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Abstract: Gold nanomaterials have diverse applications ranging from healthcare
and nanomedicine to analytical sciences and catalysis. Microfluidic and millifluidic
reactors offer multiple advantages for their synthesis and manufacturing, including
controlled or fast mixing, accurate reaction time control and excellent heat transfer.
These advantages are demonstrated by reviewing gold nanoparticle synthesis
strategies in flow devices. However, there are still challenges to be resolved, such
as reactor fouling, particularly if robust manufacturing processes are to be devel-
oped to achieve the desired targets in terms of nanoparticle size, size distribution,
surface properties, process throughput and robustness. Solutions to these chal-
lenges are more effective through a coordinated approach from chemists, engineers
and physicists, which has at its core a qualitative and quantitative understanding of
the synthesis processes and reactor operation. This is important as nanoparticle
synthesis is complex, encompassing multiple phenomena interacting with each
other, often taking place at short timescales. The proposed methodology for the
development of reactors and processes is generic and contains various intercon-
nected considerations. It aims to be a starting point towards rigorous design
procedures for the robust and reproducible continuous flow synthesis of gold
nanoparticles.
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4.1 Introduction

4.1.1 Applications of gold nanoparticles

Gold nanomaterials have been a topic of intense investigation in the last few decades
owing to their unique optical, chemical, biological and catalytic properties. This is
due to some attractive physical characteristics, which are determined by physical
parameters such as particle size, morphology, surface, crystallinity and composition.
Gold nanomaterials are attracting a lot of interest in healthcare applications, analy-
tical sciences and catalysis [1-7]. In nanomedicine, Au nanomaterials offer the
potential to work on the same scale as many biological processes and cellular
mechanisms. They are applied as diagnostic, imaging and therapeutic agents or a
combination thereof [4, 5].
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When Au nanoparticles (NPs) are illuminated, conduction band electrons on their
surface are delocalized and undergo collective oscillation at the same frequency as the
incident light. This phenomenon, known as localized surface plasmon resonance
(LSPR), is responsible for absorption and scattering of light, which can aid their
detection by optical microscopy and enhance optical contrast as well as lead to
localized heating [8, 9]. The LSPR effect is sensitive to the size, shape and environment
of the NPs and this allows tuning their optical properties. If analyte molecules bind to
Au NPs either directly or via some linker ligands, the local refractive index changes and
the plasmon absorption shifts to longer wavelengths. The former results in colour
change, which makes NPs attractive for colorimetric sensors, while the latter can be
detected both by LSPR extinction or the angle of reflected light and are exploited in
other plasmonic sensors [5, 10]. Electric fields generated on the surface of the NPs
enhance Raman signals from molecules in their vicinity. This is termed as surface
enhanced Raman scattering [11]. Light absorption by very small NPs (nanoclusters)
induces photoluminescence, which is affected if analyte molecules interact with the
nanoclusters, either through covalent bonding or physical absorption. Fluorescence
quenching is another phenomenon that occurs when fluorophores are appended onto
Au NPs, and this is exploited in fluorescence resonance energy transfer assays [6, 12].

In addition to the above optical properties, Au NPs demonstrate catalytic proper-
ties, which can be tuned by particle size, surface functionality and intraparticle
separation. Such properties are exploited in various electrochemical and electroca-
talytic sensors. These optical, optoelectronic, electrochemical and electrocatalytic
properties are utilized for detection of biomolecules, such as proteins, DNA, oligo-
nucleotides and pathogens, but also whole cancer cells which are important for
healthcare applications [6, 7, 11, 13-15]. In addition, the same properties can be
applied for sensing various chemical compounds, such as heavy metal ions, toxic
gases and organic compounds, which are important for environmental and safety
applications [12, 16]. In Lateral Flow Assays, Au nanomaterials are conjugated with
various recognition markers, such as antibodies, and implemented in paper-based
devices. They offer low-cost, robust, point of care diagnostics for the detection of
viruses, bacteria, biomarkers, proteins, drugs, hormones contaminants, toxins and
pathogens [10, 17-21]. By conjugating the NPs to molecules that bind to cells, the
above optical properties can be exploited for cellular imaging (e. g. stem cells and
cancer cells). The NPs can also be used for enhancing contrast of other imaging
modalities. Au NPs can enhance X-ray attenuation increasing contrast in X-ray CT
imaging [6]. Au nanostructures can be functionalized by radionucleotides and hence
used for PET imaging of tumours [6, 7].

