is employed in this study to investigate how manipulating mass transfer affects the NP characteristics, in
particular the size and dispersity. IJR is a particularly useful device to use in the synthesis of NPs since it
doesn’t clog because of absence of channel walls. Fouling is particularly problematic in microfluidic
devices since their small dimensions make them potentially vulnerable to blockage, and various
strategies in the literature have been used to avoid fouling such as segmented ﬂow,126 coaxial flow™?® %
and surface silanization.™’

The 1JR has found most common application in bipropellant liquid rocket engines146 but it also
presents some very distinct advantages for reactions which produce solids. Mahajan and Kirwan

i They subsequently carried

characterized the mixing times in an 1JR using the Bourne reaction scheme.
out a precipitation reaction for the synthesis of lovastatin crystals and compared the size of crystals
obtained when the mixing time was i) slower and ii) faster than the induction time for crystallization.
They concluded that a more monodisperse particle size distribution (PSD) was obtained when mixing
time was faster. They also concluded that if the mixing time is faster than the induction time (elapsed
time period between achievement of supersaturation and the appearance of crystals),148 further
improvements to the mixing time do not significantly affect the resultant crystals. Erni and Elabbadi
studied the hydrodynamic properties of the IJR and characterized various flow regimes before using the
IJR for an acid induced crystallization of sodium benzoate. They found a decrease in both size and
dispersity with an increasing jet veIocity.149 Kumar et al. employed an IJR for the synthesis of
nanocrystalline MgO, a process which yields a rigid gel which can quickly clog microchannels. A change
in impingement angle and velocity of the jets was found to affect the surface area of the nanocrystalline
MgO formed and for each parameter there was an optimum that existed to obtain maximum surface
area. It is suggested that this optimum exists because of a change in hydrodynamics in the impingement
zone, where too high a flow rate or impingement angle led to non-optimal mixing conditions resulting in
a reduced contact time for reaction.”™® Hosni et al. used impinging jet reactors for the synthesis of ZnO
NPs, comparing results against those formed in a batch stirred vessel and a T-mixer type reactor. The

size of the NPs synthesized in each reactor depended on the energy dissipation used for mixing, with the
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IJR having intermediate energy dissipation versus the other two types of reactors and hence producing
an intermediate size of ZnO NPs.™*

Confined impinging jet reactors (CIJR) are a similar type of reactor for the use in reactions involving
precipitation of solids. Johnson and Prud’homme employed a CIJR for the precipitation of hydrophobic
organic actives NPs; importantly the CIJR allows for homogeneous conditions prior to precipitation of
NPs (i.e. formation of block copolymer NPs and nucleation and growth of organic actives) which

12 The NP size decreased with

ultimately separates the effect of mixing on the final size of the NPs.
increasing mixing efficiency up until a ‘breakpoint’ was reached, at which point the size of the block
copolymer NPs remained constant. They also observed the same effect when using a different block
copolymer, and the ‘breakpoint’ corresponded to a Dahmkéhler number of 1.>* Marchisio et al. studied
the precipitation of barium sulfate NPs in a ClJR and similarly observed a reduction in particle size with
increasing mixing intensity, but no further improvements were observed when the characteristic mixing
time scale reached the reaction time scale.”>* Reduction in size of precipitated barium sulfate NPs with

increasing mixing intensity was also observed by Schwarzer and Peukert using a T-mixer."”

Siddiqui et
al. used a CIR for the synthesis of iron oxide NPs where they found a reduction from 800 nm to 200 nm
in agglomerate size by increasing the flow rate under high concentration conditions.”® These studies
show the importance of mixing for reactions which lead to formation of NPs, since they typically have
reaction times that are small and hence need very good mixing efficiency to approach monodispersity.
According to the literature above, a reduction in NP size is reported with increasing mixing efficiency
attributed to increasing supersaturation levels which would favor a higher nucleation rate and hence
smaller particles.

The IR used in this study presents a convenient platform for the synthesis of silver NPs because
the reactor has no channel walls in the reaction zone, eliminating the need for lengthy cleaning
procedures which are needed in traditional microchannels because of fouling. The IJR can synthesize
silver NPs in a highly repeatable manner, associated with the lack of fouling which can occur in other
types of reactors where surfaces are present near the reaction zone. The main objective of this work is
to investigate the effect of mixing on the size and dispersity of silver NPs synthesized using two different
ligands: i) trisodium citrate and ii) polyvinyl alcohol (PVA). The hydrodynamics and mixing efficiency of

the 1JR have also been studied.
4.1 Experimental

4.1.1 Chemicals

Silver nitrate (AgNO;, 0.01 M stock solution), trisodium citrate (HOC(COONa)(CH2COONa),-2H,0,
powder form, PVA (molecular weight 89000-98000 Da), sodium borohydride solution (NaBH,4, ~12 wt%
in 14 M NaOH stock solution), potassium iodide (KI, 99%) potassium iodate (KIOs, 98%), boric acid
(H3BO3, 99.5%) and sulfuric acid (H,SO,4, 3 M stock solution) were obtained from Sigma. All chemicals
were used without further purification and solutions were prepared with ultrapure water (resistivity

15.0 MQ-cm).
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4.1.2  Experimental Setup

Syringe pumps (Pump 11 Elite OEM module, Harvard) were used in the flow experiments to deliver the
reagents to the IJR. Figure 4-1 shows a schematic representation of the IJR, which consisted of two
stainless steel tubes with equal internal diameters of 0.25 mm or 0.5 mm aligned at an angle, 0 = 48°.
This was achieved by inserting the tubes into a perspex plate which had 1.5 mm (depth and width)
channels milled at a 48° angle using a Roland EGX-400 engraving machine. The outer diameters of the
tubing was 1.59 mm. Spacing between the centers of the fluid jets at the point of tube outlets, d, was 3

mm.

Figure 4-1: Representation of the impinging jet reactor.

4.1.3  Nanoparticle Synthesis

A mixture was made by combining silver nitrate and ligand (trisodium citrate or PVA) into a solution and
diluting to the appropriate concentration for input 1 (Figure 4-1) and diluting sodium
borohydride/sodium hydroxide solution to the appropriate concentration for input 2. Since the sodium
borohydride was stored in 14 M sodium hydroxide, the concentration of sodium hydroxide was 3.21
times higher than the stated sodium borohydride concentration in all cases. The syringe pumps
delivered reagents to input 1 and input 2 at the appropriate flow rates to produce the desired jets. As
the two jets collide, the reagents mix followed by subsequent reaction and formation of silver NPs.
Reactions were carried out at room temperature (22-24°C). All concentrations stated are those at the

inlets before any mixing of reagents occurs.

4.1.4  Characterisation of Nanoparticles

The silver NPs were analyzed using a UV-Vis spectrometer (USB 2000+ Spectrometer and DT-Mini-2-GS
light source, Ocean Optics) between 45 to 60 min after synthesis (the signal of the samples were stable
in this window of time). Silver NP samples were diluted with additional ultrapure water to bring the
absorbance into a suitable range (i.e. obeying the Beer-Lambert law and avoiding saturation of the light
detector) and the data were normalized so that the maximum absorbance in the flow rate range tested
represented an absorbance of 1. Transmission electron microscope images were captured using a JEOL
1200 EX ii microscope with a 120 kV acceleration voltage. Carbon coated copper TEM grids were
prepared between 45 to 60 min after synthesis by pipetting a 5 ul sample onto the grid and allowing it
to dry at room temperature. Care was taken to not cover the entire TEM grid with sample but rather

only a portion of it (as discussed in Chapter 3). Particle size distributions (insets for each TEM image
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presented) have the following nomenclature: d is average diameter, &d is the standard deviation of the
NP distribution and n is the number of particles counted to obtain the particle size distribution. PEBBLES

software was used for the counting and sizing of TEM images of the synthesised NPs.

4.2  Mixing characterization methods
For single phase mixing, two types of experimental technique can be considered for mixing

characterisation: dilution-based methods and reaction-based methods."’

4.2.1 Dilution-based methods

These methods involve the contacting of a clear liquid with a coloured dye and observing the change in
concentration of the coloured dye along the channel. Mixing is considered complete when the
concentration of the coloured dye is uniform across the diameter of the channel. There are two
limitations to this kind of characterisation. The channel must be optically transparent for visual
observations using a microscope to be made. Because the observation is made perpendicular to the
channel, the concentration that is visually observed is actually an average of the concentration of the
dye over the depth of the channel. Examples of this type of characterisation are: Mixing concentrated
dye with colourless water solution,158 and dilution of fluorescent species such as fluorescein and

rhodamine B.*

4.2.2 Reaction-based methods

Three types of reaction exist in this branch of characterisation:

1. Acid-base reactions:
2. Reactions producing a coloured species product

3. Competing parallel reactions

The first two methods also rely on optical observation of the product. Acid-base reactions rely on the
presence of a pH indicator such as methyl orange, bromothymol blue and phenolphthalein. Reactions
producing coloured species include the reduction of potassium permanganate in alkaline ethanol and
the iron rhodanide reaction. Both these methods give similar disadvantages to dilution-based methods
(not being able to obtain concentrations across the depth of the channel, but obtain an average of the
concentration over the depth of the channel).

Competing parallel reactions rely on parallel reactions which compete for a single reactant. One of
these reactions will be faster than the other. The degree to which the slower reaction occurs depends
on the measure of mixing. There are two types of these reactions used for measuring the mixing
performance in microreactors: the Villermaux-Dushman reaction and the second Bourne reaction
scheme (the simultaneous diazo coupling of 1- and 2-napthol with diazotized sulfanilic acid). Both
methods involve measuring the concentration of specific products using UV-Vis spectroscopy, which
allows certain parameters to quantify mixing to be calculated such as segregation index. For this study,

the Villermaux-Dushman reactions were chosen to characterize mixing.
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4.3  Villermaux-Dushman reaction scheme

The Villermaux-Dushman test reaction system is a well-known method to characterize mixing efficiency
in a reactor.™ Mixing time within a micromixing device can be obtained using this reaction system by
tuning the concentrations appropriately. The Villermaux-Dushmann reaction system can be described as
follows: A stoichiometric defect of sulphuric acid is introduced to a mixture of borate, iodide and iodate

ions. The following reactions occur:

H,BO, + H" ¢> H3BO; (4.1)  instantaneous
51+ 10, + 6H" ¢ 31, + 3H,0 (4.2) very fast
L+l &, (4.3)

Reaction 1 is much faster than reaction 2, and since there is a stoichiometric defect of acid, only reaction
1 occurs if there is perfectly efficient mixing. In practice, reaction 2 increases as the mixing efficiency
decreases because iodide and iodate will react with acid if the local concentration of orthoborate ions
has been depleted (this only occurs if the mixing is not perfectly efficient). Reaction 2 produces iodine,
which further reacts with iodide ions to form triiodide (reaction 3). A defect of acid amount is needed
because the mean pH must be within a narrow range close to the value for the iodine dismutation pH
(pH*). If the pH is lower than pH*, iodine can form in acid solution irrespective of micromixing effects,
while on the other hand the pH cannot be too basic since formation of iodine becomes
thermodynamically unstable.™” By measuring the triiodide concentration, the extent to which reaction 2
occurs can be measured, hence allowing the mixing efficiency to be estimated. Triiodide exhibits a
strong peak at 353 nm enabling its concentration to be calculated. The extinction coefficient of triiodide
was found to be 23209 M™*-cm™ at 353 nm, which is similar to the values reported in the literature
(details on this procedure can be found in Appendix A and calibration curve is shown in Figure A2).159
The micromixing quality is quantified by the segregation index which is discussed in detail in other

159, 160

studies. The segregation index can be linked to the mixing efficiency through the use of a

phenomenological mixing model.

4.4 The interaction by exchange with the mean mixing model

The interaction by exchange with the mean (IEM) model was used to estimate the mixing time from the

experimental results, and can be expressed as follows: ™" 1%

dcC <Cy>-C

—l s 4R (4.4)
dt t, /

dCxy <Cy>-Cyo

——ef ¢ %2L4R 4.5
m % k,2 (4.5)

<G> = aCy 1 +(1-a)Cy (4.6)
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where C is concentration of species k, <C,> is the average concentration of the species k across acid and
buffer streams, R is the reaction rate of species k, t, is the mixing time and o is the volume fraction of
the acid stream. Equations 3.4 and 3.5 represent the acid stream (or injection) and the buffer stream (or
volume in the tank) respectively, and hence the subscript following k in these equations represent either
the acid (1) or buffer (2) stream. These equations form the differential mass balance equations that
need to be solved to obtain a theoretical concentration of triiodide (or segregation index) for a given

mixing time according to the model. The segregation index, X, is defined as:

_Y
> Yst

(4.7)
where Y is the ratio of acid mole number consumed by reaction 2 divided by the total acid mole number

injected:

Y= M (4.8)

afHg)

and Ysp is the value of Y when the mixing process is infinitely slow (perfect segregation):

s(lo'a)0
(H2B0,

)
Yor=———0— (4.9)

(103)
6<A>+1
(H2803),

A curve of mixing time vs. segregation index can be obtained by setting a mixing time and the
concentration of reagents, followed by solving for a range of mixing times. The differential mass balance
equations were solved using gProms Model Builder 3.7.1. An example code for a flow reactor can be
seen in Appendix A. By solving the IEM model for a range of mixing times, segregation index can be
plotted against mixing time. By performing the experiments using the appropriate reactor, the triiodide
concentration for the given set of conditions can be obtained and the segregation index can be
determined. The corresponding mixing time is then determined by using the plot generated by the
model i.e. see which mixing time corresponds with the segregation index determined experimentally
from the plot. The relationship between mixing time and segregation index for the concentration sets

used to characterise mixing time in the 1JRs can be seen in Figure 4-2.
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Figure 4-2: Segregation index vs. mixing time estimated using the IEM model for the Villermaux-Dushmann reaction
scheme for 0.5 mm (blue line) and 0.25 mm (red line) 1JRs. Concentrations of buffer solution were KI: 0.032 M, KIO5:
0.006 M, NaOH: 0.045 M, H3BO3: 0.09 M in both IJRs. Concentration of H,SO, was: 0.017 M and 0.02 M for 0.5 mm

and 0.25 mm R respectively.

4.5 Experimental determination of mixing time in the impinging jet reactors

The Villermaux-Dushmann reaction system was carried out in the 0.5 mm and 0.25 mm lJRs. For input 1,
0.017 M and 0.02 M of sulphuric acid were used (corresponding to 0.034 M and 0.04 M H") for the 0.5
mm and 0.25 mm IR respectively. The dissociation of sulphuric acid is considered to be almost complete
for pH above 4, whereas if the reactions take place at a lower pH then the assumption of complete acid
dissociation would result in overestimating the mixing efficiency. Commenge and Falk noted that the pH
of the solution (acid and buffer combined) will increase as mixing takes place resulting in more
dissociation, while suggesting that if the reaction takes place at pH 2.5, the mixing time will be

underestimated by 25%."%°

Input 2, which is considered the buffer solution, had a concentration of
0.032 M potassium iodide, 0.006 M potassium iodate, 0.045 M sodium hydroxide and 0.09 M orthoboric

acid. Figure 4-3 shows mixing time vs. Weber number obtained for the 0.5 mm and 0.25 mm IJRs.
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Figure 4-3: Mixing time calculated by the Villermaux-Dushmann reaction scheme vs. Weber number for 0.5 mm
(black squares) and 0.25 mm (red triangles) IJRs. Concentration of acid solution (input 1) was 0.017 M and 0.02 M
H,SO, for 0.5 mm and 0.25 mm L.D. tubing IJR respectively. Concentrations of buffer solution (input 2) were Kil:

0.032 M, KIO3: 0.006 M, NaOH: 0.045 M, H3BO3: 0.09 M in both Rs.

The Weber number is defined as:'®*

where p is the density of fluid, u is average velocity of fluid before impact, d is the diameter of the jet
(taken as the tube internal diameter) and o is the surface tension of the fluid. Values of fluid properties
used are those for water at room temperature. The Weber number represents the ratio of inertial to
surface tension forces, and is useful in describing what regime the IJR is operating in. The Weber
number range for the 0.5 mm and 0.25 mm IJRs was 13-65 and 32-176 respectively. The Reynolds
number is defined as:

ud
Re= pue
u

where u is the dynamic viscosity. The Reynolds number represents the ratio of inertial to viscous forces,
and describes whether the flow is a laminar, intermediate or turbulent regime. The Reynolds number
range for the 0.5 mm and 0.25 mm IJRs was 680-1520 and 760-1770 respectively. From Figure 4-3 it can
be seen that the mixing time for both reactors is similar when operating under similar Weber numbers.
This indicates that the Weber number is a key parameter in determining the mixing efficiency of an lJR.

Erni and Elabaddi propose that the mixing time for an impinging jet is proportional to the Weber
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149

number according to a power law relationship (t,, ° We™75)."* Fitting the data in our study for We <

80, the following relationship was found, t,, o We®8. Mixing time decreases with increasing Weber
number up to a value of ca. 90 where it reaches a minimum value of around 1 ms. Increasing the Weber
number past ca. 90 using the 0.25 mm IJR results in a gradual increase in mixing time. In general, the

specific power dissipation within a reactor can be used to estimate the mixing time and several studies

52, 160, 161

have shown a correlation between the two. The specific power dissipation for the IJR can be

estimated using the following relationships:147

e=~ (4.10)

P= %(mluf + myu?) (4.11)
2

V= %h (8.12)

where € is overall energy dissipation per unit mass [W/kg], P is rate of overall mechanical energy
dissipation [W] assumed to be equal to the kinetic energies of the two impinging jets, p is the fluid
density [kg/ma], V is the volume of the impingement zone [m3], m is the mass flow rate of a jet [kg/s], u
is the velocity of a jet [m/s] (with subscripts 1 and 2 denoting input 1 or 2), d is the diameter [m] and h is
the effective thickness of the cylindrical micromixing region. It is difficult to estimate what the cylindrical
micromixing region would be given the non-uniform shape of the liquid sheet after impingement and its
changing dimensions depending on the flow rate. If d is assumed to be the jet diameter of the IJR while
the value of h to be 10% of the internozzle distance,147 mixing time can be estimated using the

correlation suggested by Commenge and Falk:*®

tm = 0.15¢704° (4.13)

where t,, is the mixing time [s]. Using the correlation, the mixing time estimate was found to be
between 0.9-2.6 ms for the 0.5 mm IR and 0.25-0.9 ms for the 0.25 mm IR for the conditions used in
this study. The mixing times found using the IEM model were between 1-6.5 ms for the 0.5 mm lJR and
0.9-3.5 ms for the 0.25 mm IJR. Considering that both the correlation and the IEM model only give an
estimate of the mixing time, the order of magnitude agreement is satisfactory. Increasing specific power
dissipation by increasing flow rate within the flow reactor should decrease mixing time. However this is
not the case for the IJR where the mixing time levels off and begins to increase past a Weber number ca.
90, most likely because of droplet formation and breakup at the liquid rim of the sheet formed on
impingement of the jets. Erni and Elabaddi observed that there is a transition from the liquid sheet to a
fragmented sheet (unstable rim) at a We™~30 at a surfactant concentration of 8.2 UM sodium dodecyl

sulfate (SDS), We~80 at a concentration of 0.82 mM and We~200 at 82 mM."*

They observed that the
mixing quality deteriorates when there is excessive droplet fragmentation; droplets ejected from the
sheet have little time for efficient mass transfer which is highest in the liquid sheet (they estimate that

droplets took 0.6 ms to be ejected from the liquid sheet). Using the fourth Bourne reaction scheme,
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they estimated mixing time in their system to be 4.9 ms, which is of the same order of magnitude as our
work. The flow regime in our system was subsequently investigated to ascertain where this transition

occurs.