In targeted drug delivery, a drug is delivered locally to the tissue of interest,
leaving surrounding tissues unaffected. The drug concentration can be modulated as
a function of time. This approach offers various advantages, such as decreased toxic
side effects, reduced dose of drugs, increased treating efficacy and development of
new therapeutic strategies extending product life cycles [22]. Drug molecules can be
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loaded onto the surface of Au nanostructures by direct conjugation, grafting the
drugs to the capping ligand or adsorbing the drug by electrostatic interactions, van
der Waals forces or hydrogen bonding. Targeting agents can be attached to Au NPs
for specific uptake by tumours. The release of the drug can be achieved by thermally
activated desorption and diffusion employing the selective heating ability of the Au
nanostructures. To increase the amount of drug, the drug can by encapsulated in
thermally responsive polymers. The stimulus for drug release can also be a change in
ionic concentration [6, 7, 23].

Au nanomaterials (mainly Au nanorods, nanoshells and nanocages) have been
studied for photothermal cancer therapy, which is based on their LSPR properties.
They absorb and convert the photon energy into thermal energy when a laser beam
irradiates them at the LSPR wavelength. Photothermal heating only occurs in the area
directly surrounding the NPs, damaging cancer cells, particularly those that are more
sensitive to heat. By exploiting the enhanced permeability and retention of tumours
(passive targeting), or by functionalizing NPs with molecules that selectively bind to
cancer cells (active targeting), NPs deliver the heat selectively to tumour sites [6, 7,
23-26]. In photodynamic cancer therapy, Au nanomaterials are used as carriers for
photosensitizers, or are photosensitizers themselves. Upon specific wavelength light
radiation, they produce reactive oxygen species that induce cell death [6, 7, 25]. Au
nanomaterials are also attracting attention as radiosensitizers in X-ray radiotherapy.
As a treatment it has the advantage of deeper penetration in tissues than the NIR light
typically used for photothermal or photodynamic therapy. Au NPs absorb the X-rays
and thus localize the X-ray damage by reactive free radicals and secondary electrons
to tumour sites [25, 27, 28].

Even though bulk gold is inert, in the form of NPs it can display high catalytic
activity for a variety of reactions. These include oxidations of olefins, alcohols and
alkanes, hydrogenations, aminations and C—C coupling reactions. Au NP size as well
as the material on which the particles are supported is critical for catalyst reactivity
[1, 29, 30]. Supported Au NPs can catalyse important industrial reactions, such as
hydrogen peroxide production, oxidative esterification of methacrolein to methyl
methacrylate and hydrochlorination of acetylene to vinyl chloride monomer [31].

The performance of NPs for most of the applications presented above is affected
by their size, shape and functionalization. For example, the size and shape of
nanoparticle influences the LSPR shift [24]. The extinction coefficient of 5 nm Au
NPs is much lower than that of larger Au NPs. When the size of Au NPs approaches
the Fermi wavelength of electrons (<2 nm), molecule-like optical properties and size-
dependent fluorescence appear [6, 15]. Large Au NPs have a longer electromagnetic
field decay length and provide higher sensitivity; hence, they are more efficient at
enhancing Raman signals [6]. Size, shape and surface chemistry affect nanoparticle
circulation in the body and distribution to different organs. In general, NPs smaller
than 6 nm are filtered by the kidneys, larger than 200 nm are retained by the spleen,
while in the 30-200 nm range typically show better tumour accumulation.
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Penetration of Au NPs through biological barriers depends on their size and surface
charge [32-34]. Toxicity of NPs to cells is also size dependent, even though results are
often contradictory [6, 7, 24, 35, 36]. For Au NPs used in catalysis, size critically
influences their performance. Catalytic activity of Au NPs typically increases sub-
stantially as size decreases below 5 nm (e.g. carbon monoxide (CO) oxidation).
However, selectivity to desired products can increase or decrease with nanoparticle
size, depending on the particular reaction [37, 38].

4.1.2 Continuous synthesis of gold NPs

Since the performance of Au NPs depends on their size (and hence size distribution),
shape, chemical composition and surface functionalization, controllable and repeata-
ble processes for the synthesis of Au NPs are important to guarantee consistent
performance. Most of the synthetic routes are performed in batch systems [39]. Batch
processes are solution-phase synthesis techniques where reagents (precursor, redu-
cing agent, capping agent) are mixed at controlled temperature. The precursor is
reduced or decomposed generating atoms, the atoms nucleate and the nuclei grow
into seeds and subsequently into NPs with desired characteristics. Batch-to-batch
variations are problematic and a synthesis approach that gives uniform materials
consistently is of paramount importance [40, 41]. However, if the kinetics of the
synthesis processes are fast, mass and heat transfer can play an important role in
the synthesis. Mass/heat transfer rates change with reactor size, limiting the control of
the experimental conditions [42]. In conventional synthetic methods, the immediate
addition of the reducing agent (and/or other reactants) leads to localized high con-
centrations (and in turn to concentration gradients) which can cause variable sizes and
broad size distribution of the final particles, since these grow from nuclei produced at
different times in places within the solution where the reactant concentrations are
different. Such inhomogeneity can lead to coexistence of nucleation and growth,
which can result in wide NP size distributions and poor control of shape and aggrega-
tion [39, 43]. Batch processes are often not amenable to scale-up, and they may not
provide an appropriate balance between control of nanoparticle characteristics and
productivity [39]. If promising laboratory results of Au NPs are to translate into
commercial applications, larger scale reproducible manufacturing with satisfactory
control of the NP desired characteristics needs to be developed [44].

Microreactors, which allow manipulating the fluid dynamics, heat transfer, and
mixing at the sub-millimetre scale precisely, offer advantages in these cases. Due to the
large surface-to-volume ratio and a decrease in diffusion paths, microreactors exhibit
much better mixing, which plays an important role in monodisperse nanoparticle
formation. In addition to this, because of the smaller volumes in microreactors, various
parameters (temperature, pressure, residence time, etc.) can be controlled easily and
safely, which can lead to precise control of the reaction with shorter response time [45].
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The diffusive mixing in microreactors can reduce agglomeration as compared to con-
ventional convective turbulent mixing [39]. Continuous microfluidic synthesis can make
scaling to large production possible through parallel operation of multiple identical
reactor units, reducing labour and time of processes [46-48]. It further allows easier
automation, online monitoring of nanoparticle characteristics and use of closed loop
control systems to achieve quality control [40, 49, 50]. Microfluidic systems offer the
opportunity for easier integration of complex sequential processes, such as those
required for the functionalization of Au NPs, which is a key step for biomedical
applications [41].

Taylor dispersion in micro or millifluidic reactors can arise from the shear on the
fluid caused by no-slip boundaries at the channel walls. This leads to a parabolic
velocity profile, which generates a spread in the residence times of the fluid elements,
and therefore of the NPs present in them, because the elements flowing near the
channel axis move more quickly than those flowing near the channel walls. Taylor
dispersion can increase polydispersity in channels where the residence time distri-
bution (RTD) is wide. Fouling of the microreactors due to nanoparticle nucleation/
growth/attachment on the wall material can also be an issue [51]. These disadvan-
tages can be addressed by segmented flow microreactors, where the synthesis takes
place in isolated droplets (behaving as moving batch reactors) protected by the
segmenting fluid from the tubing wall [52-56]. Fouling and higher productivity can
also be addressed by millifluidic systems (increasing channel dimension by an order
of magnitude). Moreover, these devices are often cheaper and easier to clean, if the
requirements for mass and heat transfer are not severe [41].

There have been various reviews on the preparation methods of Au NPs mostly
from the viewpoint of chemistry routes [1, 34, 57-60]. Reviews in the use of micro-
reactors for the synthesis of various types of inorganic NPs have been presented [39,
41-43, 50, 52, 53, 61-64] and some focus on Au NP synthesis using microfluidics [45,
65]. In this chapter, we aim at reviewing the current state of the art in flow synthesis of
Au NPs from a reactor engineering point of view, highlighting the inherent differ-
ences of flow reactors from conventional batch reactors, as well as potential issues
that may be encountered during the development of continuous processes for the
production of this class of materials. This culminates to a design methodology that
highlights key steps for the development of a manufacturing flow system for the
synthesis of Au NPs. The proposed design procedure is based on a series of inter-
connected steps that emphasize the importance of an interdisciplinary effort between
chemists, engineers and physicists, and is summarized in 10 main design rules.

4.2 Requirements for quality-by-design synthesis

Currently, the design of nanoparticle reactors strongly relies on a trial-and-error
experimental approach, occasionally guided by design-of-experiments methods.
Mathematical models for the syntheses based on first principles are rarely used to
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design and optimize these reactors. This is in stark contrast with the design metho-
dology adopted in the manufacturing of more conventional products, for which the
principles, methods and models of reaction engineering (or more advanced
approaches) are commonly employed. This modus operandi prevents, or at least
complicates, the attainment of quality-by-design, where one aims to build quality
into a product, instead of testing quality from a product. Theoretical models for
particle syntheses would allow rationalizing nanoparticle reactor design and devel-
oping systems able to deliver products with the desired characteristics in a more
robust and cost-effective manner, whilst building valuable process knowledge.

Due to the complexity of nanoparticle syntheses, which involve many physical
and chemical concurrent phenomena, developing models for these systems is truly
challenging. In addition to an accurate mechanistic description of a specific synthesis
method, model development necessitates the knowledge of the kinetics of the reac-
tions and processes (such as particle nucleation, aggregation and growth) involved in
the synthesis as well as of the fluid dynamics in the reactor, which affects heat and
mass transfer. Obtaining accurate kinetic information is particularly critical, but at
the same time particularly difficult.