4.6 Flow regime characterization of impinging jet reactor using high speed camera

The flow regime of the 0.5 mm and 0.25 mm IJR was investigated by capturing images of the IJR during
operation using a high speed camera (Photron Fastcam SA1.1 high speed camera). Figure 4-4 shows the
flow regime for the 0.5 mm IJR system, for flow rates between 32-72 ml/min (Weber number 13-65).
From the images, it can be seen that the flow pattern changes across the flow rate range investigated.
At the lowest flow rate the jets collide and coalesce, forming a small sheet. As the flow rate increases,
the sheet increases in length and diameter. Further increase in the flow rate results in a wavy liquid film
surrounding the liquid sheet. This behavior has been observed in other studies where a wavy film
occurs, although it is usually accompanied by droplets leaving the stable sheet bounded by a liquid rim.

This effect arises from Rayleigh-Plateau instability.164’ 165

It is possible that these waves, observed on the
liquid rim and sheet, arise from small oscillations in the flow delivered from the syringe pumps. This
wavy nature of the liquid sheet is also transferred into the chain of fluid following the initial sheet
formed by the collision of the jets. The liquid following the collision of the jets remains continuous in all
cases for the 0.5 mm IJR, with no droplet breakup in the region visualized. Figure 4-5 shows the flow
regime for the 0.25 mm IJR system, for flow rates between 18-42 ml/min (Weber number 32-176). At
lower flow rates, a stable sheet and liquid rim are formed at the point of impact. At flow rate above 26
ml/min, an unstable rim with droplets breaking off the main structure begins to form. From the front
view it can be seen that the flow is also developing a spray in that plane. At this point the inertial forces
overcome the surface tension forces of the fluid resulting in droplet breakaway from the main liquid
sheet/rim. Also for the 0.25 mm IJR system, the chain of fluid following the liquid sheets after impact is
non-continuous after the first few secondary liquid sheets are formed.

Taking the mixing time estimations and flow regime observations into account, the mixing behavior
of the 1R system can be rationalized. There are two modes of atomization: reflective and transmitive.
Between these two regions there exists a well-mixed atomization condition.”®® In the reflective
atomization regime, which occurs at relatively low jet velocities, the jets essentially collide and coalesce
forming a thin liquid sheet immediately after collision. Deflection of each jet will be equal as they
bounce on each other because of equal momentum. In this region, the turbulence in the mixing layer
following impingement increases as flow rate increases leading to an increasing mixing efficiency.
However, because of the turbulent nature of the jets there will be a fluctuation in the trajectory of
droplets/sheet as velocity increases; there is an eventual breakup of the liquid sheet where smaller
droplets break away. At this point the atomization transitions into a transmitive mode, whereby
droplets are ejected from the liquid rim of the sheet because of increased momentum. This is observed
in Figure 4-5 at We > 90. The droplets that are ejected from the liquid rim have little contact time in the
relatively efficiently mixed sheet and the mixing efficiency suffers because higher amounts of droplets
are ejected. The results show that below a We ~ 90, we are in the reflective atomization regime. Above

this Weber number the regime transitions into a transmitive regime. A We ~ 90 seems to yield optimal
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mixing as confirmed by the mixing time estimation. The observed transition is somewhat higher than
those observed by Erni and Elabaddi who at minimal surfactant concentration observed transition at We

~30." However they use jets at an angle of 110° with a jet spacing of 10 mm which could affect the

transition point.

Figure 4-4: Flow visualization of jets emitted from 0.5 mm tubes at total flow rate: A: 32 ml/min (We: 13), B: 40
ml/min (We: 20), C: 48 ml/min (We: 29), D: 56 ml/min (We: 39), E: 64 ml/min (We: 51) and F: 72 ml/min (We: 65).

Pictures show side view and front view.
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Figure 4-5: Flow visualization of jets emitted from 0.25 mm tubes at total flow rate: A: 18 ml/min (We: 32), B: 22
ml/min (We: 48), C: 26 ml/min (We: 68), D: 30 ml/min (We: 90), E: 34 ml/min (We: 115), F: 38 ml/min (We: 144) and

G: 42 ml/min (We: 176). Pictures show side view and front view.

4.7 Investigating the effect of weber number on NP morphology

4.7.1 Effect of weber number on silver NP synthesis 1 (citrate system)

The effect that the Weber number has on the silver NPs was investigated in the 0.5 mm and 0.25 mm
1JRs using trisodium citrate as a stabilizing agent. Concentrations of input 1 were 0.9 mM silver nitrate, 6
mM trisodium citrate and for input 2 were 1.8 mM sodium borohydride. Total flow rates for the 0.5 mm
1JR ranged from 32 ml/min to 72 ml/min and for the 0.25 mm R ranged from 18 ml/min to 34 ml/min
(repeatability of the synthesis is shown in Appendix C, Figure C1).

Figure 4-6 shows TEM images for NPs synthesized in the 0.5 mm IJR at 32, 48, 64 and 72 ml/min
where the average diameter and dispersity of the NPs are 7.9 £+ 5.8 nm, 7.7 £+ 5.0 nm, 5.0 + 2.8 nm and
3.4 £ 1.4 nm. Average diameter and polydispersity decrease with increasing Weber number (flow rate).
T-tests showed p-values < 0.001 when comparing all the PSDs against each other. This suggests that the
PSDs are all statistically different.

Figure 4-7 shows TEM images for NPs synthesized in the 0.25 mm IJR at 20, 24, 28 and 32 ml/min
where the average diameter and dispersity of the NPs are 6.4 £ 3.4 nm, 5.9+ 2.1 nm, 5.0+ 2.5 nm and
5.1 + 4.6 nm. It appears with increasing Weber number (flow rate) the NPs reduce in average size up to
ca. 5 nm. T-tests showed p-values > 0.05 when comparing the PSDs of 20 and 24 ml/min, 24 and 32
ml/min and 28 and 32 ml/min (all other p-values where < 0.001). These suggest that the PSDs are not
statistically different; however, this is most likely down to the large polydispersity. Visual analysis of the
TEM images reveals two different populations of NPs, those that are smaller than 20 nm and those that
are larger. Although the larger NPs were present in small frequencies (not larger than 15 counts for any

flow rate), there were enough present to affect the average size and dispersity calculations of NPs
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synthesized at 20 ml/min and 32 ml/min, but at 24 ml/min and 28 ml/min virtually no larger NPs are
present. If NPs larger than 20 nm are removed from the t-test analysis, only NPs synthesized at 20
ml/min and 24 ml/min have a p-value > 0.05 with all other p-values being <0.001. From the PSDs in
Figure 4-7 it can be seen that, as the Weber number is increased, the average size gets smaller and the
dispersion is reduced in the < 20 nm range. However, the polydispersity is higher at the largest Weber
number even though it has the least disperse curve for NPs < 20 nm. This is because synthesis at the
highest Weber number produced the highest frequency of larger NPs (> 20 nm), and the disparity in size
between the larger and smaller NPs is higher as compared to NPs produced at lower Weber numbers.

Figure 4-8 shows the peak absorbance vs. Weber number obtained from UV-Vis spectroscopy for
the silver NPs obtained using the 0.5 mm IJR (We = 13-65) and the 0.25 mm IJR (We = 32-115). It is
worth noting that the UV signal did not change significantly 24 hours after synthesis (~1% change in
peak absorbance). For each jet diameter, the peak absorbance in general decreases with increasing
Weber number. Since the NP size identified from TEM images was primarily below 10 nm, the
decreasing peak absorbance is possibly because of a decrease in size of the NPs. For silver NPs the molar
extinction coefficient increases with size,167 and absorbance increases with increasing size below the 10
nm range, as predicted by Mie theory.139 Table 4-1 and Table 4-2 show the FWHM and peak wavelength
for silver NPs synthesised using trisodium citrate as a stabilising agent at various flow rates in the 0.5
mm and 0.25 mm IR respectively. The FWHM for the 0.5 mm IJR increases significantly after a flow rate
48 ml/min while the peak wavelength remains fairly constant. There is a gradual increase in the FWHM
with increasing flow rate for the 0.25 mm IJR, while the peak wavelengths again stay approximately
constant.

The TEM images and peak absorbance of the NPs would suggest that the NPs decrease in size with
increasing Weber number while the dispersity shows a more complex relationship. Firstly the results
obtained from the 0.25 mm 1R will be discussed. In terms of the NP synthesis, the size and dispersity
changes can be explained by taking into account mixing characteristics of the impinging jet at the
particular Weber number. The NPs below 20 nm are referred to as smaller NPs and those above 20 nm
are referred to as larger NPs. At low Weber numbers, the smaller NPs tend to be of a larger and more
polydisperse nature. As the Weber number increases, the average size of these NPs decreases while the
PSDs become tighter. This can be explained through the mixing characteristics within the liquid sheet,
where increasing turbulence results in a shorter mixing time. Borohydride has a stabilizing effect on the

136, 139, 145

NPs, and can also supply a high amount of electrons per mole (up to a maximum of eight

. 133-135
electrons in theory).

Therefore, if there is efficient mixing within the liquid sheet, there will be a
sufficient supply of sodium borohydride in the local regions where reaction is taking place, resulting in
increased stabilization and smaller NPs. If there are insufficient amounts of borohydride molecules, less
stable NPs, which can grow relatively easily, are formed. Poor local mixing efficiency, which results in
low local concentrations of borohydride, will lead to larger NPs, since borohydride can reduce many

times its own molar equivalent of silver ions. The formation of larger NPs can be compared to the

formation of iodine in the Villermaux-Dushmann reactions, which is caused by a local lack of
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orthoborate ions. Hence, increasing the mixing efficiency (Weber number) decreases the size of the
smaller NPs.

It is suggested that the larger NPs are formed in silver nitrate rich regions. The presence of large
NPs was most frequent at a Weber number of 40 and 102. Intermediate Weber numbers of 58 and 78
had virtually no NPs over 20 nm. The appearance of larger NPs and their change in size and frequency
can be explained by mixing efficiency and the transition from a reflective to a transmitive type of
atomization. At the lowest Weber numbers, in the reflective atomization regime, there is lower
turbulence within the mixing zone. This leads to the possibility of reactions occurring in poorly mixed
regions, resulting in the formation of larger NPs. At the intermediate Weber numbers, very few larger
NPs are formed because of the increasing mixing efficiency. At large Weber numbers, there is a
transition into transmitive atomization. At this point an unstable rim is seen with droplets leaving the
main body of fluid, resulting in a net decrease in mixing efficiency. Within these droplets, it is possible
that larger NPs are formed especially if they are silver nitrate rich.

The reduction in size and dispersity is more obvious for the 0.5 mm IJR. This reduction is obtained
as the mixing efficiency is increased within the liquid sheet, causing the average size of the NPs to
decrease and minimizing the formation of larger NPs. Again this is because the reactions are taking
place with a more efficient spread of sodium borohydride, which increases stability of formed NPs and
decreases the formation of NPs in silver nitrate rich regions. There is reduction in size and polydispersity
when the hydrodynamics of the IJR transition from a uniform liquid sheet (We < 29) to a liquid sheet
with waves (We > 39) with the size and polydispersity ultimately reducing from 7.9 +5.8 nmto 3.4+ 1.4
nm.

For NPs less than 10 nm, the peak wavelength doesn’t change significantly with size.”® This is in
line with the approximately constant peak wavelengths shown in Table 4-1 and Table 4-2, and the TEM
images show NPs with an average diameters of less than 10 nm. The increasing FWHM can possibly be
explained by the change in the larger NPs, where the size increases (particularly in the 0.25 mm IJR
case). These NPs which are larger than 10 nm, cause a shift in peak wavelength for this population of the
NPs, causing a widening of the FWHM. This is one possible explanation and there could be some other

phenomenon which explains the widening of the FWHM.
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Figure 4-6: TEM images and particle size distributions of silver NPs synthesised at different total flow rates using a
0.5 mm 1.D. tubing JR. (A) 32 ml/min (We: 13), (B) 48 ml/min (We: 29), (C) 64 ml/min (We: 51) and (D) 72 ml/min

(We: 65). Concentration of silver nitrate 0.9 mM, trisodium citrate 6 mM in input 1 and sodium borohydride 1.8 mM

ininput 2.
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Figure 4-7: TEM images and particle size distributions of silver NPs synthesised at different total flow rates using a
0.25 mm 1.D. tubing IJR. (A) 20 ml/min (We: 40), (B) 24 ml/min (We: 58), (C) 28 ml/min (We: 78) and (D) 32 ml/min
(We: 102). Concentration of silver nitrate 0.9 mM, trisodium citrate 6 mM in input 1 and sodium borohydride 1.8

mM in input 2.
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Figure 4-8: Dependence of peak absorbance (peak wavelength 386-389 nm) on Weber number obtained from UV-

Vis spectroscopy of silver NPs synthesised at different total flow rates using: i) 0.5 mm (black squares) and ii) 0.25

mm 1.D. tubing IJR (red triangles). Concentration of silver nitrate 0.9 mM, trisodium citrate 6 mM in input 1 and

sodium borohydride 1.8 mM in input 2.

Table 4-1: FWHM and peak wavelength of silver NPs synthesised in the 0.5 mm IJR using trisodium citrate as a

stabilising agent at flow rates between 32 and 72 ml/min. Concentration of silver nitrate 0.9 mM, trisodium citrate 6

mM in input 1 and sodium borohydride 1.8 mM in input 2.

Flow rate (ml/min) Weber Number FWHM (nm) Peak wavelength (nm)
32 13 66 387
40 20 66 386
48 29 67 386
56 39 73 387
64 51 75 387
72 65 77 387
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Table 4-2: FWHM and peak wavelength of silver NPs synthesised in the 0.25 mm IR using trisodium citrate as a
stabilising agent at flow rates between 18 and 34 ml/min. Concentration of silver nitrate 0.9 mM, trisodium citrate 6

mM in input 1 and sodium borohydride 1.8 mM in input 2.

Flow rate (ml/min) Weber Number FWHM (nm) Peak wavelength (nm)
18 129 72 389
20 160 72 389
22 193 74 387
24 230 77 387
26 270 78 389
28 313 79 389
30 360 87 386
32 409 91 388
34 462 89 388

4.7.2  Effect of weber number on silver NP synthesis 2 (PVA system)

The Weber number effect on silver NPs was also investigated in the 0.5 mm and 0.25 mm IJRs using PVA
as a stabilizing agent. Concentrations of input 1 were 0.9 mM silver nitrate, 0.02 wt% PVA and for input
2 were 1.8 mM sodium borohydride. Total flow rates for the 0.5 mm 1JR ranged from 32 ml/min to 72
ml/min and for the 0.25 mm IJR ranged from 18 ml/min to 42 ml/min (repeatability of the synthesis is
shown in Appendix C, Figure C2). PVA as a surfactant affects the surface tension of the aqueous solution.
The surface tension for water is 72 mN/m and it is estimated that PVA reduces it to a value between 60-

65 mN/m."®®

Although there is a small increase in Weber number because of reduced surface tension
using PVA, the hydrodynamics observed showed minimal change when compared to using water only
(see Appendix C, Figure C3).

Figure 4-9 shows TEM images for NPs synthesized in the 0.5 mm IR at 32, 48, 64 and 72 ml/min,
where the average diameter and dispersity of the NPs are 5.4 + 1.6 nm, 4.9+ 1.1 nm, 4.6 + 1.1 nm and
4.2 + 1.1 nm. Using this jet diameter, the NP size decreases with increasing Weber number (up to a
maximum of We: 65). T-tests yielded p-values < 0.001 when comparing the PSDs. The dispersity of the
NPs does not change significantly with increasing Weber number. One of the differences from the
trisodium citrate stabilized system is a notable lack of larger NPs, resulting in lower polydispersity. This
difference can be attributed to the PVA molecules used as ligands which provide a bulkier steric
stabilization as opposed to the electrostatic stabilization of the smaller citrate molecule, leading to a
stronger barrier to prevent growth through coalescence of NPs.

Figure 4-10 shows TEM images for NPs synthesized in the 0.25 mm R at 18, 26, 34 and 42 ml/min,
where the average diameter and dispersity of the NPs are 4.3 + 1.0 nm, 4.7 £+ 1.3 nm, 4.3 £ 0.7 nm and
4.6 £ 1.1 nm. The size and dispersity do not seem to be correlated with the Weber number in this case.
T-test yielded p-values of 0.68 when comparing 18 and 34 ml/min, 0.22 when comparing 26 and 42
ml/min and < 0.001 in all other cases. It appears that in the 0.25 mm 1R there is not a discernible
change of NP size when compared to the 0.5 mm jets, especially with p-values suggesting there is no

difference between 18 and 34 ml/min and 26 and 42 ml/min.
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Figure 4-11 shows the peak absorbance vs. Weber number obtained from UV-Vis spectroscopy for
the silver NPs obtained using the 0.5 mm IJR (We=13- 65) and the 0.25 mm IJR (We=32-176). In terms of
stability, the UV signal changed in the first 15 min after synthesis, but remained stable after 30 min and
up to 2 hr. After 24 hr there was a 16% increase in peak absorbance. For the 0.5 mm IR, the peak
absorbance decreases with increasing Weber number. For the 0.25 mm IR, the peak absorbance
decreases minimally as the Weber number increases. This indicates that in the 0.5 mm IJR case the NP
size decreases with increasing Weber number, which is in agreement with the TEM observations. In the
0.25 mm R case, the peak absorbance trend indicates that the NP size changes minimally with
increasing Weber number, again in agreement with TEM observations. Table 4-3 and Table 4-4 show the
FWHM and peak wavelength for silver NPs synthesised using PVA as a stabilising agent at various flow
rates in the 0.5 mm and 0.25 mm UJR respectively. Similar to the trisodium citrate system, the FWHM for
the 0.5 mm IR increases significantly after a flow rate 48 ml/min and the peak wavelength remains
fairly constant. Again, similar to the trisodium citrate system, there is a gradual increase in the FWHM
with increasing flow rate for the 0.25 mm IJR, while the peak wavelength stay approximately constant
except for the highest flow rate where it decreases by 4 nm.