4.2.1 Characterization and kinetics of nanoparticle synthesis

In this section we introduce experimental techniques that are useful for the character-
ization of gold NPs. We first comment on the most commonly employed techniques,
and then we focus on techniques useful for the quantification of NPs synthesis kinetics.
This last point is of relevance for the development of flow reactors, as an optimized
reactor design procedure is based on the knowledge of reaction kinetics [66]. In the last
paragraphs we discuss the possibilities offered by flow systems for in situ synthesis
monitoring, appealing features for both kinetics studies and process control.

Key parameters of interest in nanoparticle syntheses are product concentration
(as in “conventional” chemical syntheses), as well as particle size and particle size
distribution (PSD). Measurement of unconverted precursor or product yield is impor-
tant too, not only for improved process performance but also because unconsumed
precursor can keep reacting during storage if it is not removed. Other important
parameters, which require at least qualitative information, include particle shape
and surface properties. Hence, more than one experimental technique is generally
required to fully describe nanoparticle synthesis processes.

Electron [67, 68] and scanning probe [69] microscopy have been widely
employed to characterize particle size and shape. Au NP sizes and size distributions
can be measured by dynamic light scattering [70], which however requires relatively
monodisperse samples to render accurate measurements, and by differential centri-
fugation sedimentation, down to 2 nm in size [71]. For sub-2 nm gold NPs, whose
structure could be altered by conventional techniques, such as transmission electron

Brought to you by | UCL - University College London
Authenticated
Download Date | 4/2/19 4:24 PM



164 =— 4 Continuous synthesis of gold nanoparticles

microscopy, size can be measured by mass spectroscopy [72]. Average particle size
and PSD can be measured via small angle X-ray scattering (SAXS) with a very low
detection limit [73]. This technique also allows in situ measurements of the particle
size evolution during the synthesis with resolution down to 2 nm, but synchrotron
radiation is required [74-78]. SAXS also allows evaluating nanoparticle volume
fraction in solution. Nanoparticle crystal structure and crystallite size can be deter-
mined by means of X-ray diffraction [79].

Gold concentration can be measured by means of several techniques. Very low
detection limits can be achieved with inductively coupled plasma mass spectroscopy
(ICP-MS) [80], which, with recent advances, can now also be used to determine NP
number concentration and number size distribution (Single Particle ICP-MS) [81].
Voltammetric methods have been employed to determine gold concentration as well
as NP number concentration [82—84]. After dissolution in strong acids, the elemental
gold concentration (and in some cases the packing density of ligands) can be
measured by means of atomic absorption spectroscopy [85] or optical emission
spectroscopy [86-88]. Gold elemental analysis can also be performed with neutron
activation analysis [89]; however, this requires complex instrumentation.

The oxidation states of gold can be obtained via X-ray photoelectron spectro-
scopy (XPS) [90] and X-ray absorption near-edge spectroscopy (XANES) [76-78, 91,
92]. Extended X-ray absorption spectroscopy fine structure can be used to gather
information on crystal lattice properties and how these are affected by ligands [93].
The interactions between ligands and the gold NP surface can be studied by XPS [90,
94] and Fourier transform infrared spectroscopy [94, 95].

A simple yet powerful tool used for gold nanoparticle characterization is UV—-vis
spectroscopy. This technique offers the major advantage of requiring relatively cheap
benchtop instrumentation, and is suitable for both ex situ and in situ measurements,
which makes it very attractive for kinetic and mechanistic studies [74, 96-98].
Studies to link both particle size and Au(0) concentration to the solution UV-vis
spectrum have been reported in the literature, where either the position of the LSPR
and the extinction at this wavelength [88, 100] or the ratio between the extinctions at
the LSPR wavelength and that at 450 nm [100] have been used. Hendel et al. demon-
strated that the UV-vis absorbance at 400 nm (Abs,qo) can be used to determine the
Au(0)- concentration in NP solutions, but pointed out that particle size, surface
modification, or oxidation state can affect the measurement [101]. The type of ligands
and the dielectric properties of the surrounding medium also significantly affect the
UV-vis spectra; hence, this technique has to be correctly calibrated considering the
ligands and solvent employed in the synthesis [102, 103]. UV-vis spectra can also be
used to analyse the speciation of HAuCl, [97, 104], the most common gold precursor
used for Au NP synthesis. Finally, this technique also allows assessing the quality of
the gold precursor employed, whose spectra depend on its “age” and purity [73].