PVA has a much higher molecular weight than trisodium citrate and is expected to be more
effective at stabilising the NPs through adsorption onto the silver NP surface through its hydroxyl

169, 170 ~. .
Citrate molecules, which are much smaller, adsorb

groups, which are numerous along the chain.
on the surface of the NPs through their carboxyl groups (citrate has three carboxyl groups as opposed to
the many hydroxyl groups on a PVA chain).171 Another aspect of the two ligands is the effect they have
on the kinetics of the reduction reaction and subsequent nucleation of NPs. It is possible that the ligands
interact with the precursor in different ways; trisodium citrate behaves as a buffer and affects the
solution pH, whereas PVA does not behave in this manner. Literature indicates that the PVA molecule
slows down growth of silver NPs compared to reduction with no ligand present, by investigating the
evolution of absorbance over time."”? This reduction in growth rate is most likely because of the bulky
nature of the PVA, which would make it more difficult for clusters of silver to approach a growing
nucleus. It is suggested that, since trisodium citrate molecules are smaller than PVA, they would allow a
closer approach for silver clusters in solution to the NP surface (literature suggests various cluster sizes

such as formation of Ag,3 and Ag2+).82’ 8

The presence of highly concentrated silver nitrate zones in the
liquid using an 1R in the case of citrate capped NPs will likely result in growth at the surface of the NP
through coalescence of silver clusters. The possible reason that no larger NPs are seen using the PVA are
that it provides a much larger barrier on the NP surface, inhibiting the approach of silver clusters and
rapid growth in areas that are rich in silver nitrate. At the same time, the stabilising effect of
borohydride can be taken into account. There is a balance between how quickly reduced silver clusters
can approach and incorporate onto the NP surface vs. the abundance of borohydride in the vicinity of
the NP. As mixing efficiency increases, there is a better distribution of borohydride, resulting in a
suppressed growth rate and smaller NPs, which is the observed effect using PVA as a ligand in the 0.5

mm IJR. Using the 0.25 mm IJR, which yields a more constant size with increasing flow rate, the size of

the NPs does not fall below ca. 4 nm with increasing mixing efficiency. The size of the NPs using the 0.25
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mm IR fluctuates between 4.3 and 4.7 nm. The reason for this fluctuation seems to be due to the flow
regime in the 0.25 mm IJR, with the unstable rim region contributing to a fluctuating size which is not as
repeatable as a stable rim. The repeatability data for the PVA system (Appendix C, Figure C2) also
indicates that silver NPs synthesized in the 0.25 mm IJR show more fluctuation in absorbance as
compared to the 0.5 mm R, further suggesting that the unstable rim contributes to the fluctuating NP
size in the 0.25 mm IJR system. It is expected that improved mixing efficiency should result in a
reduction in size as explained above and observed in the 0.5 mm IJR. However this reduction in size is
not seen with improving mixing efficiency in the 0.25 mm IJR because the PVA may be imposing a limit
on the size of NPs. The synthesis was repeated in the 0.5 mm IJR at a We=65 using double the
concentration of PVA (0.04 wt%). The size was reduced from 4.2 £ 1.1 nm to 3.7 + 1.0 nm, suggesting
that the PVA concentration is one of the factors that determine the NP size (TEM image and PSD for this
experiment are shown in Appendix C, Figure C4). This suggests that to achieve NPs smaller than 4 nm, an
increase in PVA would be required, otherwise once a certain mixing efficiency is achieved; the size of the
NP doesn’t decrease at a fixed PVA concentration. The increase in FWHM in the case of both the 0.5 mm
IJR and 0.25 mm IR is interesting, given the peak wavelength doesn’t change. The decrease in peak
absorbance and constant peak wavelength in consistent with a reduction in size of NPs below the 10 nm
size and the dispersity doesn’t seem to significantly increase according to the TEM analysis.
Interestingly, the same effect was seen in terms of the FWHM trend when using trisodium citrate as a

stabilising agent and this warrants further investigation.
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Figure 4-9: TEM images and particle size distributions of silver NPs synthesized at different total flow rates using a
0.5 mm 1.D. tubing UR. (A) 32 ml/min (We: 13), (B) 48 ml/min (We: 29), (C) 64 ml/min (We: 51) and (D) 72 ml/min
(We: 65). Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and sodium borohydride 1.8 mM in input
2.
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Figure 4-10: TEM images and particle size distributions of silver NPs synthesized at different total flow rates using a
0.25 mm I.D. tubing IJR. (A) 18 ml/min (We: 32), (B) 26 ml/min (We: 68), (C) 34 ml/min (We: 115) and (D) 42 ml/min

(We: 176). Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and sodium borohydride 1.8 mM in
input 2.
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Figure 4-11: Dependence of peak absorbance (peak wavelength 398-401 nm) on Weber number obtained from UV-

Vis spectroscopy of silver NPs synthesised at different total flow rates using: i) 0.5 mm (black squares) and ii) 0.25

mm (red triangles) I.D. tubing lJR. Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and sodium

borohydride 1.8 mM in input 2.

Table 4-3: FWHM and peak wavelength of silver NPs synthesised in the 0.5 mm IJR using PVA as a stabilising agent

at flow rates between 32 and 72 ml/min. Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and

sodium borohydride 1.8 mM in input 2.

Flow rate (ml/min) Weber Number FWHM (nm) Peak wavelength (nm)
32 13 80 400
40 20 81 401
48 29 82 398
56 39 86 400
64 51 91 400
72 65 93 400
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Table 4-4: FWHM and peak wavelength of silver NPs synthesised in the 0.25 mm IJR using PVA as a stabilising agent
at flow rates between 18 and 34 ml/min. Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and

sodium borohydride 1.8 mM in input 2.

Flow rate (ml/min) Weber Number FWHM (nm) Peak wavelength (nm)
18 32 93 401
22 48 95 400
26 68 93 399
30 90 97 400
34 115 99 400
38 144 101 399
42 176 100 395

4.8 Conclusions

The impinging jet reactor (IJR) was characterized visually and using the Villermaux-Dushmann test
reaction system to investigate the flow regime and mixing efficiency under a range of flow rates and jet
diameters of 0.25 mm and 0.5 mm. A maximum mixing efficiency was identified at a Weber number of
ca. 90, and it was found to correspond to the point at which the flow regime transitions from a stable
rim sheet/chain like pattern to an unstable rim according to visual observation of the impinging jets.
This point is identified as the transition from a reflective to a transmitive type atomization.

Two different ligands for silver NP synthesis were investigated using the IJR: trisodium citrate,
which electrostatically stabilizes NPs, and PVA, which is a large chain molecule that sterically stabilizes
NPs. Trisodium citrate produced more polydisperse silver NPs. Average size was reduced with increasing
flow rate because of increased mixing efficiency, reducing the silver nitrate rich zones occurring in the
mixing zone after impingement. Increasing mixing efficiency in the PVA system past a Weber number ca.
60 did not yield smaller size NPs suggesting a limit of size achievable using PVA as a ligand, possibly due
to the small amount of PVA present. More monodispersed NPs are obtained using PVA, indicating that it
is more efficient at stabilizing the NPs since it has more potential sites available for adsorption onto the
surface of the NP than the citrate molecule, and it kinetically hinders growth during NP formation.
Figure 4-12 shows the diameter of the synthesised silver NPs against the Weber number for all the
synthesis conditions tested. The overall trend shows that the NP diameter decreases with increasing
Weber number when the Weber number is relatively low, and then the decrease is less pronounced and
levels off as Weber number increases to relatively high numbers. The trend matches well with that of
the dependence of mixing time on the Weber number, however it must be noted that the trend is also
influenced by the surfactant that is used (PVA concentration appears to limit the size that can be
achieved in that synthesis). The decreasing size of NP with increasing number was more apparent when
citrate was used as a surfactant. The lack of fouling and the efficient mixing in the IJR are the main
benefits for the synthesis of NPs. The size of the NPs can be reduced with increasing mixing efficiency
while also reducing polydispersity. The IJR is scalable through a 'scale-out' procedure of essentially

increasing the number of 1JRs operating in tandem, making it suitable for large scale synthesis of NPs.

91



Synthesis of silver nanoparticles using a microfluidic impinging jet reactor

9
© 0.5 mm citrate
8 7 o ° 0.25 mm citrate
7 0.5 mm PVA
¢ 0.25 mm PVA
AG -
e
S 5
- | ]
—
o ¢ .
[ L 2 L
4 1
.© °
03 -
2 .

0 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200
Weber number

Figure 4-12: Dependence of silver nanoparticle diameter on the Weber number. Data shown is for 0.5 mm and 0.25

mm 1JRs and for both citrate and PVA surfactants.

92



5 Effect of hydrodynamics and mixing conditions on the continuous synthesis of

gold and silver nanoparticles in a coaxial flow device

There are many studies in the literature on the synthesis of gold and silver NPs. Two more common
synthesis methods were used in this study: the well-known Turkevich synthesis for gold NPs® and the
reduction of silver nitrate via sodium borohydride in the presence of trisodium citrate for silver NPs.

The Turkevich method for synthesising gold NPs is perhaps the most common, and there are many

. . . 89-106, 173
studies in which batch reactors were used.

Flow syntheses of gold NPs using the Turkevich
method are less common. Ftouni et al. synthesized gold NPs with the Turkevich method using a fused
silica capillary and a t-mixer to mix chloroauric acid to sodium citrate prior to introducing them into the
heated capillary.107 Residence times within the capillary were varied between 35 to 94 s and they
obtained NPs in the size range between 1.5 and 3 nm, with larger NPs being obtained at longer
residence times. A minimum size of NPs was found at around 3.15 ratio of citrate to gold. The
temperature effect was investigated, and NP size decreased with increasing temperature in the range
between 60 and 100°C. Sugano et al. synthesized gold NPs in the size range 10-45 nm using a y-type
micromixer with a pulsed flow of chloroauric acid and sodium citrate to mix the reagents within a small
channel at room temperature.108 Mixing efficiency was altered by adjusting the pulsing rate between
50,100 and 200 Hz. The NP size increased with a higher pulsing frequency, suggesting faster mixing
resulted in larger NPs. Weng et al. synthesized gold NPs using the Turkevich method recipe using a novel
microfluidic device.* Hexagonal NPs of around 35 nm were obtained at a temperature of 115°C with
reaction time in the order of 2 to 5 min. There are also various studies in which gold NPs were
synthesized with methods other than that of Turkevich in flow reactors. 1 %

Silver NPs are commonly synthesized in batch with sodium borohydride used to reduce the silver
precursor.s’ 64,66,67,69. 70 AR mixer type reactors’" and PTFE chambers®™ have been utilized to synthesize
silver NPs in flow using borohydride, obtaining NPs in the range of 10-20 nm for borohydride to silver
nitrate ratios ranging from 3 to 40. We have also previously used the CFR and an impinging jet reactor
145,174

for synthesis of silver NPs using borohydride as a reducing agent.

The CFR has been used to synthesize a variety of different NPs such as titania,128 zirconia,129 iron

35, 36, 130 131, 175, 176

oxide, polymer, nickel,132 paIIadium177 and gallium nitride.””® The SAR mixer uses the

principle of reducing the diffusion distance between multiple streams that are required to mix and can
be categorized as a serial lamination device. SAR mixers have been employed for the synthesis of gold

71, 109, 127

and silver NPs. Parallel lamination devices are similar to serial lamination but the reduction in

diffusion distance is done in one step rather than multiple ones, and these have also been used for the

110, 112 179, 180

synthesis of NPs. The CFl is primarily used as a heat transfer device in the literature, and can
be used as an inline mixer'®" but has not been used specifically for the synthesis of NPs.

A variety of different configurations were used in this study, with the focal point being the CFR, for
the synthesis of gold and silver NPs were employed in this study. The CFR works on the basis of a

cylindrical inner stream of reagent which is sheathed by a cylindrical outer stream of reagent, creating a
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reaction interface between the streams. The configurations used either: added an extra flow component
following the CFR for a specific purpose or, by altering the hydrodynamics within the CFR. Flow
components that were used in conjunction with the CFR were: coiled flow inverter (CFl) for the
synthesis of gold NPs using a Turkevich recipe where tetrachlorauric acid and trisodium citrate are
mixed and heated, and a split and recombine (SAR) mixer for the synthesis of silver NPs through
reduction of silver nitrate by sodium borohydride in the presence of trisodium citrate. Schematic

representations of these flow components can be seen in Figure 5-1.

—> |Inner stream

Ny

g/ 2NN\

Figure 5-1: Schematic representations of components used in the microfluidic flow setup: a: coaxial flow reactor, b:

coiled flow inverter and c: split and recombine mixer.

The CFl was used as a residence loop following the CFR because of its mixing characteristics. It has ideal
properties in synthesizing NPs because of an improved residence time distribution."® This improvement
arises from enhanced mass transfer because of a secondary flow developing within a helically coiled
channel, known as ‘Dean flow’. This is characterized by the Dean number, which is the ratio between the

square root of the product of inertial and centripetal forces over viscous forces:

d pud d
De =\/: p—=\/: Re
2r u 2r

where d is the diameter of the channel, r is the radius of curvature of the coil, p is the fluid density, u is
the mean velocity of the fluid, u is the viscosity of the fluid and Re is the Reynolds number, the ratio of
inertial to viscous forces. The mixing is further improved when this secondary flow is inverted, as in the
CFl, by introducing 90° bends in the helically coiled channel. The SAR is a device which improves mixing

by reducing the diffusion distance between streams by continuously splitting and recombining the flow
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into thinner and thinner interdigitated lamellae. Hydrodynamic changes in the CFR when one operates
at a higher Re number as opposed to laminar flow by increasing the velocity of the inner stream or when
one changes the thickness of the inner stream to reduce the diffusion distance. The various components
and hydrodynamic conditions were chosen in an effort to demonstrate what the effect of mass transfer
is on the synthesis of gold and silver NPs in the CFR.

NPs were synthesized under a variety of different hydrodynamics and mixing conditions to
understand how these could affect size and dispersity. As mentioned previously, understanding how to
control size and dispersity is important because it allows NPs to be tailored for specific applications. Two
systems were studied in this work: the synthesis of gold NPs in the CFR in conjunction with the CFI using
the Turkevich method recipe and the synthesis of silver NPs in the CFR in conjunction with the SAR
mixer, as well as the CFR in isolation, using sodium borohydride to reduce silver nitrate in the presence
of trisodium citrate. The effect of flow rate (or residence time) and temperature on NP size and
dispersity were investigated for the gold NP system. The effect of silver concentration on the NP size
and dispersity was investigated using the CFR with SAR mixer system. Using the CFR in isolation, the
silver NP synthesis was performed at high Re, to investigate the effect of hydrodynamics silver NP size
and dispersity, and the effect of changing the internal diameter of the inner tube in a laminar flow

regime (to reduce the diffusion distance of the inner stream) on NP size and dispersity was investigated.

5.1 Experimental

5.1.1 Chemicals

Silver nitrate (AgNOs, 0.01 M stock solution), trisodium citrate (HOC(COONa)(CH,COONa),-2H,0, powder
form, sodium borohydride solution (NaBH,4, ~12 wt% in 14 M NaOH stock solution) and gold (ll1) chloride
hydrate (HAuCl;.xH,0, powder form) were obtained from Sigma. All chemicals were used without

further purification and solutions were prepared with ultrapure water (resistivity 15.0 MQ-cm).

5.1.2  Experimental Setup

Syringe pumps (Pump 11 Elite OEM module, Harvard) were used to deliver the reagents. The setup for
gold NP synthesis using the CFR followed by a CFl acting as a residence time loop, as can be seen in
Figure 5-2. The CFR consisted of a 0.798 mm internal diameter (I.D.) inner glass tube (1.09 mm external
diameter) and a 2 mm 1.D. outer glass tube with the length from the outlet of the inner tube to the
outlet of the CFR of 21 mm. Upstream, the capillaries were connected using an ETFE T-piece connector
(0.5 mm thru-hole, Upchurch Scientific) which was drilled to a diameter of 2 mm to allow the inner tube
to be inserted into the outer tube. The inner tube was inserted into a 1 mm I.D. PTFE tube sleeve (1.59
mm external diameter) to keep the tube stables within the larger outer tube. Downstream, the CFR was
connected to the CFl by using an ETFE union (0.75 mm thru-hole, Upchurch Scientific). The CFl was a 3.5
m 1 mm I.D. PTFE tube that had nineteen 90° bends with 20 arms, each arm consisting of 5.5 coils
(length also includes entrance and exit length of tubing). The coils had an axial pitch of 3 mm, while the
coil diameter was 8 mm. The coils were fabricated by drilling 1.6 mm holes (using a Roland EGX-400
engraving machine) into a PTFE plate (2 mm thickness, Direct Plastics) and the PTFE tubing was threaded
through these holes which were arranged to result in coiling with the dimensions stated above. The CFR
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and CFl were immersed in a glycerol bath (GR150, Grant Instruments) with temperature being varied
between 60-100°C. The tetrachloroauric acid was fed through a preheating CFl consisting of four 90°
bends and similar axial pitch and coil diameter as the CFl described above to ensure it came into contact
with the trisodium citrate at the desired temperature. The outlet of the CFl was split to a waste
container and a sample container. These containers were pressurized using nitrogen gas and a
backpressure regulator, which was set to 2 bars to prevent vaporization of water within the reactor.

The setups used for the synthesis of silver NPs can be seen in Figure 5-3. The CFR used was similar
to that in the gold NP synthesis, but the length from the inner tube outlet to the outlet of the CFR was
130 mm (a longer length was used for additional residence time) while the inner tube I.D. used was
between 0.142mm and 0.798 mm (between 0.559 mm and 1.09 mm external diameter). A glass SAR
mixer (Micromixer chip, Dolomite microfluidics) was placed downstream of the CFR in order to enhance
the mixing by laminating the stream into thinner striations. The SAR mixer had an internal channel
diameter of 0.125 mm x 0.35 mm (depth x width) of the main channel and 0.05 mm x 0.125 mm of the
secondary channels responsible for splitting the flow. The internal volume was 8 pl. The CFR was
connected to the SAR using an ETFE union (0.75 mm thru-hole, Upchurch Scientific). Following the SAR,

a10cm long 1 mm I.D. PTFE tube delivered the silver NPs to the sample container.

Preheating N2 Gas In
coil k
HAuCl, P—
ﬂ:ﬁL.f
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L_J w
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BPR
Temperature Bath

Figure 5-2: Schematic representation of experimental setup for gold NP synthesis.
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Figure 5-3: Schematic representation experimental setup for silver NP synthesis: a) CFR used in conjunction with

SAR and b) CFR used in isolation.

5.1.3  Nanoparticle synthesis

For the gold NP synthesis, initially the reactor setup was filled with tetrachloroauric acid before the
system was pressurized using nitrogen gas and a backpressure regulator set to 2 bar. The reactor setup
was then immersed in the temperature bath (60-100°C). A trisodium citrate solution and
tetrachloroauric acid were diluted to the appropriate concentrations and pumped through the inner and
outer streams of the CFR respectively. It was found that filling the reactor with tetrachloroauric acid
prior to synthesis reduced the amount of fouling drastically. The reactor was then operated at the
appropriate flow rate, and one reactor volume was allowed to pass through at high temperature and
collected in the waste container before the outlet of the CFl was switched to sample collection to collect
10 ml of sample. Small amounts of fouling were observed when the reactor was operated at a flow rate
of 0.25 ml/min towards the end of the CFI. It was suspected this is because the long residence time
enabled citrate to diffuse towards the channel walls which would increase pH. The surface charge of

'8 This

PTFE is close to zero at pH 3.5, which is coincidentally around the pH of the tetrachloroauric acid.
was the reason for the reduction in fouling, since a reactor filled with a mixture of citrate and precursor
prior to immersion in the temperature bath resulted in increased fouling at the channel walls. The
surface charge would be negative in the pH range near neutral (which is the pH when mixing citrate and
tetrachlorauric acid at these concentrations), which probably attracts NPs in the growth phase because

of the positive Au ion adsorbed onto the surface of the NP. Thus it is beneficial to allow a small layer of

tetrachloroauric acid to remain at the wall to keep the surface charge neutral. In laminar flow the layer
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will remain for some time before citrate diffuses near the wall because of the flow profile and non-slip
condition at the walls of the reactor. This is evidenced by small amounts of fouling only occurring at 0.25
ml/min where the relative residence time is longer.

For the silver NP synthesis, silver nitrate and trisodium citrate solutions were premixed to the
appropriate concentration and pumped through the inner stream. Sodium borohydride/sodium
hydroxide solution was diluted to the appropriate concentration and pumped through the outer stream
of the CFR. Sodium borohydride was stored in 14 M sodium hydroxide; hence the concentration of
sodium hydroxide was 3.21 times higher than the stated sodium borohydride concentration in all cases.
Silver NP syntheses were carried out at room temperature (22-24°C). All concentrations are those at the

inlets before any mixing of reagents occurs, unless stated otherwise.

5.1.4  Characterization of nanoparticles

NPs were analysed using a UV-Vis spectrometer (USB 2000+ Spectrometer and DT-Mini-2-GS light
source, Ocean Optics). Silver NPs were analysed within an hour of synthesis (the signal of the samples
were stable in this window of time). Gold NPs were analysed over time and were analysed once the
signal was stable (the signal became stable usually after 1-2 days). NP samples were diluted with
additional ultrapure water to bring the absorbance into a suitable range (i.e. obeying the Beer-Lambert
law and avoiding saturation of the light detector) if necessary and the data were normalized so that the
maximum absorbance in the particular set of experiments tested represented an absorbance of 1.
Transmission electron microscope images were captured using a JEOL 1200 EX ii microscope with a 120
kV acceleration voltage. Carbon coated copper TEM grids were prepared within an hour of synthesis for
silver NPs and when the sample was stable for gold NPs by pipetting a 5 pl sample onto the grid and
allowing it to dry at room temperature. When preparing the sample, the droplet placed on the grid is
small to allow for quicker drying and for the ring of aggregated NPs to be identified easily (as discussed
in Chapter 3). Particle size distributions (insets for each TEM image presented) have the following
nomenclature: d is average diameter, &d is the standard deviation of the NP distribution and n is the
number of particles counted to obtain the particle size distribution. Differential centrifugal
sedimentation analysis (CPS disc centrifuge UHR, Analytik) was carried out on gold NPs when the
samples were stable. PEBBLES software was used for the counting and sizing of TEM images of the
synthesised silver NPs. Imagel software was used for the counting and sizing of TEM images of the
synthesised gold NPs. PEBBLES software tends to be better for lower contrast images where the outlines
of the NPs are harder to distinguish, in this case it was more suitable to use this program for silver NPs.
The Imagel software can count and size NPs faster than PEBBLES, but works better with higher contrast

images. Gold NP images were suitably high contrast to obtain accurate size distributions using ImagelJ.

5.2 Results and discussion

5.2.1  Effect of increasing flow rate on gold nanoparticle size and dispersity
The effect that the flow rate has on the gold NPs was investigated in the CFR with an inner tube internal

I.D. of 0.798 mm and an outer tube I.D. of 2 mm. The concentration of trisodium citrate was 0.09 M
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through the inner tube; the concentration of tetrachlorauric acid was 0.557 mM through the outer tube.
The volumetric flow rate ratio was fixed at 32.3:1 (Q..:Q;n) and the total flow rate was varied between
0.25 and 3 ml/min. The molar flow rate ratio was 1:5 (HAuCl,;:Nascitrate). The Reynolds numbers varied
between 3 and 32 in the CFR and between 5 and 63 in the CFl. The Dean numbers were ranged from 1.9
to 22.4 in the CFl which is above the threshold of 1.5 required for fully developed Dean flow.™®

Figure 5-4 shows TEM images of gold NPs synthesized at a flow rate of 0.25, 0.5, 0.75, 1, 1.5, 2 and
3 ml/min where the average diameter and dispersity of the NPs are 18.9 + 2.3 nm, 18.4 + 2.8 nm, 19.7 +
2.4 nm,17.9 £ 2.1 nm, 20.6 £ 7.2 nm, 21.7 = 3.3 nm and 23.9 * 4.7 nm respectively. Figure 5-5 shows
corresponding DCS measurements, where the average diameter is 16.7 £ 2.8 nm, 15.1 + 3.6 nm, 16.4 +
3.0nm, 14.9+ 2.3 nm, 18.5+ 3.1 nm, 22.5 + 3.8 nm and 26.4 £ 4.0 nm nm respectively. The trend of the
average diameter of the NPs matches with that observed from TEM images. Figure 5-6 shows UV-Vis
spectra of gold NPs synthesized at a flow rate of 0.25, 0.5, 0.75, 1, 1.5, 2 and 3 ml/min. Experiments at
selected flow rates were repeated three times and analyzed using DCS (shown in Appendix D, Figure
D1).The average size of the NPs from 0.25 ml/min to 1 ml/min changes minimally according to the TEM
and DCS analysis (although t-tests show that all PSDs are statistically different to a significance value of

184, 185
therefore for a

at least 0.05). The molar extinction coefficient increases with size for gold NPs,
constant number concentration of NPs, an increase in peak absorbance would indicate increasing size.
However, the number concentration of NPs of changing size would change for a constant gold
concentration i.e. larger NPs synthesized at the same gold concentration would have a lower number
concentration. Hendel et al. showed that the absorbance at 400 nm of citrate capped gold NPs in the 15-
30 nm range increases linearly with increasing size for a constant gold concentration.'®® This suggests a
larger size has a more significant effect on the absorbance then number concentration of NPs. Figure 5-6
shows that there is an increase in the absorbance at 400 nm with increasing flow rate but it is unlikely
that this is because of increasing size since TEM and DCS show a more constant size in the 0.25-1 ml/min

range. The peak wavelength should redshift with increasing size,184

but the wavelength changes
minimally between 523 - 525 nm further suggesting there is a minimal change in size. One possible
explanation for the increase in absorbance up to 1 ml/min may be related to fouling. Fouling was
observed at the lowest flow rate suggesting an increase of fouling with decreasing flow rate. This
explains the decrease in absorbance at lower flow rates (despite a constant NP size) since some of the
gold remains within the reactor. Increasing the flow rate from 1.5 ml/min to 3 ml/min shows an increase
in the size of the NPs from 20.6 to 23.9 nm according to TEM analysis, and from 18.5 to 26.4 nm
according to DCS analysis. The peak absorbance increases with increasing flow rate in this range and the
peak wavelength increases from 525 to 529 nm, which indicates an increase in the size of the NPs
consistent with DCS and TEM data.

The data shows that the size stays fairly constant between 0.25 and 1 ml/min and thereafter
increases up to a flow rate of 3 ml/min. This can be rationalized as follows. In the CFR section, there is a
laminar flow where the outer flow of tetrachloroauric acid focuses the inner flow of trisodium citrate.

There is little mixing in this region. Mass transfer occurs through diffusion at the interface between the

two streams. In the more acidic conditions of the tetrachloroauric acid stream, the reaction rate is faster
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and nucleation is favored. In the more basic conditions in the trisodium citrate stream, the reaction rate
is slower. This is because of the speciation of the precursor, in acidic conditions the speciation is
favoured towards AuCI4',95' 102,19 \whereas in more basic conditions the speciation passes through
various forms from AuCl;0H to AuOH,. As the gold species acquire more hydroxyl ions, the reactivity
decreases and there is a transition from nucleation of gold atoms into clusters to growth of gold onto
existing clusters. In the CFR region of the reactor, the tetrachloroauric acid and the trisodium citrate
remain well separated and only exchange material through diffusion at the interface. In this region, a
higher reaction rate and hence nucleation will occur in the tetrachloroauric acid stream. Therefore, the
CFR behaves as a nucleation section. Further along in the CFl residence loop, the streams are subjected
to Dean flow and flow inversion. These enhance the mixing and lower the reduction rate of gold ions,
hence transitioning from the nucleation section in the CFR to a growth section in the CFl. Given this, the
longer nucleation can be maintained, the smaller the resultant NPs should be obtained. In this study,
there is a marked increase in the size of the NPs as the flow rate increases past 1 ml/min, supporting the
hypothesis of nucleation dominating in the CFR, since at higher flow rates, reactions at the interface of
streams do not persist as long. There is a limitation on size reduction when operating below 1 ml/min,
which may be related to a decrease in citrate concentration. The decrease in citrate concentration
would result in a decrease in reduction of gold precursor, leading to a suppression of nucleation within
the CFR section. Finally, the Peclet number for the syntheses was >> 1 at all flow rates, indicating that
mass transport was advection dominated (Table 5-1 shows Peclet number for the CFR section where the

187 . . . .
which is for tetrachlorauric acid,

I.D. was 2 mm and the diffusion coefficient used was 1.4 x 10” mz/s,
the Peclet number is doubled for those shown in the table for the CFl where the I.D. was 1 mm).
Increasing Peclet number indicated decreasing significance of diffusion on the process, so agrees with

the ideas discussed above to explain why the gold NP size increases with increasing flow rate.
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Figure 5-4: TEM images of gold NPs synthesized using the CFR with a CFl residence loop at a flow rate of A: 0.25
ml/min ,B: 0.5 ml/min, C: 0.75 ml/min, D: 1 ml/min, E: 1.5 ml/min, F:2 ml/min and G: 3 ml/min. H: Average
diameter of gold NPs vs flow rate of synthesis (bars represent standard deviation of the size). Concentration of
tetrachloroauric acid, 0.557 mM; concentration of trisodium citrate, 0.09 M; volumetric flow rate ratio, 32.3: 1

(Qout:Qin, HAUCI,: Nascitrate); molar flow rate ratio, 1:5 (HAuCl,: Nascitrate); temperature, 80°C.
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Figure 5-5: Normalized DCS curves of gold NPs synthesized using the CFR with a CFl residence loop at flow rates
between 0.25 and 3 ml/min. Inset: Diameter of gold NPs vs. flow rate of synthesis (bars represent standard
deviation of size). Concentration of tetrachloroauric acid was 0.557 mM and concentration of trisodium citrate was
0.09 M. Concentration of tetrachloroauric acid, 0.557 mM; concentration of trisodium citrate, 0.09 M; volumetric

flow rate ratio, 32.3: 1 (Quu::Qin, HAUCI,: Nascitrate); molar flow rate ratio, 1:5 (HAuCl,: Nascitrate); temperature,

80°C.
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Figure 5-6: UV-Vis spectra of gold NPs synthesized using the CFR with a CFI residence loop at flow rates between
0.25 and 3 ml/min. Inset: Peak absorbance (black squares) and peak wavelength (red diamonds) of gold NPs vs. flow
rate of synthesis analyzed using UV-Vis spectroscopy. Concentration of tetrachloroauric acid, 0.557 mM;
concentration of trisodium citrate, 0.09 M; volumetric flow rate ratio, 32.3: 1 (Qu.:Qin, HAUCl,: Nascitrate); molar

flow rate ratio, 1:5 (HAuCl,: Nascitrate); temperature, 80°C.
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Table 5-1: Diameter and dispersity of gold NPs synthesised at various flow rates with corresponding Peclet number

Flowrate (ml/min) Peclet Number Diameter (nm) Dispersity (nm)
0.25 1.9x 10° 18.9 +2.3
0.5 7.6x10° 18.4 +2.8
0.75 11.4x 10’ 19.7 +2.4
1 15.2x 10° 17.9 +2.1
1.5 22.7x10° 20.6 +7.2
2 30.3x 10° 21.7 +3.3
3 45.5x 10° 23.9 +4.7

5.2.2  Effect of temperature on gold nanoparticle size and dispersity

The effect that the temperature has on gold NPs synthesis was investigated in the CFR with an inner
tube internal I.D. of 0.798 mm and an outer tube internal I.D. of 2 mm. The concentration of trisodium
citrate was 0.09 M through the inner tube, while the concentration of tetrachlorauric acid was 0.557
mM through the outer tube. The volumetric flow rate ratio was fixed 32.3:1 (Qou::Qin) and the total flow
rate was fixed at 1 ml/min. The molar flow rate ratio was 1:5 (HAuCl,:Nascitrate). The Reynolds number
in the CFR was 11 and in the CFl was 21. In the CFl, the Dean number was 7.5.

Figure 5-7 shows TEM images of gold NPs synthesized at a temperature of 60, 70, 80, 90 and 100°C
where the average diameter and dispersity of the NPs are 25.5 + 5.7 nm, 22.7 £ 3.9 nm, 17.9 + 2.1 nm,
18.6 £ 2.1 nm and 19.4 + 2.4 nm respectively. T-tests for the PSDs showed p-values of < 0.001 when
comparing all PSDs, indicating statistical difference to a significance level of 0.001. Figure 5-8 shows
corresponding DCS measurements, where the average diameter is 31.1 £+ 5.5 nm, 184 +3.8 nm, 14.9 +
2.3 nm, 16.2 + 3.4 nm and 17.6 + 2.7 nm respectively. The trend of the average diameter of the NPs
matches that observed in the TEM images. Figure 5-9 shows corresponding UV-Vis spectra.

The average size of the NPs decreased from 25.5 nm to 17.9 nm when increasing the temperature
from 60 to 80°C and then increased slightly to 19.4 nm when increasing the temperature from 80 to
100°C. DCS characterization also shows similar trends. The peak absorbance is highest at 70°C after
which it decreases with increasing temperature while the peak wavelength changes from 528 to 523 nm
from 60 to 80°C and from 523 to 525 nm from 80 to 100°C. The characterization confirms that there is a
minimum at 80°C. Turkevich et al. also observed a minimum size of 16.5 nm at 80°C.* Chow and Zukoski
found that NPs had approximately the same size at synthesis temperatures of 60, 70 and 80°C but it
took longer for NPs at lower temperatures to arrive at the final size.” Wuithschick et al. found a

104

minimum of NP size at 60°C using the Turkevich method,” while Piella et al. found a minimum at

70°C.'% Increasing temperature affects a number of factors in the synthesis. The conversion of AuCl,
species to hydroxylated species speeds up at higher temperatures meaning that nucleation period also
terminates faster as the more reactive species is converted to less reactive species. Note also that the

equilibrium shifts to more hydroxylated forms at higher temperatures.104 However, the rate of reduction
of AuCl, at higher temperatures would also speed up, resulting in a higher nucleation rate in a shorter
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time period. Finally, the size of the stable nuclei would also be slightly larger at higher temperatures

104 Thus, there is a balance of competing effects, resulting

because of the larger thermal energy available.
in @ minimum size at an intermediate temperature. A further point to note is that the heat transfer and
mixing would also play a role in how the temperature affects the resultant NPs. For instance in batch
synthesis, the citrate is injected at room temperature to boiling citrate, and so, depending on the
amount and nature of the injection, the reaction could take place at different temperatures in localized
regions around the injection point, which may explain the variety of results reported in the literature.
The repeatability of the synthesis was investigated by repeating the experiment at each
temperature three times and characterizing the size using DCS (Appendix D, Figure D2). The

repeatability in size was found to be worst at 60°C and improved with increasing temperature up to

80°C, after which it remained fairly constant.
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Figure 5-7: TEM images of gold NPs synthesized using the CFR with a CFl residence loop at a temperature of A: 60°C,

B: 70°C, C: 80°C, D: 90°C, E: 100°C. F: Average diameter of gold NPs vs temperature of synthesis (bars represent

standard deviation of the size). Concentration of tetrachloroauric acid, 0.557 mM; concentration of trisodium

citrate, 0.09 M; volumetric flow rate ratio, 32.3: 1 (Quu:Qin, HAUCl,: Nascitrate); molar flow rate ratio, 1:5 (HAuUCl,:

Najscitrate); flow rate, 1

ml/min.