From a reaction engineering point of view, experimental techniques that are able
to provide time-resolved data during the synthesis are of great interest, since they
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permit quantifying reaction kinetics, which is an essential element for reactor design.
Determining kinetics and rate laws is a major challenge in the field of nanoscience,
both from an experimental and a theoretical standpoint, because these syntheses
involve many concurrent physical and chemical phenomena belonging to synthetic
chemistry, colloidal science and particle technology. Experimentally, a complete
description of the kinetics of these processes requires several techniques as well as
a wide scientific background for the correct interpretation of the data gathered.

Generally, the theoretical framework used to describe the kinetics of the nuclea-
tion process in nanoparticle syntheses is the classic nucleation theory, developed by
Becker and Doring [105] and later extended by Lamer and co-workers [107]. However,
several studies demonstrated that many nanoparticle syntheses are not well
described by this theory [107, 108]. In this sense, Zeng and Oxtoby stated that
“nucleation theory is one of the few areas of science in which agreement of predicted
and measured rates to within several orders of magnitude is considered as major
success” [109]. Xia et al. appropriately described the current state of progress in the
study of nanoparticle formation kinetics, stating that “at the current stage of devel-
opment, it is not an exaggeration to say that the chemical synthesis of metal nano-
crystals (as well as for other solid materials) remains an art rather than a science”
[110]. Along the same line, Polte recently pointed out that “the main reason for this
lack of knowledge was the absence of reliable experimental information about the
particle growth process, in particular of the particle size and concentration during the
growth process” [111].

Some of the characterization methods presented above have been used in situ in
batch systems to obtain mechanistic/kinetic information. Polte and co-workers [75,
76, 78, 971, employed SAXS combined with XANES to provide time-resolved average
particle size, relative PSD standard deviation and gold oxidation state for the classi-
cal Turkevich synthesis in a wide parameter space. Abecassis et al. employed similar
techniques to study the evolution of the PSD and of the Au oxidation state during
different NaBH,-based synthetic routes [74, 77]. Comparison between the total
amount of Au(0) present in the solution (obtained by XANES) and the amount of
Au(0) inside the NPs (obtained from SAXS) showed that a measurable amount of Au
(0) existed transiently as monomers, suggesting burst nanoparticle nucleation. They
further showed that ligands affect reduction kinetics and nucleation rate, and thus
indirectly also NP growth. A model including reduction kinetics, nucleation and
growth rates enabled the fitting of NP size and concentration time evolution. UV-
vis spectroscopy was used by Hendel et al. to track the reduction of Au(III) to Au(0) in
real time by measuring the Abs,q, during the synthesis [101]. The data acquired via
UV-vis spectroscopy were consistent with the experimental observations obtained
by SAXS. Luty-Blocho etal. and Paclawski etal. used UV-vis spectroscopy and
dynamic light scattering [112, 113] to quantitatively study the kinetics of the HAuCl,
to HAuCl,_,(OH), reaction, which plays an important role in several Au NP synthetic
routes [97]. A rate law for Au NP formation, according to a Finke-Watzky model (slow
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nucleation, fast autocatalytic surface growth) [108], was formulated and utilized to
design a microfluidic reactor system and select suitable operating conditions for the
synthesis of Au NPs by glucose reduction. Georgiev et al. [69] studied the kinetics of
the gold NP synthesis by the Turkevich method employing time-resolved UV-vis
spectroscopy, as well as ex situ atomic force microscopy and obtained rate constants
for a Finke-Watzky model that were similar for both techniques. However, ex situ
measurements may give “drying” artefacts during the sample preparation, affecting
the precision of the data acquired. As a consequence, the development of time-
resolved in situ measurement techniques is one of the bottlenecks for the acquisition
of reliable kinetic data. In this regard, interesting opportunities are offered by liquid
phase transmission electron microscopy [114, 115] and cryo-transmission electron
microscopy [116].