105



Effect of hydrodynamics and mixing conditions on the continuous synthesis of gold and silver
nanoparticles in a coaxial flow device

40
100 4| ——60°C
—70°C £32
{| —80°C 5

—90°C s24
S 80- 100°C 3 l + + |
-g e Tempersagure (°C)mo
S 60
=z
©
® .
R
®© 40 -
= 40
—
(@]
= .

20

Diameter (nm)

Figure 5-8: Normalized DCS curves of gold NPs synthesized using the CFR with a CFl residence loop at temperatures
between 60 and100°C. Inset: Diameter of gold NPs vs. temperature of synthesis (bars represent standard deviation
of size). Concentration of tetrachloroauric acid, 0.557 mM; concentration of trisodium citrate, 0.09 M; volumetric
flow rate ratio, 32.3: 1 (Quu::Qin, HAUCI,: Nascitrate); molar flow rate ratio, 1:5 (HAuCl,: Nascitrate); flow rate, 1

ml/min.
1.2

o
@
=1

a
L
]

1.0+

Peak Absorbance
o o
©
*
| |
*
o
b
o
Peak Wavelength (nm)

©

o
o
]

520
60 _70 80 90 100
Temperature (°C)

Absorbance
o
(e)]
1

o
IS
1

0.2 1

0.0 : ,
300 400

1 & 1 Y
500 600
Wavelength (nm)

Figure 5-9: UV-Vis spectra of gold NPs synthesized using the CFR with a CFl residence loop at temperatures between

T
700

60 and 100°C. Inset: Peak absorbance (black squares) and peak wavelength (red diamonds) of gold NPs vs.
temperature of synthesis. Concentration of tetrachloroauric acid, 0.557 mM; concentration of trisodium citrate,
0.09 M; volumetric flow rate ratio, 32.3: 1 (Quu:Qin, HAUCl,: Nascitrate); molar flow rate ratio, 1:5 (HAuCl,:

Najscitrate); flow rate, 1 ml/min.
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5.2.3  Silver nanoparticle synthesis using a coaxial flow device followed by a split and recombine
mixer

A SAR mixer was attached onto the CFR to see the effect that multi-lamination would have on the silver
NP synthesis. The CFR had an inner tube I.D. of 0.556 mm and an outer tube I.D. of 2 mm. The distance
from the inner tube outlet to the outlet of the CFR was 130 mm. The effect that the silver nitrate
concentration had on the silver NPs was investigated using this configuration, previously we have
studied the effect of silver nitrate concentration using the CFR in isolation.'® Silver nitrate and trisodium
citrate solutions were premixed before pumping through the inner tube with concentration of silver
nitrate varied between 0.05 and 0.4 mM, the trisodium citrate concentration was fixed at 0.5 mM.
Concentration of sodium borohydride was fixed at 0.3 mM and pumped through the outer tube. The
volumetric flow rate ratio was fixed at 1:1 (Quu:Qin) and the total flow rate was fixed at 2.5 ml/min.
Experiments were carried out at room temperature between 22-24°C.

Figure 5-10 shows TEM images of silver NPs synthesized at a silver nitrate concentration of 0.05,
0.15, 0.25 and 0.4 mM. The average diameter and dispersity of the NPs were 5.5 + 2.4 nm, 4.7 £+ 2.8 nm,
4.4 +1.8nmand 3.4 + 1.4 nm. T-tests for the PSDs showed p-values of < 0.001 when comparing all PSDs
except when comparing 0.15 and 0.25 mM where the p-value was 0.15. In this case there is no statistical
difference between 0.15 mM and 0.25 mM according to the p-value. Figure 5-11 shows corresponding
UV-Vis spectra. Peak absorbance increases with increasing concentration, the peak wavelength stays
relatively constant between 398-400 nm between 0.05-0.25 mM, however at 0.3 mM the wavelength
decreases to 395 nm and at 0.4 mM the wavelength is 392 nm. Although peak wavelength shouldn’t

change according to Mie theory for silver NPs less than 10 nm,139

a blue shift in peak wavelength
generally indicates smaller NPs.

The laminar flow profile inside the CFR creates an interface between the silver nitrate and sodium
borohydride, resulting in mixing through diffusion rather than enhanced by a stretching and thinning of
the lamellae though turbulent flow for example. The laminar flow profile prevents reaction in silver
nitrate rich zones resulting in smaller NPs. Larger NPs occur in silver nitrate rich zones because the
sodium borohydride can reduce multiples of its own stoichiometric equivalent in silver ions,m_135
resulting in larger and less stable NPs which are able to grow. Through the SAR mixer the laminar flow
condition is maintained but the mixing efficiency is increased since the diffusion distance is reduced as
the stream is continuously split and recombined in a way to serially laminate the flow into thinner and
thinner multiples of the original stream, as well as the creation of an increased number of interfaces
between reagents. In the experiments above, increasing silver nitrate concentration, led to higher
supersaturation levels and thus a higher nucleation rate resulting in smaller NPs. In previous
experiments we have conducted using only the coaxial flow reactor, the opposite trend was observed;
NP size increased from 3.7 £ 0.8 nm to 9.3 + 3 nm with increasing silver concentration from 0.05-0.4 mM
with the same sodium borohydride and trisodium citrate concentrations (a comparison is shown in

Figure 5—12).145

This occurred because reaction was not complete in the CFR and the advective mixing in
the droplets at the end of the CFR allowed the possibility of sodium borohydride to travel into silver

nitrate rich zones, which as discussed previously, would lead to larger NPs. Since downstream mixing is
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more controlled with the SAR mixer, silver nitrate rich zones which give rise to larger NPs are less likely
to occur. The above indicates that the mixing condition of the fluid at the exit of the CFR has a

pronounced effect on NP synthesis.

S50 nm

d=4.4nm
&8d=1.8 nm
n=395

50 nm < 2 ' i : B 50 nm

Figure 5-10: TEM images of silver NPs synthesized using the CFR followed by a SAR mixer at a silver nitrate
concentration of A: 0.05 mM, B: 0.15 mM, C: 0.25 mM, D: 0.4 mM. Concentration of sodium borohydride, 0.3 mM;
concentration of trisodium citrate, 0.5 M; volumetric flow rate ratio, 1: 1 (Quu:Qin, NaBH,4: AgNO3); molar flow rate

ratio, 0.5-4:3:5 (AgNO3:NaBH,:Najscitrate); flow rate, 2.5 ml/min; temperature, 22-24°C.
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Figure 5-11: UV-Vis spectra of silver NPs synthesized using the CFR followed by a SAR mixer at a silver nitrate
concentrations ranging between 0.05 and 0.4 mM. Inset: Peak absorbance (black squares) and peak wavelength
(red diamonds) of silver NPs vs. silver nitrate concentration of synthesis. Concentration of sodium borohydride, 0.3
mM; concentration of trisodium citrate, 0.5 M; volumetric flow rate ratio, 1: 1 (Quu::Qin, NaBH,: AgNO3); molar flow

rate ratio, 0.5-4:3:5 (AgNO3:NaBH,:Nascitrate); flow rate, 2.5 ml/min; temperature, 22-24°C.
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Figure 5-12: Diameter vs. silver nitrate concentration for the CFR operated followed with a SAR (black squares) and
without a SAR (red diamonds). Concentration of sodium borohydride, 0.3 mM; concentration of trisodium citrate,
0.5 M; volumetric flow rate ratio, 1: 1 (Qou:Qin, NaBH,;: AgNO;3); molar flow rate ratio, 0.5-4:3:5

(AgNO3:NaBH,:Najscitrate); flow rate, 2.5 ml/min; temperature, 22-24°C.
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5.2.4  Silver nanoparticle synthesis using a coaxial flow device operated at high Re

In the previous section (5.2.3), we have observed differences in NP synthesis when mixing conditions are
altered downstream of the CFR. In this section we investigate the effect of mixing conditions in the CFR
itself. This is achieved by using a CFR with low I.D and high flowrate of the inner tube, to increase the Re.
Even though turbulent conditions are not achieved, mixing is enhanced by recirculation vortices that
appear under these conditions.”® The CFR had an inner tube I.D. of 0.798 mm and an outer tube I.D. of
2 mm. The distance from the inner tube outlet to the outlet of the CFR was 130 mm. The concentrations
of silver nitrate, trisodium citrate and sodium borohydride were varied so that the concentration
(assuming full mixing of the streams) for each flow rate tested was fixed at 0.1 mM, 0.5 mM and 0.3 mM
respectively. Silver nitrate and trisodium citrate were pumped through the inner tube and sodium
borohydride was pumped through the outer tube. The volumetric flow rate ratio was varied between
1:50 and 1:200 (Qou:Qin) and the total flow rate was varied between 5.1 and 20.1 ml/min. The molar
flow rate ratio was fixed at 1:3:5 (AgNO3:NaBH,:Nascitrate). Experiments were carried out at room
temperature between 22 and 24°C.

Figure 5-13 shows TEM images of silver NPs synthesized in the CFR with vortex flow. The Reynolds
number in the inner tube was in the range 132-530 and in the main channel was in the range 54-212.
The average diameter and dispersity was 5.9 £ 1.5 nm, 6.2+ 2.7 nm, 7.7 £ 3.4 nm and 6.2 + 2.2 nm for
5.1, 10.1, 15.1 and 20.1 ml/min respectively. Figure 5-14 shows flow visualization of the CFR at a flow
rate of 20.1 ml/min to demonstrate the turbulent nature of the flow. Flow visualization using dye and
water at other flow rates can be seen in Appendix D (Figure D3).

Flow rates of 5.1, 10.1 and 20.1 ml/min showed similar sizes, although 5.1 ml/min had a lower
polydispersity. T-tests showed that p-values were < 0.001 when comparing 15.1 ml/min to any other
flow rate, and < 0.05 when comparing 5.1 and 20.1 ml/min. All other flow rate comparisons showed the
NP population was not statistically different to any degree of confidence.

The NPs obtained using the CFR operated in vortex flow showed that there were minimal changes
and no observable trends as flow rate was increased. Other systems such as iron oxide NPs and
polystyrene NPs were synthesized successfully with low dispersity using a CFR operated in turbulent
ﬂow,131 in this case increasing mixing efficiency seemed to have no significant effect on the synthesized
NPs in terms of size and polydispersity. This suggests that increasing mixing efficiency doesn’t
necessarily lead to increased monodispersity because of a perceived improvement in mixing efficiency,
although the smallest and least disperse NPs were obtained at the lowest flow rate 5.1 ml/min.
Observing the hydrodynamics near the outlet of the inner tube, the concentration of the dye (this would
represent silver nitrate in the NP synthesis) spreads across the entire cross section of the channel. The
steady state concentration of dye near the channel walls in the section immediately after jet emission
from the outlet the inner tube is most dilute at the lowest flow rate and then subsequently becomes
more concentrate at higher flow rates. This area then becomes more concentrated in silver nitrate as
the flow rate increases. This would explain why there is a lower size and dispersity at the lowest flow
rate, where the ratio of silver nitrate to sodium borohydride is lower and hence more stable NPs which
are less prone to growth through coalescence are synthesized.
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Figure 5-13: TEM image of silver NPs synthesized using the CFR with inner tube I.D. of 0.798 mm operated under
high Re with a total flow rate of A: 5.1 ml/min, B: 10.1 ml/min, C: 15.1 ml/min, D: 20.1 ml/min . The outer tube flow
rate was fixed at 0.1 ml/min. Concentration of silver nitrate, 0.1 mM; of sodium borohydride, 0.3 mM;
concentration of trisodium citrate, 0.5 M (all concentrations stated are those after complete mixing); molar flow

rate ratio, 1:3:5 (AgNO3:NaBH,:Nascitrate); temperature, 22-24°C

111



Effect of hydrodynamics and mixing conditions on the continuous synthesis of gold and silver
nanoparticles in a coaxial flow device

2 3
I ————————— | ——— ——

e
5 6
U s o e

4

Figure 5-14: Flow visualization of CFR with inner tube I.D. of 0.798 mm operated under turbulent flow conditions.
Basic Blue dye was pumped through the inner tube at 20 ml/min and water was pumped through the outer tube at
0.1 ml/min. Re is 520 in the inner tube and 212 in the main channel. Picture 1 is taken before dye is pumped

through the inner tube up, Pictures 2-5 as operational time increased, Picture 6 after steady state is reached.

5.2.5 Effect of inner tube internal diameter on silver NP synthesis using the CFR

The effect of the inner tube I.D. on the synthesis of silver NPs in the CFR was investigated by varying the
inner tube I.D. between 0.147 and 0.798 mm. The outer tube I.D. was 2 mm and the distance from the
inner tube outlet to the outlet of the CFR was 130 mm. The concentration of silver nitrate was 0.1 mM,
while the trisodium citrate concentration was fixed at 0.5 mM. These two components were premixed
and pumped through the inner tube. Concentration of sodium borohydride was fixed at 0.3 mM; this
component was pumped through the outer tube. The volumetric flow rate ratio was fixed at 1:1
(Qout:Qin) and the total flow rate was fixed at 1 ml/min.

Figure 5-15 shows TEM images of silver NPs synthesized at an inner tube diameter of 0.147, 0.345,
0.447, 0.556, 0.701 and 0.798 mm where the average diameter and dispersity of the NPs are 4.7 + 1.4
nm, 59 24 nm, 59+ 22nm, 6.6 +3.7 nm, 88 *+ 2.6 nm and 10.5 + 4.0 nm. T-tests for the PSDs
showed p-values of < 0.001 when comparing all PSDs except when comparing 0.345 and 0.447 mm (p-
value = 0.91), 0.345 and 0.556 mm (p-value = 0.0012) and 0.447 and 0.556 mm (p-value = 0.0012). In
this case there is no statistical difference between 0.345 and 0.447 mm inner tube I.D. according to the
p-value. 0.345 and 0.447 mm are statistically different to 0.556 mm to a significance level of 0.01. Figure
5-16 shows corresponding UV-Vis spectra. The peak absorbance showed a maximum at 0.447 mm (UV-
vis data of repeats can be seen in Appendix D, Figure D4) and the peak wavelength remained relatively
constant between 392 and 394 nm for all diameters.

The size of the NPs increased with an increase in the inner tube I.D. The internal tube I.D. controls
the thickness of the inner stream, and hence the diffusion distance across the stream. By using smaller
inner tubing 1.D., the diffusion distance is reduced. By reducing the diffusion distance, more of the silver
nitrate in the inner stream can react with sodium borohydride. As the diffusion distance increases with
increasing diameter, there is a larger amount of unreacted silver nitrate at the end of the channel. When
droplets form at the outlet, this increases the likelihood of reactions and uncontrolled growth of NPs
occurring in silver nitrate rich regions within the droplets. Hence smaller NPs are obtained by reducing
the diffusion distance of the silver nitrate stream within the CFR.
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Figure 5-15: TEM images of silver NPs synthesized using the CFR with inner tube diameters of A: 0.142 mm, B: 0.345
mm, C: 0.447 mm, D: 0.556 mm, E: 0.701 mm, F: 0.798 mm, G: Nanoparticle diameter vs. inner tube internal
diameter. Concentration of silver nitrate, 0.1 mM; concentration of sodium borohydride, 0.3 mM; concentration of
trisodium citrate, 0.5 M; volumetric flow rate ratio, 1: 1 (Qou:Qin, NaBH4: AgNOs); molar flow rate ratio, 1:3:5

(AgNO3:NaBH,4:Nascitrate); flow rate, 1 ml/min, temperature 22-24°C.
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Figure 5-16: UV-Vis spectra of silver NPs synthesized using the CFR with inner tube diameters ranging between
0.142 and 0.798 mm. Inset: Peak absorbance (black squares) and peak wavelength (red diamonds) of silver NPs vs.
inner tube internal diameter used in the CFR. Concentration of silver nitrate, 0.1 mM; concentration of sodium
borohydride, 0.3 mM; concentration of trisodium citrate, 0.5 M; volumetric flow rate ratio, 1: 1 (Quu:Qin, NaBH,:

AgNOj3); molar flow rate ratio, 1:3:5 (AgNO;:NaBH,:Nascitrate); flow rate, 1 ml/min, temperature 22-24°C.

5.3  Conclusions

Silver and gold NPs were synthesized in continuous flow mode in a Coaxial Flow Reactor (CFR) in
conjunction with other microfluidic components such as a Continuous Flow Inverter (CFl) as a residence
tile loop for gold NP synthesis or a SAR mixer for silver NP synthesis. Size control was achieved in the
synthesis of gold NPs by varying the flow rate. The CFl provided a laminar region in which nucleation
occurred at the interface of the two streams and the CFl provided a mixing region (due to secondary
flow circulation) with an improved residence time (because of flow inversion) for growth to occur. In this
way nucleation and growth periods could be controlled, resulting in an NP size range of 17.9-23.9 nm for
a flow rate range of 0.25-3 ml/min. A minimum size of 17.9 nm existed at 80°C when the synthesis was
tested in temperature range of 60-100°C. In batch syntheses, a change in size is achieved by altering the
concentrations or order of reagent addition rather than the mixing conditions. Using this approach, the
system offers a higher precision of control over the mass transfer, as opposed to a batch reactor, in a
relatively simple manner (changing the flow rate of reagents) to achieve a variation in size of gold NPs.
The CFR used in conjunction with the SAR mixer produced a decreasing silver NP size from 5.5 to 3.4 nm
with increasing silver concentration, which is the opposite trend to using the CFR in isolation. This is
because the SAR mixer provided very efficient mixing in a well-controlled manner to prevent reaction in

silver nitrate rich regions. The CFR also allows some of the reaction to occur before entering the SAR
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mixer. This reduced the fouling occurring in the very small and complex geometry of the SAR (using the
SAR in isolation resulted in a higher amount of fouling). A vortex flow regime at higher Re number was
tested in the CFR with size range of 5.9-7.7 nm for a flow rate range of 5.1-20.1 ml/min. No trend in size
or dispersity was observed using this type of flow regime, even though the mixing efficiency was
increased with increasing flow rate. Interestingly, the smallest and least disperse NPs were observed at
the lowest flow rate, which was most likely because of the region close to the outlet of the inner tube.
The spread of silver nitrate across the channel under these conditions was relatively small compared to
higher flow rates and NPs prone to less growth would be formed in regions dilute in silver nitrate and
concentrated in sodium borohydride. Decreasing the inner tube I.D. in the CFR resulted in a decrease in
NP size from 10.5 to 4.7 nm, due to the reduced diffusion distance of the inner stream resulting in a
faster consumption of silver nitrate in a well-controlled mass transfer region (i.e. within the CFR rather
than at the outlet), which was supported by CFD modelling of the reaction within the CFR. The study
demonstrates the versatility of using microfluidic devices and the potential benefits arising from
manipulating the mass transfer and hydrodynamics on NP size and dispersity by using the CFR and/or
other components in conjunction with the CFR for synthesis. This level of control over mass transfer is

not easily achieved using batch reactors.
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6 Mass transfer effects in the batch synthesis of silver and gold nanoparticles

There are many syntheses which investigate how concentrations affect the size of the NPs and naturally
different conditions yield different sizes. One factor that is rarely investigated in depth in batch
synthesis studies is the mass transfer, which is an important factor since it also has a major role to play
in determining at what concentrations reactions occur in localized regions within the reactor.