Flow systems allow also in situ characterization, with the added advantage
that, since real time is replaced by space time (i. e. reactor location), information at
very short reaction times can be obtained. In addition, in-line monitoring by optical
techniques can be easily implemented. This feature is attractive, as it opens up
possibilities in reaction kinetic studies, also enabling simple implementation of
process control loops. For instance, McKenzie et al. combined SAXS and UV-vis
spectroscopy in a microscale flow system (Figure 4.1a) for in situ monitoring of PSD
and UV-vis absorbance of sub-5 nm gold NPs at different concentrations, with
results that correlated well with ex situ TEM and UV-vis measurements [117]. Watt
studied the effect of seed age on gold nanorods formation by using a microfluidic
system with in-line UV-vis—NIR spectroscopy [118], which was combined with ex
situ SAXS measurements to observe the change of the nanoparticle population
during aging. However, UV-vis is not suitable if there is no LSPR band [119]. Polte
et al. employed in situ SAXS in combination with XANES to monitor the synthesis of
Au NPs with size between 0.8 and 2 nm (Figure 4.1b) [76]. A static micromixer was
used to provide homogeneous mixing between gold precursor and NaBH,, and then
the products were detected by SAXS in a flow cell. As NaBH, is quite a strong
reducing agent, the reaction finished within 100 ms and increasing residence time
did not change the size. The work suggested a two-step mechanism of gold nano-
particle formation: a rapid conversion of the ionic gold precursor into metallic gold
nuclei, followed by particle growth via coalescence of smaller entities. Similarly,
Tofighi et al. used in situ XANES assisted by a microfluidic silicon chip to study the
early reaction stages of the polyvinyl pyrrolidone (PVP)-stabilized Au NP synthesis
by NaBH, reduction (Figure 4.1c) [120]. The chip allowed the beam focusing on
different positions along the microchannel to track the reaction. It was observed all
the gold ions were reduced to Au(0) - within the first 10 ms. Yue et al. described how
to monitor the synthetic process of Au NPs with in-line UV-vis in segmented flow by
a cross-type flow-through cell (Figure 4.1d) [121]. However, the main difficulty to
apply in-line UV-vis on a segmented flow system is that the detection limit could be
affected by the background from the carrier fluid and reflection/scattering from the
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Figure 4.1: (@) Schematic of microscale flow system with a specially designed cell for in situ SAXS and
UV-vis measurement of nanoparticle size distribution (reprinted with permission from Ref. [117].
Copyright 2010, American Chemical Society). (b) Experimental setup with flow cell for in situ SAXS
(reprinted with permission from Ref. [76]. Copyright 2010, American Chemical Society). (c) Schematic
illustration of microfluidic chip with different measuring points for in situ XAS; insert is the schematic
of micromixer employed (adapted from Ref. [120]. with permission of The Royal Society of Chemistry,
https://doi.org/10.1039/C7RE00114B). (d) Experimental setup for in situ UV-vis monitoring of reac-
tion in segmented flow (adapted from Yue et al., Copyright 2013 Royal Society of Chemistry,
Microreactors with integrated UV/Vis spectroscopic detection for online process analysis under
segmented flow, https://doi.org/10.1039/C3LC50876E, https://creativecommons.org/licenses/by/
3.0/legalcode) [121]. (e) Experimental design of millifluidic chip for in situ XAS monitoring at different
locations along the channel (reprinted with permission from Ref. [122]. Copyright 2013, American

Chemical Society).
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slug curved surfaces. Krishna et al. used a millifluidic device for time-resolved
mapping of the Au NP size evolution in growth (Figure 4.1e) [123]. The work
identified the formation of stable gold sulphide NPs when chloroauric acid and
meso-2,3-dimercapto succinic acid were mixed in the millifluidic reactor. The gold
nanostructures formed deposited at the channel and were subsequently reduced by
flowing NaBH,. The reduction was monitored with XAS spatially with a time
resolution of 5ms.

4.2.2 Mathematical modelling of nanoparticle synthesis

We have shown how a wide variety of experimental techniques are required to
characterize nanomaterial synthesis kinetics. Similarly, a variety of modelling tech-
niques can be adopted to describe nanoparticle syntheses and extract useful kinetic
information. These techniques differ in the level of detail that can be captured, and
accordingly in the computational cost of the numerical simulations. Modelling
techniques used to describe processes occurring in nanoparticle syntheses range
from quantum chemical calculations (e. g. Density Functional Theory) to molecular
dynamics, Brownian dynamics and Monte Carlo simulations. A detailed review of the
applications of these techniques in describing nanoparticle structures is provided in
Barnard [124]. The modelling approaches just mentioned are powerful tools for
describing in detail “single” nanoparticle synthesis aspects, like precursor reduction
[124], particle growth [125], interaction of nanoparticle surfaces with other molecules
[126], crystal structure and stability of nanoclusters [127]. However, they cannot be
used to model the entire nanoparticle synthesis, since this would be computationally
too demanding. A tool that fits the need of both accuracy and fast computation, and
which is thus useful for process development, is population balance modelling
(PBM). A population balance equation (PBE) is an equation that allows describing
the evolution of the nano-PSD during the synthesis (even though it cannot capture
other details, such as crystal structure or particle morphology).

PBM is widely used in reaction engineering [128] for the rational design of poly-
merization [129-131] and crystallization [132-134] reactors. It has also been used to
describe the process of nanoparticle formation [136-138], in particular semiconductor
nanoparticle synthesis, both in batch [138] and in flow reactors [139, 140]. The PBM
thus seems to be an approach best suited to rationalize the design of nanoparticle
synthesis reactors and achieve quality-by-design.