The batch reactors used in the following chapter employ active mixing where external energy is
applied to mix the fluids within (in this case a magnetic stir bar and stirrer motor). This type of mixing
enhances advection in the fluid, leading to more efficient mixing. The microfluidic devices do not rely on
external energy being applied, but rather their small dimensions and manipulations of the channel
geometry to enhance mixing. As discussed in the introduction (Chapter 1), mass transport has two main
mechanisms which are diffusion and advection. Microfluidic devices rely mainly on diffusion for mass
transport, in contrast the batch reactors used in the following chapter also employ advection as a major
component to the overall mass transport.

Silver NPs are commonly synthesized using sodium borohydride as a reducing agent within a batch

5, 64-70 . . .
In general, altering the molar ratios of reducing agent to precursor was

reactor vessel (chapter 2).
the main method to achieve control over the size of the silver NPs. This highlights the importance of
concentration in the resultant NP size. Similarly for gold NPs, the Turkevich method is a very common
method employed. This involves the reduction of tetrachloroauric acid via the citrate molecule at an
elevated temperature. Many studies investigate this method for synthesis of gold NPs using batch

8898, 10019 The batch syntheses studies on the Turkevich method investigate

reactors (chapter 2).
changing the order of reagent addition, but there is a lack of studies which focus specifically on mass
transfer and how it affects the resultant NP size and dispersity.

This study takes these two popular methods for the synthesis of silver NPs and gold NPs in batch
vessels, and investigates the role mass transfer plays in the resultant size and dispersity of the
respective NP system. The mixing time is characterized using the Villermaux-Dushman reaction scheme
and various mixing configurations and order of addition of the reagents is investigated to draw

conclusions on the effect of mass transfer. For all of the mixing configurations, the final concentration

after mixing resulted in the same concentration of reducing agent and precursor.

6.1 Methodology

6.1.1 Chemicals

Silver nitrate (AgNO;, 0.01 M stock solution), trisodium citrate (HOC(COONa)(CH2COONa),-2H,0,
powder form, sodium borohydride solution (NaBH,, ~12 wt% in 14 M NaOH stock solution) and gold (llI)
chloride hydrate (HAuCls.xH,0, powder form), potassium iodide (KI, 99%) potassium iodate (KIO3, 98%)

and boric acid (H3BOs, 99.5%) were obtained from Sigma. Sulfuric acid (H,SO4, 3 M stock solution) was
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obtained from Alfa Aesar. All chemicals were used without further purification and solutions were

prepared with ultrapure water (resistivity 15.0 MQ-cm).

6.1.2  Experimental Setup

Syringe pumps (Pump 11 Elite OEM module, Harvard) connected to a 0.5 mm internal diameter (I.D.)
316L stainless steel tube for silver NPs and a 0.5 mm I.D. PTFE tube for gold NPs were used to deliver
one of the reagents to the batch vessel. The batch vessel was a 50 ml small neck glass Erlenmeyer flask
(Fisher Scientific). A digital hotplate stirrer with temperature control (Stuart) was used together with
PTFE stir bars (15 mm x 1.5 mm, VWR international) to mix the reagents within the vessel. A glycerine
bath was used together with the temperature controller to heat the reagents within the batch vessel in
the case of the gold NP synthesis. A cap was used to cover the batch vessel and the tube was inserted
through the cap for addition of reagents. The length of the tube could be adjusted to allow addition of
reagents from above the solution or near the tip of the magnetic stir bar. This was done to allow for
variation in mixing conditions. Figure 6-1 shows a schematic of the experimental setups for silver and

gold NP synthesis.

a

e -
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=

Figure 6-1: Schematic of experimental setup for silver and gold NP synthesis consisting of an Erlenmeyer flask with

precursor or reducing agent stirred via a magnetic stirrer with a syringe pump reagent via tubing a) silver NP system
using a stainless steel 0.5 mm I.D. tubing and b) gold NP system using a PTFE 0.5 mm I.D. tubing with a glycerine

bath and temperature probe for temperature control at 80°C. Stirrer speed was set at 500 rpm in both cases.
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6.1.3  Nanoparticle synthesis

In a typical silver NP synthesis, 20 ml of reagent were placed within the batch vessel and stirred at 500
rom. To this, 0.6 ml of the other reagent was added via the syringe pump and tube at either: 0.5 ml/min
from above the solution in droplets or, 50 ml/min with the tube inserted into the solution within the
batch vessel near the stir bar tip. The reagents were a mixture of silver nitrate and trisodium citrate, and
the sodium borohydride solution. The order of mixing was tested by switching which reagent was placed
in the batch vessel, either 20 ml of silver nitrate and trisodium citrate or 20 ml of sodium borohydride
(sodium borohydride was stored in 14 M sodium hydroxide leading to NaOH concentration being 3.21
times higher than the sodium borohydride concentration in all cases). Similarly, in the gold NP synthesis
20 ml of reagent was placed in the batch vessel and 0.6 ml of reagent was added to this in a similar
manner to the silver NP synthesis. 20 ml of tetrachlorauric acid or 20 ml of trisodium citrate were placed
in the batch vessel. This solution was placed in the glycerine bath which was heated to 80°C. To test the
length of time required to bring 20 ml of solution to 80°C, temperature was measured over time after
inserting solution at room temperature into the glycerine bath and it was found that after 7 min the
temperature reached a steady state of 80°C. Hence the solution in the experiments was heated and

stirred for 15 min before addition of 0.6 ml of reagent from the syringe pump.

6.1.4 Characterization of nanoparticles

For UV-Vis analysis, NPs were analyzed using a UV-Vis spectrometer (USB 2000+ Spectrometer and DT-
Mini-2-GS light source, Ocean Optics). Silver NPs were analyzed within an hour of synthesis (the signal of
the samples were stable in this window of time). Gold NPs were analyzed over time and were analyzed
once the signal was stable (usually 1-2 days). NP samples were diluted with additional ultrapure water to
bring the absorbance into a suitable range (i.e. obeying the Beer-Lambert law and avoiding saturation of
the light detector) if necessary. Transmission electron microscope images were captured using a JEOL
1200 EX ii microscope with a 120 kV acceleration voltage. Carbon coated copper TEM grids were
prepared within an hour of synthesis for silver NPs and when the sample was stable for gold NPs by
pipetting a 5 pl sample onto the grid and allowing it to dry at room temperature. Care was taken to not
cover the entire TEM grid with the droplet, so that the aggregated ring around the edge of the droplet
could easily be identified as an artefact of sample preparation. Particle size distributions (insets for each
TEM image presented) have the following nomenclature: d is average diameter, &d is the standard
deviation of the NP distribution and n is the number of particles counted to obtain the particle size
distribution. Differential centrifugal sedimentation analysis (CPS disc centrifuge UHR, Analytik) was
carried out on gold NPs when the samples were stable. PEBBLES software was used for the counting and
sizing of TEM images of the synthesised silver NPs and Imagel software was used for the counting and

sizing of TEM images of the synthesised gold NPs.
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6.2 Results and discussion

6.2.1  Mixing Characterization

1 ml of 0.07 M sulfuric acid was added to 20 ml of a buffer solution consisting of 0.1818 M orthoboric
acid, 0.0909 M sodium hydroxide, 11.67 mM potassium iodide and 2.33 mM potassium iodate. Stirrer
speed was set to 500 rpm and the two mixing configurations used in the NP synthesis were tested.
These were: acid was injected from the centre above the buffer solution or near the stir bar tip. Figure
6-2 shows a schematic illustrating the two configurations. Figure 6-3 shows the computed segregation
index vs. mixing time for the concentration set of the experiments using the IEM mixing model (details
can be found in Appendix A). Each mixing configuration was repeated three times and the triiodide
concentration was measured (extinction coefficient was found to be 23209 |/mol.cm, details on the
procedure used to find this can be found in the Appendix A). The mixing time averaged over three
repeat experiments for the injection from above the solution was 209 ms while the injection near the
stir bar tip was 46 ms. A reduction in mixing time was expected since there is a much higher shear rate
near the stir bar tip, resulting in improved mixing efficiency. Since both experiments used the same

concentration set, injection near the stir bar tip was approximately 4 times more efficient then injection

from above the buffer solution.

Figure 6-2: Schematic representation of injection points within the batch vessel to vary mixing efficiency a) injection

is added from above the solution in the batch vessel and b) injection is added close to the stir bar tip.
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Figure 6-3: Segregation index vs. mixing time estimated using the IEM model for the Villermaux-Dushmann reaction
scheme. Concentrations of buffer solution were KI: 0.0117 M, KIO3: 0.0023 M, NaOH: 0.0909 M, H3BO5: 0.1818 M.

Concentration of H,SO, was: 0.07M.

6.2.2  Silver nanoparticle synthesis

Silver NPs were synthesized in the batch vessel by reduction of silver nitrate via sodium borohydride in
the presence of trisodium citrate. The effect of changing the mixing configuration and the effect of
changing the order of reagent addition on the size and dispersity of the NPs was investigated. Mixing
configurations were those described in the previous section i.e. injection of reagent from above the
solution or injection near the stir bar tip, and the order of reagent addition was achieved by swapping
the reagent that started in the batch vessel i.e. a silver nitrate and trisodium citrate mixture or sodium
borohydride. The general procedure was to inject 0.6 ml of reagent via tubing into 20 ml of reagent
which was being stirred in the batch vessel. Four conditions were tested and will be described as A-Ag-R-
S, B-Ag-R-F, C-Ag-P-S and D-Ag-P-F. The order of reagent addition is denoted by the letters R and P, R
represents the addition of 0.6 ml of reducing agent to the batch vessel and P represents the addition of
0.6 ml of precursor to the batch vessel. The mixing configurations are denoted by the letters S and F, S
denotes the addition of 0.6 ml of reagent via droplets at a rate of 0.5 ml/min from above the 20 ml
mixture while F denotes the addition of 0.6 ml of reagent near the stir bar tip at a rate of 50 ml/min (for
example, the condition A-Ag-R-S describes the addition of 0.6 ml of reducing agent at a rate of 0.5
ml/min to 20 ml of precursor). Table 6-1 summarizes the concentrations for each mixing condition (3 to

1 molar ratio of borohydride to silver nitrate was used in all cases).
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Table 6-1: Summary of concentrations for each mixing condition used in the silver NP synthesis

Condition Reducing Agent — NaBH, Precursor — AgNOs/Najscitrate
A-Ag-R-S 63.3 mM 0.38/0.38 mM
B-Ag-R-F 63.3 mM 0.38/0.38 mM
C-Ag-P-S 1.36 mM 9.1/9.1 mM
D-Ag-P-F 1.36 mM 9.1/9.1 mM

Figure 6-4 shows TEM images of the synthesized silver NPs with an average diameter of 11.1 + 3.0 nm,
6.7+ 1.7 nm, 9.5+ 1.4 nm and 11.5 + 2.4 nm for conditions A-Ag-R-S, B-Ag-R-F, C-Ag-P-S and D-Ag-P-F
respectively. The average peak absorbance and average wavelength obtained from 3 repeat
experiments obtained by analysing the silver NPs using UV-vis spectroscopy can be seen in Figure 6-5
(the percentage of deviation in peak absorbance for each condition was: A-Ag-R-S = 3.2%, B-Ag-R-F =
2.1%, C-Ag-P-S = 2.2% and D-Ag-P-F = 2.7%). The peak wavelength had increased deviation for
conditions A and D on repeat experiments. Overall there was little variation in the value of the peak
wavelength across all the conditions tested. Since the NPs are less than around 11 nm, it is consistent

3% condition B-Ag-R-F

with the behaviour of little variation in peak wavelength for NPs below 10 nm.
produced the smallest NPs followed by condition C-Ag-P-S, while conditions A-Ag-R-S and D-Ag-P-F
produced NPs of comparable size. The smallest NPs were produced when a small volume of
concentrated sodium borohydride was added quickly into the dilute silver nitrate and trisodium citrate
mixture, or when drops of a concentrated mixture of silver nitrate and trisodium citrate were added
slowly to a sodium borohydride solution (condition B and C respectively). Conversely, larger NPs were
synthesized when drops of concentrated sodium borohydride were added slowly to a dilute mixture of
silver nitrate and trisodium citrate or when a concentrated mixture of silver nitrate and trisodium citrate
were added quickly into a dilute volume of sodium borohydride. In this synthesis, trisodium citrate is the
ligand and since it is mixed with silver nitrate prior to addition of sodium borohydride, it can be assumed
that the ligand is available in the vicinity where silver nitrate is reduced by sodium borohydride.
However it is known that sodium borohydride also behaves as a stabilizing agent, where the surface

3% The difference in sizes obtained

charge of the particles is affected by borohydride ion adsorption.
using the different conditions is due to the availability of sodium borohydride in the local region
surrounding areas where silver nitrate has been reduced to silver metal. The silver metal subsequently
produces small silver clusters which are stabilized by sodium borohydride. Silver NPs catalyse the
hydrolysis of sodium borohydride which produces hydrogen and normally this catalysis leads to a
switching point where the NPs suddenly increase in size due to aggregation,68 which occurs because the
stabilizing presence of borohydride ions is depleted through the hydrolysis reaction which provides
evidence for their stabilizing effect. No switching point is observed in this study due to an elevated pH
because of the presence of sodium hydroxide, suppressing the hydrolysis reaction.”®” Another important
point to note is that sodium borohydride can reduce more than its own stoichiometric equivalent of

133-135

silver ions since it can provide multiple electrons in the reduction reaction. Therefore a small

amount of sodium borohydride ca3en reduce many silver ions (which subsequently form silver NPs), but
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there may be a deficient amount of sodium borohydride to provide stabilization of NPs resulting in
growth to a larger size. This would occur through coalescence of smaller silver clusters into larger sizes,
the reduced surface charge resulting in the possibility of clusters approaching each other close enough
for attractive forces to bring them together. Coalescence has been identified in previous studies as a
main growth mechanism in the silver NP formation process.68’ 82,139

Considering the properties and role of the sodium borohydride in the reaction, as well as the mass
transport mechanisms within the batch reactor, can help to explain the results obtained. The size of the
NPs obtained under conditions A-Ag-R-S and D-Ag-P-F can explained as follows: the conditions
potentially create mixing conditions in which silver nuclei are exposed to deficient amounts of sodium
borohydride with an abundance of precursor leading to their growth to a larger size. Condition A-Ag-R-S
has concentrated sodium borohydride which is added slowly drop by drop. Since there is enhanced
advection within the batch vessel because of the stirring action, each drop will be mixed with the bulk of
the silver nitrate/trisodium citrate solution before subsequent drops are added. The first few drops can
reduce the much larger mass of silver nitrate in the batch vessel which creates NPs prone to growth
because of deficiency in sodium borohydride. Condition D-Ag-P-F has concentrated silver nitrate added
quickly to dilute sodium borohydride. Since there is a sudden influx of a large mass of silver nitrate
because addition is quick (0.6 ml of fluid takes 0.72 seconds to add at a flow rate of 50 ml/min), the
reaction of silver nitrate can occur in localized regions in the microscale where it is highly concentrated.
This would again create NPs prone to growth since the reaction and subsequent nucleation occurs in
areas where the silver nitrate to sodium borohydride ratio is high, resulting in a larger final size. In this
case, rather than the enhanced advection causing growth of the NPs (as is the case for condition A-Ag-R-
S), the slow diffusion on the microscale after the influx of a small concentrated volume of silver nitrate
would cause reactions in areas that are rich in silver nitrate. This leads to the possibility of large nuclei
forming at the very beginning of the reaction because of decreased stability (sodium borohydride
deficiency) and would result in fewer nuclei which would subsequently grow into larger NPs. The
smallest NPs are obtained under the condition B-Ag-R-F, when a concentrated volume of sodium
borohydride is added quickly to a dilute volume of silver nitrate. Compared to the case where sodium
borohydride is added slowly, in this case a large mass of sodium borohydride becomes available quickly
to the dilute volume of silver nitrate. This would create a condition in which there is initially an
abundance of sodium borohydride in localized regions in the microscale before the enhanced advection
causes complete mixing in the bulk of the fluid within the vessel, resulting in silver NPs which are very
stable and hence not prone to growth. As the mixing proceeds and completes on the macroscale, the
sodium borohydride concentration would reduce due to mixing with a larger dilute volume and because
of reaction that has occurred during the mixing process. The reaction can be visibly seen as a dark
brown plume on addition of sodium borohydride immediately after injection, after which the solution
transitions into a bright yellow colour once the mixture has been homogenized through mixing. The dark
brown plume could be indicative of aggregated silver NPs and the transition to a bright yellow colour
(indicative of non-aggregated silver NPs) may be because of rapid acquisition of stabilising borohydride

causing the aggregated NPs to repel each other and separate. As the sodium borohydride concentration
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is reduced, reaction may occur in some regions where the sodium borohydride to silver nitrate ratio is
lower and hence the possibility of some larger NPs may be produced. In fact, this is what is seen in the
particle size distribution for condition B-Ag-R-F. There is a relatively large amount of small NPs (around 6
nm) with relatively small amounts of larger NPs (around 10 nm). Finally, condition C-Ag-P-S produced
the most monodispersed NPs and these were of an intermediate size. Concentrated drops of silver
nitrate were added to a dilute volume of sodium borohydride. In this case, each silver nitrate drop is
exposed to a much higher mass of sodium borohydride so is therefore expected to make stable NPs that
are not prone to growth. However, since the micromixing time is slower using this mixing configuration,
it is expected that some reaction will take place as the concentrated silver nitrate drop is mixed on
addition to the dilute volume of sodium borohydride. This explains the intermediate size obtained,
where the localized silver nitrate concentration is high but is subsequently exposed to an abundance of
sodium borohydride. The combination of diffusion and advection and how it can offer control over the
NP size is demonstrated well in these experiments. Because diffusion is slow, larger nuclei could form in
the silver nitrate rich drop as it enters the bulk fluid (where reaction occurs in silver nitrate rich region
within the fluid in the immediate vicinity of the drop) but this is quickly suppressed as advection aids in
mixing the silver nitrate droplet into the bulk sodium borohydride fluid to stabilise it. In essence, each
drop of silver nitrate reacts to form silver NPs which are quickly stabilized as they are mixed into the
sodium borohydride solution, and further drops then produce NPs which do not interact with existing
NPs in the solution because of their stability which explains the lower dispersity of the resultant NPs. It
is the configuration which gives the most uniform sodium borohydride concentration exposure to the
silver NPs, and points to the sodium borohydride being crucial in determining the NP size and dispersity
in this synthesis. Shirtcliffe et al. also compared different orders of reagent addition and found that
adding silver nitrate to sodium borohydride produced the narrowest and most reproducible UV-VIS
spectra, pointing to lower dispersity.65 Song et al. also noted that increasing sodium borohydride
resulted in decreasing aggregation, again highlighting the importance of sodium borohydride to the

stability of the silver NPs.®’
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Figure 6-4: TEM images of silver NPs synthesized in a batch vessel under various conditions. A) 0.6 ml sodium

borohydride [63.3 mM] added via drops to 20 ml of a mixture of silver nitrate [0.38 mM] and trisodium citrate
[0.383 mM] at a flow rate of 0.5 ml/min, B) 0.6 ml sodium borohydride [63.3 mM] added near the stir bar tip to 20
ml of a mixture of silver nitrate [0.38 mM] and trisodium citrate [0.383 mM] at a flow rate of 50 ml/min, C) 0.6 ml of
a mixture of silver nitrate [9.1 mM] and trisodium citrate [9.1 mM] added via drops to 20 ml sodium borohydride
[1.36 mM] at a flow rate of 0.5 ml/min and D) 0.6 ml of a mixture of silver nitrate [9.1 mM] and trisodium citrate
[9.1 mM] added near the stir bar tip to 20 ml sodium borohydride [1.36 mM] at a flow rate of 50 ml/min.