If we consider a batch reactor, in which the solution is assumed to be perfectly
mixed, so that all the properties, such as concentration and temperature, are spatially
uniform, the PBE describing the NPs evolution during the synthesis can be written as:

on(v,t)
ot

=g5(v— Vmin)
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14 + oo
1
*3 J a(v-v,v)n(v-v,t)n(V, t)dv' —n(v,t) J a(v,v)n(v', t)dv' + G,
Vmin Vmin

where n(v,t) is the number density function defined so that n(v, t)dv yields the
number of particles with volume in the infinitesimal range dv about the value v at
time t. This function is thus closely related to the PSD. The first term on the right-hand
side of the equation models nucleation, with g being the nucleation rate and
8(v - vmin) a delta function centred at the nuclei size vy, (here it is assumed that all
nuclei share the same size). The second and third are generation and consumption
terms, respectively, that model particle agglomeration, with a being the agglomera-
tion kernel. The last term represents particle surface growth. In general, these terms
(in particular g and G) depend on the concentration of the various precursors present
in the system and on the physicochemical properties of the latter. From this equation
we observe how different physical phenomena contribute in making the PSD change.
For example, both agglomeration and surface growth cause an increase in the
average particle size. Furthermore, one must keep in mind that the evolution of the
PSD depends on the concentration of the precursors, so that the PBE is in general
coupled with the material balances of all the other species involved in the synthesis
(for instance, through g and G). Consequently, the mathematical model can be solved
only if the rates of all the reactions are known and kinetic expressions for nucleation
(via the term g), aggregation (via the term a) and growth (via the term G) are
available. Hence, a significant amount of kinetic information is required, which
cannot be obtained merely via the experimental acquisition of data on the PSD
evolution.

A PBM for the Brust-Schiffrin method [141] shows how it is possible to improve
the nanoparticle quality based on theoretical findings, significantly reducing the
effort in reaction optimization. The model was based on a continuous nucleation —
growth — capping mechanism, which indicated that, if the reaction conditions were
kept constant, the particles born at different times through continued nucleation
would grow to the same size before being capped. This is in contrast to the perception
that continued nucleation is the main reason for poor PSD control. The authors were
in fact able to propose a modified protocol based on their model, which led to an
improvement of the Au PSD from 2.0 + 0.6 nm to 1.7 + 0.3 nm.

On the other hand, the work from Kumar et al. on the Turkevich synthesis [142]
shows how significant effort has to be put in the understanding of the mechanism
behind the synthesis. Despite the fact that this model qualitatively describes several
aspects of the synthesis observed experimentally (in particular particle size pla-
teauing for high citrate-to-chloroauric acid ratio values), Agunloye et al. showed
that it poorly predicts experimental data from the literature [143]. This is most
probably due to an inaccurate description of the synthesis mechanism. While
Kumar and co-workers employed the Turkevich organizer theory [144], recent
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work from Polte’s group showed experimental findings supporting a different
mechanistic route [97].

4.3 Review of research on gold nanoparticle flow synthesis
4.3.1 Gold nanoparticle synthesis in single-phase flow systems

4.3.1.1 Microfluidic reactors

Most microfluidic reactors are made using microfabrication methods and have char-
acteristic dimensions in the order of hundreds of microns. However, the use of capillary
tubes is also gaining interest owing to their simplicity and low cost. An important
aspect for the application of continuous flow in the manufacturing of nanomaterials is
its production capacity. Hence, for the sake of convenience, in this chapter flow
systems with characteristic size (such as diameter) smaller than 1 mm are referred to
as microfluidic reactors, while those with larger size (up to some mm) are referred to as
millifluidic reactors. For Au NP synthesis, the most common microfabricated reactor
materials are Si, glass and polydimethylsiloxane (PDMS). Glass and silicon not only
involve special working conditions (clean room), but may also require careful sealing
procedures, particularly for high temperature/pressure operation. Capillaries and
tubes made of silica, polytetrafluoroethylene (PTFE) are common, while polyether
ether ketone (PEEK), polyethylene and Tygon have also been used.