Experiments were conducted at room temperature and stirring speed was set at 500 rpm.
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Figure 6-5: Average peak absorbance and average peak wavelength obtained using UV-vis spectroscopy of silver
NPs synthesized in batch vessel under various conditions. A) 0.6 ml sodium borohydride [63.3 mM] added via drops
to 20 ml of a mixture of silver nitrate [0.38 mM] and trisodium citrate [0.383 mM] at a flow rate of 0.5 ml/min, B)
0.6 ml sodium borohydride [63.3 mM] added near the stir bar tip to 20 ml of a mixture of silver nitrate [0.38 mM]
and trisodium citrate [0.383 mM] at a flow rate of 50 ml/min, C) 0.6 ml of a mixture of silver nitrate [9.1 mM] and
trisodium citrate [22.7 mM] added via drops to 20 ml sodium borohydride [1.36 mM] at a flow rate of 0.5 ml/min
and D) 0.6 ml of a mixture of silver nitrate [9.1 mM] and trisodium citrate [22.7 mM] added near the stir bar tip to
20 ml sodium borohydride [1.36 mM] at a flow rate of 0.5 ml/min. Experiments were conducted at room
temperature and stirring speed was set at 500 rpm. Bars represent standard deviation of absorbance and

wavelength for 3 repeated experiments.

6.2.3  Gold nanoparticle synthesis

Gold NPs were synthesized in the batch vessel by reduction of tetrachloroauric acid via trisodium citrate
at a temperature of 80°C. The effect of changing the mixing configuration and the effect of changing the
order of reagent addition on the size and dispersity of the NPs was investigated. The same four
conditions to those used for silver NP synthesis were tested and will be described as conditions A-Au-R-
S, B-Au-R-F, C-Au-P-S and D-Au-P-F. Table 6-2 summarizes the concentrations for each mixing condition

(3 to 1 ratio of citrate to tetrachloroauric was used in all cases).
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Table 6-2: Summary of concentrations for each mixing condition used in the gold NP synthesis

Condition Reducing Agent — Nascitrate Precursor — HauCl,
A-Au-R-S 92.7 mM 0.556 mM
B-Au-R-F 92.7 mM 0.556 mM
C-Au-P-S 2.78 mM 18.5 mM
D-Au-P-F 2.78 mM 18.5 mM

Figure 6-6 shows TEM images of the synthesized gold NPs with an average diameter of 18.0 + 4.8 nm,
13.1+2.2nm, 16.3 3.3 nm and 16.2 + 2.1 nm for conditions A-Au-R-S, B-Au-R-F, C-Au-P-S and D-Au-P-F
respectively. The average peak absorbance and average wavelength obtained from 3 repeat
experiments obtained by analyzing the gold NPs using UV-vis spectroscopy can be seen in Figure 6-7 (the
percentage of deviation in peak absorbance for each condition was: A-Au-R-S = 0.8%, B-Au-R-F = 1.6%,
C-Au-P-S = 0.5% and D-Au-P-F = 0.2%). The peak wavelength of NPs synthesised using condition B-Au-R-F
was slightly lower than the other conditions in line with the average size of the NPs being smaller.
Diameter was found to be 14.3 + 3.3 nm, 13.8 £+ 1.7 nm, 14.2 + 2.8 nm and 14.1 + 2.1 nm based on a
number percentage obtained from DCS measurements for conditions A-Au-R-S, B-Au-R-F, C-Au-P-S and
D-Au-P-F respectively. The curves and diameter vs condition can be found in Figure 6-8.

The largest and most polydisperse NPs were observed using condition A-Au-R-S and the smallest
NPs were observed using conditions B-Au-R-F. Conditions C-Au-P-S and D-Au-P-F produced NPs of a
similar size though D-Au-P-F produced slightly more monodispersed NPs. The reactions in the Turkevich

method are complex because of the many different species which can coexist in the solution as it

proceeds. The precursor can exist in increasingly hydroxylated form from AuCl, to AuOH;‘,95 with the
hydroxylated form being formed at elevated pH. According to the literature, increasingly hydroxylated
forms result in a decrease in reactivity.104 This would result in a lower nucleation rate and hence larger

NPs. The citrate species also changes its speciation dependent on pH. At lower pH it exists in its most

protonated form of H5Cit with increasing deprotonation to Cit> as pH is elevated while the HCit*
species is suggested to be the most likely form responsible for reduction of the gold precursor.106 Hence,
the mixing of these two reagents becomes important because the combination of the acidic precursor
with the buffer reducing agent results in an evolution of pH as mixing proceeds. Ideally, to achieve small
monodispersed NPs, the nucleation period should be maintained to produce many nuclei (resulting in a
small size) and there should be a good separation between nucleation and growth (resulting in
monodispersity). Nucleation occurs when there is high reaction rate, which depends on less
hydroxylated forms of precursor and monoprotonated citrate being present. A separation of nucleation
and growth is achieved by a transition from high reaction rate to a lower reaction rate. This occurs in the
Turkevich method because the buffer capacity of the citrate solution neutralizes the acidic precursor as
mixing proceeds while the pH increases as the precursor reacts. Considering the roles of precursor and
reducing agent, the results obtained from each condition can be explained. Condition A-Au-R-S
produced the largest and most disperse NPs. Concentrated citrate is added drop wise to the dilute

precursor. Relatively large NPs are produced in this case because citrate is added slowly (0.6 ml takes 72
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s to add at a rate of 0.5 ml/min), resulting in the reduction reaction occurring at a relatively low rate
since the citrate concentration will be perpetually low. This is the case because of the enhancements in
mass transport through advection because of the stirring motion, which hastens the incorporation of
citrate into the bulk fluid which causes dilution of the concentration. A low reduction reaction rate
results in a lower nucleation rate and hence larger NPs. The polydisperse nature of the sample arises
from the evolving citrate concentration as the rate of addition was quite slow. Initially there is a low
citrate to gold ratio, resulting in larger and less spherical shaped NPs. Over time this ratio decreases
resulting in smaller and more spherical NPs. Condition B-Au-R-F produced the smallest NPs because the
citrate was added at a higher flow rate near the stir bar tip. This resulted in the precursor being exposed
quickly to a larger amount of reducing agent in comparison to condition A-Au-R-S, resulting in a higher
reaction rate and subsequent amounts of nucleation leading to smaller NPs. In this case, the
concentrated nature of the citrate leads to a high reduction rate in the local vicinity, resulting in smaller
and more numerous nuclei. As mixing proceeds through the aid of advection, the increased
concentration of nuclei would ultimately grow to a smaller size assuming the remaining unreacted
precursor is spread equally across each nucleus. Condition C-Au-P-S and condition D-Au-P-F produced
NPs of a similar size. The addition of 0.6 ml to a larger volume of 20 ml wouldn’t reduce the
concentration of the larger volume significantly. In this case, the length of time required to add the
precursor is not significant since it is all exposed to approximately the same concentration of reducing
agent resulting in similar reaction rates and nucleation rates, which is why conditions C-Au-P-S and D-
Au-P-F produce a similar size of NP. Sivaraman et al. note that there is no significant reduction in size of

gold NPs using the inverse method for citrate to gold molar ratios < 5,102

and we observe no significant
reduction according to this study at a citrate to gold molar ratio of 5. The quick addition of citrate to
tetrachloroauric acid did yield smaller NPs, but the manner in which reagents are added has not been
the specific focus of other studies of gold NP syntheses in batch reactors. Another point to note is that
the faster addition rate near the stir bar tip in general had a lower dispersity than the slow addition via
drops. Considering that the citrate behaves as a reducing agent and stabilizing agent the conditions can
be compared with respect to this reduction in dispersity. In comparing the conditions, this difference in
dispersity can be explained with the evolution of concentrations within the stirred fluid. Fast addition of
citrate creates burst nucleation in condition B-Au-R-F, after which the solution pH increases resulting in
a transition to growth. Slow addition of citrate in condition A-Au-R-S results in nucleation initially,
subsequent addition of citrate then interacts not only with gold precursor but also gold nuclei. This gives
the possibility of both nucleation and growth occurring at the same time. In fact, this results in
somewhat of an overlap between growth and nucleation. In essence, there is a sharper separation using
condition B-Au-R-F than condition A-Au-R-S, resulting in a decrease of dispersity with fast addition of
citrate. Similarly, with condition C-Au-P-S and D-Au-P-F, adding tetrachlorauric acid slowly results in the
possibility of an overlap of nucleation and growth, whereas the fast addition would result in a sharper

separation of nucleation and growth resulting in lower dispersity.
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Figure 6-6: TEM images of gold NPs synthesized in a batch vessel under various conditions. A) 0.6 ml trisodium

citrate [92.7 mM] added via drops to 20 ml of tetrachloroauric acid [0.556 mM] at a flow rate of 0.5 ml/min, B) 0.6

ml trisodium citrate [92.7 mM] added near the stir bar tip to 20 ml of tetrachloroauric acid [0.556 mM] at a flow

rate of 50 ml/min, C) 0.6 ml of tetrachloroauric acid [18.5 mM] added via drops to 20 ml trisodium citrate [2.78

mM] at a flow rate of 0.5 ml/min and D) 0.6 ml of tetrachloroauric acid [18.5 mM] added near the stir bar tip to 20

ml trisodium citrate [2.78 mM] at a flow rate of 50 ml/min. Experiments were conducted at 80°C and stirring speed

was set at 500 rpm.

128



Chapter 6

1.02

1.00

0.98

Peak Absorbance
i

Peak Wavelength (nm)
HOH

521 §

520 T . : . r . .
A -Au B-Au C-Au D-Au
Experiment

Figure 6-7: Peak absorbance and peak wavelength obtained using UV-vis spectroscopy of gold NPs synthesized in
batch vessel under various conditions. A - Au) 0.6 ml trisodium citrate [92.7 mM] added via drops to 20 ml of
tetrachloroauric acid [0.556 mM] at a flow rate of 0.5 ml/min, B - Au) 0.6 ml trisodium citrate [92.7 mM] added near
the stir bar tip to 20 ml of tetrachloroauric acid [0.556 mM)] at a flow rate of 50 ml/min, C - Au) 0.6 ml of
tetrachloroauric acid [18.5 mM] added via drops to 20 ml trisodium citrate [2.78 mM] at a flow rate of 0.5 ml/min
and D - Au) 0.6 ml of tetrachloroauric acid [18.5 mM] added near the stir bar tip to 20 ml trisodium citrate [2.78
mM] at a flow rate of 0.5 ml/min. Experiments were conducted at 80°C and stirring speed was set at 500 rpm. Bars

represent standard deviation of absorbance and wavelength for 3 repeated experiments.
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Figure 6-8: Normalized number percentage vs diameter obtained using DCS of gold NPs synthesized in batch vessel
under various conditions. A - Au) 0.6 ml trisodium citrate [92.7 mM] added via drops to 20 ml of tetrachloroauric
acid [0.556 mM] at a flow rate of 0.5 ml/min, B - Au) 0.6 ml trisodium citrate [92.7 mM] added near the stir bar tip
to 20 ml of tetrachloroauric acid [0.556 mM] at a flow rate of 50 ml/min, C - Au) 0.6 ml of tetrachloroauric acid
[18.5 mM] added via drops to 20 ml trisodium citrate [2.78 mM] at a flow rate of 0.5 ml/min and D - Au) 0.6 ml of
tetrachloroauric acid [18.5 mM] added near the stir bar tip to 20 ml trisodium citrate [2.78 mM)] at a flow rate of
0.5 ml/min. Experiments were conducted at 80°C and stirring speed was set at 500 rpm. Inset is an average

diameter for each condition obtained from 3 repeat experiments.

6.3  Conclusions
Mixing efficiency in the batch vessel was characterized using the Villermaux-Dushman reaction system
for two different mixing configurations: injection of reagent from above the stirred solution in the batch
vessel and injection of reagent near the stir bar tip of the stirred solution. It was found that the mixing
time was 209 ms when injection was from above and 46 ms when injection was near the stir bar tip.
Silver NPs were synthesized by reducing sodium borohydride in the presence of trisodium citrate.
Various mixing configurations were tested and it was found addition of sodium borohydride at a fast
rate near the stir bar tip produced the smallest NPs (6.7 + 1.7 nm). In general, larger more polydispersed
NPs were found when the mixing conditions encouraged areas rich in silver nitrate and deficient in
sodium borohydride. Gold NPs were synthesized using the Turkevich method, where tetrachloroauric
acid is reduced by trisodium citrate at an elevated temperature. Using the same mixing configurations as

those for the silver NP synthesis, the smallest NPs (13.1 £ 2.2 nm) were obtained when the reducing
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agent (trisodium citrate) was added at a fast rate near the stir bar tip to the precursor (tetrachloroauric
acid). These were significantly smaller than if the trisodium citrate was added at a slow rate from above
the solution (18 = 4.8 nm), showing that the mass transfer conditions and how the trisodium citrate is
administered to the precursor in the classical Turkevich method is important. The mixing configuration
did not significantly affect the size when using the inverse method, similar to what is observed in the
literature for similar citrate to gold molar ratios. However, fast addition of reagent produced lower
dispersity than slow addition because it produces a sharper separation of nucleation and growth.

The study highlights the importance of mass transfer conditions in determining the size and
dispersity of the resultant NPs, even when the molar ratio of reducing agent to precursor is fixed. Often,
batch reactor studies state the molar ratio of syntheses, but this may be insufficient to reproduce results
since specific information on the manner in which reagents are mixed may also be needed. The results
demonstrate that both diffusion and advection mass transport mechanisms are important in
determining the resultant size and dispersity of synthesised NPs. Mass transport concepts of advection
and diffusion can explain apparent differences in syntheses using similar concentration of reagent but

different apparatus.
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7.1  Conclusions

The work presented in this thesis focuses on the role of mass transfer on the size and dispersity of silver
and gold NPs synthesized in microfluidic devices. To achieve this, characterization of the microfluidic
devices in terms of mass transfer characteristics was made to understand how concentration profiles
would evolve during a reaction. The concentrations at which reaction, nucleation and growth of NP
formation takes place are very important in determining their size and dispersity. The objective is to be
able to control size and dispersity of synthesized NPs since this controls their properties, and hence their
suitability for use in any application. The concentration at which the processes for NP formation occur is
controlled by mass transfer. Subsequently, a variety of microfluidic devices were tested with gold and
silver NP systems to investigate how changing mass transfer conditions affected the size and dispersity.
The gold NP system investigated was the well-known Turkevich method, where tetrachloroauric acid is
reduced via citrate at elevated temperatures. The silver NP system was the reduction of silver nitrate via
sodium borohydride in the presence of a ligand (trisodium citrate or PVA). The microfluidic devices used
were the coaxial flow reactor (CFR), impinging jet reactor (lIJR), coiled flow inverter (CFl) and split and
recombine (SAR) mixer. A batch reactor study for the synthesis of silver and gold NPs was also
performed.

The primary objective of this study was to investigate how a variety of different mass transfer
conditions can affect the size and dispersity of synthesised NPs. The overarching conclusion of the study,
after investigating a variety of different mass transfer conditions using microfluidic devices and a batch
reactor vessel, is that mass transfer is an important property to consider when manipulation of size and
dispersity of NPs is desired. The variety of reactors used for the synthesis of NPs in this study each had
their own unique mass transport characteristics which can be summarised as follows: the CFR
maintained a separation of reagents through the channel because of the laminar flow and lack of
geometry manipulation to reduce diffusion distance, the IJR presented an efficient mixing device as
demonstrated by the low mixing times found with the conditions tested (<10 ms), the CFI utilised Dean
flow to aid the mixing of the reagents while improving RTD, the SAR also presented an efficient mixing
device through channel geometry manipulation which reduces the diffusion distance and the batch
reactor vessel used external energy through the action of a magnetic stirrer which enhanced mixing
through an advection mechanism to speed up the bulk mixing of the fluid.

To manipulate the size of synthesised NPs, controlling reaction and subsequent nucleation and
growth is the main consideration. These processes are driven by the concentrations at which they take
place, which is ultimately determined by the mass transport. Another important consideration is the
stabilisation when achieving small monodispersed NPs is desired. This increases the complexity of the
problem of NP size control, particularly when the stabilising agent behaves as a reducing agent (as is the
case with the reactions studied in this work). The CFR presents a promising microfluidic device to control

size of synthesised NPs because of restriction of reaction at an interface between reagent streams (due
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to laminar flow and simple channel geometry). This allows for a reservoir of reagents which are supplied
to the reaction interface at a constant concentration at a fixed point along the channel length. The
concentration of reagents drops as reaction proceeds along the length of the channel, which results in a
natural transition from nucleation to growth. The CFR also suppresses fouling because the synthesis of
nanoparticles is primarily taking place away from channel walls. The major drawback of the CFR is that it
would require very long channels to allow reagents to fully mix (because mass transport through
diffusion only is a slow process), or through the utilisation of smaller channel dimensions. Although it is
possible to implement the CFR with long channels, this may be unfeasible because of space limitations
within a laboratory, and the use of smaller channel dimensions would present the need for more
powerful (and expensive) pumps. The IJR performed extremely well when considering the problem of
fouling of channel walls when synthesising NPs. Since there were no channel walls in the IJR, fouling (or
cleaning) was eliminated. It demonstrated a good control over NP size and is easily scaled up through
numbering up. However, the operation window in terms of flow rates lacks flexibility because a
minimum flow rate is required to obtain jets while too high a flow rate would result in a deterioration of
mixing quality. On top of this, it is unknown how the flow rate ratio (if the flow rates from each jet are
not equal) would affect the mass transport properties. The CFl presents an improved RTD but fouling
was observed under certain conditions, and the SAR suffered the most from fouling problem (because of
a high surface area to volume ratio) even though it is an efficient mixer. This makes these reactors less
suitable for synthesis of NPs since they produce a dynamic condition as fouling evolves within the
channel over the course of the reaction. The batch reactor is a simple and effective means of
synthesising NPs, which is perhaps the biggest advantage in the sense that it is the easiest to implement
within the laboratory setting. It offers a quick and easy way to test a variety of synthesis conditions,
which can then be further investigated with a focus on mass transport within the microfluidic devices
presented in this work as well as others presented in the literature. The low surface area to volume ratio
within the batch reactor vessels used in this work minimises the issue of fouling but nevertheless there
was some fouling observed on the PTFE magnetic stirrers used in the syntheses. Of the devices studied
in this work, the CFR and IJR present the most promising reactor technologies for controlling the size of
NPs using microfluidic devices. It is hoped that this study provides a platform for further work in the

area of synthesis of nanomaterials using microfluidic devices.

7.2 Further work

There are some exciting directions in which work on synthesis of NPs in microfluidic devices can take.
Ultimately, the goal would be to produce large quantities of NPs in a reliable manner with the ability to
tune the size conveniently.

The CFR has shown the potential to control size through variation in residence time using laminar
flow. A vortex flow regime at higher Reynolds number was also tested, but didn’t produce good results
in terms of increasing control over size. Further work using the CFR should include operating it under
turbulent conditions to achieve mixing kinetics faster than the reaction. This would in theory allow for
reproducible results since mass transfer would no longer play a factor because concentrations within

the reactor would be homogenized before reaction occurred. A study on the kinetics of the silver NP
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system to discover the reaction rate equation and kinetic rate constant would be beneficial to
determine how efficient the mixing needs to be. Theoretically this should increase monodispersity since
reaction, nucleation, growth and stabilization can take place at the same concentration across the bulk
of the fluid, rather than at various localized concentrations within the reactor. Discovery of the reaction
rate equation and rate constant would also enable the simulation of accurate CFD models, enabling the
potential to test a variety of reactor designs in a virtual environment rather than having to fabricate and
test them experimentally. However, CFD can be computationally expensive for accurate models and
would be dependent on designing models which reduce computational expense or the use of very
powerful computers.

The 1R offers exceptional continuous flow characteristics for synthesis of NPs, namely the lack of a
possibility of blockage through fouling. Because of this there is no need to clean the reactor before runs
with aqua regia for instance, meaning that it can produce various samples of NPs at different flow rates
quickly. This makes it ideal to rapidly obtain information on new NP systems when the idea is to
investigate how mass transfer affects size and dispersity. One limitation of the IJR however is that it has
a narrow range of operability in terms of flow rates, because it requires a certain flow rate to actually
generate a jet and it has a limit on the maximum flow rate since too high a flow rate will generate a
spray that does not mix efficiently. One interesting possibility would be to operate the IJR with unequal
volumetric flow rate ratios, to investigate how the mass transfer is affected. Hydrodynamics of the IJR
would be affected, with the combined stream being skewed in one direction dependent on which side
the jet velocity was higher. By knowing the mass transfer characteristics under these conditions,
operation under unequal volumetric flow rates for each input would allow an increase in the conditions
that one could test quickly for a new NP system.

Flow reactors in general also afford benefits over batch reactors that would make them ideal
candidates for investigating kinetics and mechanisms of various NP systems. This is because of concept
of space time in a flow reactor as opposed to reaction time in a batch reactor. More specifically, the
length or residence time in a reactor allows the reactions to be studied at any particular moment. By
conducting in-line characterization such as UV-Vis or SAXS, one can study the process of NP formation at

very small time resolutions (similar to the studies by Polte et al. and Takesue et al.)sz’ 12

This system
would also allow for a wide range of conditions to be studied quickly when operated in conjunction with
a microfluidic device which can be operated continuously for long periods. This would help obtain
information to understand the mechanisms of NP formation in a relatively rapid manner as opposed to
using batch reactors.

Synthesis of NPs in the batch reactor also revealed that different results can be obtained by
changing the mass transfer conditions. There is a need for more specific information when describing
how reagents are mixed when considering batch reactor synthesis studies. Batch reactors still offer a
very simple and effective route to synthesize NPs, and are a good tool to inform researchers who want
to translate syntheses to flow. It would be interesting to see how the batch reactor results could be

reproduced in a flow system, for instance using a distributed feed to mimic the droplet addition of

reagent to the bulk in the batch reactor.
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Appendix A: Mixing characterization using the Villermaux-Dushman reactions

Triiodide extinction coefficient evaluation

A known concentration of iodine is made by mixing a stoichiometric balance of iodide and iodate ions

using the following concentrations:

[KI] = 1.13 mM
[KIO;] = 0.226 mM

To this we add an excess of sulphuric acid to convert all the iodide and iodate into iodine according to

the reaction:
103 + 51~ + 6H* - 31, + 3H,0

14.2 mM H,S0O, is added to a mixture of 2.26 mM Kl and 0.452 mM KIO; with equal volumes (i.e. the
volume of acid is equal to that of the iodide/iodate mixture). This results in a concentration after mixing
of 7.1 mM H,S0,4, 1.13 mM Kl and 0.226 mM of KlO;. By combining these reagents in the quantities

above, one obtains the following iodine concentration:

5[105] = [I] = g[zz] =113 mM

[I,] = 0.68 mM

Diluting the resulting solution to 20%, 40%, 60%, 80% and 100% the original concentration and
measuring the absorbance at 460 nm (wavelength at which iodine absorbs light significantly), one can
obtain the extinction coefficient for iodine. Figure Al shows the obtained calibration curve for iodine
from which an extinction coefficient of 626 I/mol.cm is obtained (literature value of 758 I/mol.cm is

reported for iodine at 460 nm).189
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Figure Al: Calibration curve for iodine, absorbance vs. concentration, with straight line used to obtain

the extinction coefficient of iodine.

Following this, we prepare solutions with the necessary concentration for triiodide extinction coefficient
calculations. To do this the saturation method is used. In this method, we take a known amount of

iodine and mix with an excess of iodide as per the following reaction:

Y +1, 615

By using a large excess of iodide ions (saturation), the equilibrium is driven largely in favor of the
triiodide ion. Thus, 1ml of 0.321 M KI was added to 1 ml of 92.88 uM iodine. The prepared solution is
then diluted to the appropriate concentrations and the absorbance is measured at 353 nm to obtain the
calibration curve and extinction coefficient for triiodide. A value of 23209 I/mol.cm is found for the

triiodide extinction coefficient shown Figure A2.
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the extinction coefficient of triiodide.
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gProms model for solution of differential mass balance equations for the Villermaux-Dushman

reactions:

Model:

PARAMETER

Alpha  AS REAL #Volumetric fraction of acid

k1 AS REAL #reaction rate constant for reaction 1, I/mol.s

k3 AS REAL #forward reaction rate constant for reaction 3, I/mol.s

k3prime AS REAL #backward reaction rate constant for reaction 3, 1/s

k AS INTEGER DEFAULT 6 #chemical species (1 =H+, 2 =H2B03-,3=1-,4=103-,5=12,6 =13-)
s AS INTEGER DEFAULT 2  #stream number (1 = acid stream, 2 = reagent stream)

tm AS REAL #mixing time, s

VARIABLE

k2 AS NoType #Reaction rate constant for reaction 2, which varies with ionic

strength, |/mol.s

C  AS ARRAY(k,s) OF MolarConcentration #Concentration of component k in stream s, mol/|

Ca AS ARRAY(k) OF NoType #Average concentration of component k, mol/I

rl AS ARRAY(s) OF ReactionRate #Reaction rate for reaction 1 in stream s, mol/l.s
r2  AS ARRAY(s) OF ReactionRate #Reaction rate for reaction 2 in stream s, mol/l.s
r3 AS ARRAY(s) OF ReactionRate #Reaction rate for reaction 3 in stream s, mol/l.s
I AS MolarConcentration  #ionic strength

EQUATION

# Differential Mass balance equations for each species
#chemical species (1 =H+, 2 =H2B03-,3=1-,4=103-,5=12,6 =13-)
FORmM:=1TO s DO
$C(1,m) = (Ca(1) - C(1,m))/tm - r1(m) - 6*r2(m);
$C(2,m) = (Ca(2) - C(2,m))/tm - r1(m);
$C(3,m) = (Ca(3) - C(3,m))/tm - 5*r2(m) - r3(m);
SC(4,m) = (Ca(4) - C(4,m))/tm - r2(m);
SC(5,m) = (Ca(5) - C(5,m))/tm + 3*r2(m) - r3(m);
SC(6,m) = (Ca(6) - C(6,m))/tm + r3(m);
END
#average concentration of species
FORj:=1TO k DO
Ca(j) = (1-alpha)*C(j,2) + alpha*C(j,1);
END
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#reaction rate equations
FOR z:=1TO s DO

ri(z) = k1*C(1,2)*C(2,z);

r2(z) = k2*C(1,z)"2*C(3,z)"2*C(4,z);

r3(z) = k3*C(5,z)*C(3,z) - k3prime*C(6,z);
END

Process:
UNIT
IEM AS IEM_VMD

SET

WITHIN IEM DO

tm = le-4; #mixingtime,s

kl := 1e20; #reaction rate constant for reaction 1, |/mol.s

k3 := 5.6e9; #forward reaction rate constant for reaction 3, I/mol.s

k3prime := 7.5e6; #backward reaction rate constant for reaction 3, 1/s
Alpha := 0.5; #Volumetric fraction of acid
END

EQUATION

# Equations

WITHIN IEM DO

I =0.5%(C(1,1)+C(1,2)+C(2,1)+C(2,2)+C(3,1)+C(3,2)+C(4,1)+C(4,2)+C(6,1)+C(6,2));

k2 = 107(9.28-3.66*110.5); #Reaction rate constant for reaction 2, which varies with ionic strength,

I/mol.s

END

INITIAL

WITHIN IEM DO

C(1,1) = 0.04; #acid concentration

FORa:=2TO kDO #sets all other species concentration to zero
C(a,1) =0;

END

#chemical species (1 =H+, 2 =H2B03-,3=1-,4=103-,5=12,6 =13-),
#set concentration for buffer
#conc. mol/I
C(1,2) = 0;
C(2,2) = 0.09/2;
C(3,2) = 0.032;
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C(4,2) = 0.006;
C(5,2) = 0;
C(6,2) = 0;
END

SOLUTIONPARAMETERS

Reportinginterval := le-3;

SCHEDULE

# OperationSchedule

Continue for 10;
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Appendix B: Synthesis of silver nanoparticles in a microfluidic coaxial flow reactor

Figure B1: Microscope image showing the fouling of the channel in a split and recombine micromixer after synthesis

of silver nanoparticles using silver nitrate, sodium borohydride and trisodium citrate.
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Figure B2: Peak absorbance of silver NPs synthesized at various total flow rates in the range 1-14 ml/min. Synthesis
was repeated four times for each flow rate. Concentrations of silver nitrate 0.2 mM, trisodium citrate 0.2 mM,

sodium borohydride 0.3 mM. 0.798 mm inner tube I.D.
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Figure B3: UV-vis spectra of silver NPs synthesized at various total flow rates in the range 1-14 ml/min.

Concentrations of silver nitrate 0.2 mM, trisodium citrate 0.2 mM, sodium borohydride 0.3 mM. 0.798 mm inner

tube I.D.

NaBH,
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Figure B4: Fouling on the inner wall of the inner tube when silver nitrate solution flowed through the inner tube

Fig. B5: Fouling on the outer wall of the inner tube when silver nitrate solution flowed through the outer tube
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Appendix C: Synthesis of silver nanoparticles using a microfluidic impinging jet

reactor

Reproducibility of synthesis

The reproducibility of the syntheses in the IJR was investigated by repeating experiments with citrate
and PVA. The peak absorbance obtained from UV-Vis spectroscopy was used as a measure for the
reproducibility. Figure C1 shows reproducibility for the synthesis in the 0.5 mm I.D. tubing IJR using
citrate as a ligand. Figure C2 shows reproducibility for the synthesis in the 0.25 mm and 0.5 mm I.D.

tubing IJR using PVA as a ligand.
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Figure C1: Peak absorbance (peak wavelength varied between 386-389 nm) obtained from UV-Vis
spectroscopy vs. Weber number of silver NPs synthesized at different total flow rates using 0.5 mm I.D.
tubing IJR. Experiments at each flow rate were repeated three times. Concentration of silver nitrate 0.9

mM, trisodium citrate 6 mM in input 1 and sodium borohydride 1.8 mM in input 2.
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(peak wavelength varied between 398-401 nm) obtained from UV-Vis

spectroscopy vs. Weber number of silver NPs synthesized at different total flow rates using: i) 0.5 mm

(black squares) and ii) 0.25 mm (red triangles) I.D. tubing IJR. Each flow rate was repeated twice.

Concentration of silver nitrate 0.9 mM, PVA 0.02 wt% in input 1 and sodium borohydride 1.8 mM in

input 2.
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Comparison of hydrodynamics between water only system and silver NP synthesis using PVA in 0.25

mm UJR
Figure C3 compares the hydrodynamics of the impinging jets in the 0.25 mm I.D. tubing IJR when water

is used and for the silver NP synthesis where one of the streams contains PVA.
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Figure C3: High speed camera images of hydrodynamics in the 0.25 mm I.D. tubing IR for a system using only water
and under silver NP synthesis conditions of concentration of silver nitrate 0.9 mM, PVA 0.02 wt%, sodium
borohydride 1.8 mM. Total flow rates were: A: 18 ml/min (We: 32), B: 22 ml/min (We: 48), C: 26 ml/min (We: 68),
D: 30 ml/min (We: 90), E: 34 ml/min (We: 115), F: 38 ml/min (We: 144) and G: 42 ml/min (We: 176).
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TEM image of silver NPs synthesized using an increased PVA concentration

Figure C4 shows the silver NPs obtained when the PVA concentration was doubled.

Figure C4: TEM image and particle size distribution of silver NPs synthesized using the 0.5 mm I.D. tubing IJR at a
flow rate of 72 ml/min (We: 65). Concentration of silver nitrate 0.9 mM, PVA 0.04 wt%, sodium borohydride 1.8
mM.
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Appendix D: Effect of hydrodynamics and mixing conditions on the continuous

synthesis of gold and silver nanoparticles in a coaxial flow device

Gold NP synthesis repeatability
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Figure D1: Average diameter of gold NPs synthesized using the CFR with a CFI residence loop at flow
rates of 0.5, 1 and 3 ml/min obtained using DCS analysis. Concentration of tetrachloroauric acid, 0.557
mM; concentration of trisodium citrate, 0.09 M; volumetric flow rate ratio, 32.3: 1 (Qout:Qin, HAUCI,:

Nascitrate); molar flow rate ratio, 1:5 (HAuCl,: Nascitrate); temperature, 80°C.
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Figure D2: Average diameter of gold NPs synthesized using the CFR with a CFI residence loop at
temperatures between 60-100°C obtained using DCS analysis. Concentration of tetrachloroauric acid,
0.557 mM; concentration of trisodium citrate, 0.09 M; volumetric flow rate ratio, 32.3: 1 (Qout:Qin,

HAuCl,: Nascitrate); molar flow rate ratio, 1:5 (HAuCl,: Nascitrate); flow rate, 1 ml/min.
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Visualization of flow in the CFR using turbulent conditions
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Figure D3: Flow visualization in the CFR with an inner tube I.D. of 0.798 mm at different Reynolds
numbers a) 5.1 ml/min (Re inner tube, 133, Re main channel, 54), b) 10.1 ml/min (Re inner tube, 265,
Re main channel, 107) and c) 15.1 ml/min (Re inner tube, 397, Re main channel, 160). Basic Blue dye
was pumped through the inner tube between 5 and 15 ml/min and water was pumped through the
outer tube at a fixed flow rate of 0.1 ml/min. 1 indicates when dye is initially pumped through the inner

tube with increasing numbers going up to show the CFR at steady state.
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Silver NP synthesis repeatability with inner tube I.D. variation
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Figure D4: Peak absorbance obtained from UV-Vis spectra vs. inner tube internal diameter of repeat
experiments for silver NPs synthesized using the CFR with inner tube internal diameters ranging
between 0.142 and 0.798 mm. Concentration of silver nitrate, 0.1 mM; concentration of sodium
borohydride, 0.3 mM; concentration of trisodium citrate, 0.5 M; volumetric flow rate ratio, 1: 1 (Qout:Qin,
NaBH,: AgNO3); molar flow rate ratio, 1:3:5 (AgNO3:NaBH,:Nascitrate); flow rate, 1 ml/min, temperature

22-24°C.
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