Among all the chemistry routes for Au NP synthesis, the Turkevich method has
been the most popular [60] for synthesizing citrate-capped Au NPs. It was first pro-
posed by Turkevich [144] in 1951, and produced around 20 nm Au NPs by adding
trisodium citrate dehydrate quickly into a boiling HAuCl, solution under vigorous
stirring. The mechanism was described as “seed-mediated growth” by Wuithschick
etal. [97] who proposed a fast nucleation and a subsequent slow growth stage, as the
gold ions preferentially bind onto the existing solid gold surface with lower surface
potential [145]. On the basis of the Turkevich method, various researchers sought to
improve this method [96, 146-151] or substitute the reducing agent (e. g. ascorbic acid
[152] and tannic acid [153]) or capping agents [154—156] to achieve smaller/different
particle size or narrower size distribution. For the synthesis of sub-5 nm Au NPs,
sodium borohydride (NaBH,) is the reducing agent most frequently used, having far
higher reducing ability than citrate to reduce gold ions to metallic atoms (order of
magnitude of milliseconds [76]) To limit the growth of particles, strong capping agents
such as thiols in the Brust-Schiffrin method [157] are used during NaBH, reduction.

In single-phase microfluidic systems, the flow pattern is usually laminar, char-
acterized by low Reynolds number [42]. Thus, mixing only occurs at the interface
between miscible streams by molecular diffusion. This characteristic is attractive for
some synthetic processes which need precise control. Citrate-capped Au NPs are
usually synthesized by the Turkevich method for around 30 min under elevated
temperature. Singh et al. produced citrate-capped Au NPs with lower reaction time
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at room temperature by substituting citrate with the strong reducing agent NaBH, in
the microreactor [156]. The laminar flow forming in the microreactor played an
important role to slow down mixing and avoid the uncontrollable reaction owing to
the high conversion rate of NaBH,. On the other hand, for slower reducing agents
efficient mixing is beneficial. Jun et al. studied the size control of Au NPs produced by
ascorbic acid, by comparing different mixers. Similar size and size distribution were
obtained with both microfluidic butterfly-shape and millifluidic compressed-tubing
mixers (Figure 4.2), as long as the flow rate was sufficient to attain efficient mixing
[158]. Sufficiently high flow rates could guarantee fast mixing, but too high flow rates
did not allow enough time for the reaction to complete.
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Figure 4.2: Schematic of different mixers used for Au NPs synthesis by ascorbic acid: (a) compressed
Teflon millifluidic mixer and (b) butterfly microfluidic mixer (reprinted with permission from Ref. [159].
Copyright 2012, American Chemical Society).

Shalom etal. adapted the Brust-Schifrin method to a flow system by mixing a
prepared thiolate polymer and aqueous NaBH, in a radial interdigitated mixer
(Figure 4.3a) [159]. The reagents passed through a circular channel and were then
split into eight streams flowing towards the centre of a mixing chamber, while the
outlet was in the centre of the chamber. For the same gold-thiol ratio (e. g. 2), the size
and standard deviation in the microfluidic reactor were smaller (2.9 + 0.6 nm) than
those in batch systems (4.9 + 2.1 nm). Tsunoyama etal. used a similar mixing
approach with a multi-laminated mixer (from IMM) to improve mixing (Figure 4.3b)
[160]. With NaBH, as reducing agent, they produced PVP-stabilized sub-2 nm Au NPs
with high monodispersity, which showed higher catalytic activity in aerobic alcohol
oxidation than Au NPs prepared in a batch reactor. Using the same micromixer, Luty-
Blocho et al. studied the effect of flow rate on Au nanoparticle synthesis. Increasing
the flow rate led to smaller polyvinyl alcohol (PVA)-capped Au NPs in the range of
1.5-3 nm when using ascorbic acid or NaBH, as reducing agent [161]. Interestingly,
batch processing resulted in sediment formation after 1 h for the ascorbic acid system.
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Figure 4.3: (a) Schematic of radial interdigitated mixer used for Au NPs synthesis by NaBH, (reprinted
from Materials Letters, 61(4), Shalom et al., Synthesis of thiol functionalized gold nanoparticles
using a continuous flow microfluidic reactor, 1146-1150, Copyright 2018, with permission from
Elsevier) [160]. (b) Schematic of the multi-laminated mixer used for Au NPs synthesis by NaBH,
(reprinted with permission from Ref. [161]. Copyright 2008, American Chemical Society).

For the NaBH, system, particles of similar sizes were obtained (~1.5 nm), but in the
batch reactor much larger ones (~2 pm) were also produced.

A glass-silicon microreactor with three mixing zones of split-and-recombine
type allowing the consecutive addition of reducing agent solution containing
ascorbic acid and Fe(II) and three modifier solutions (citric acid, sodium metasili-
cate and PVA) was utilized to synthesize Au NPs [162]. Wagner and K6hler improved
this glass/silicon reactor with eight split-recombine units (Figure 4.4a) which could
provide improved RTD and used it to synthesize PVP-capped Au NPs with sizes
between 5 and 50 nm by ascorbic acid reduction [163]. Au NPs with coefficient of
variation (CV) two times smaller than that in a conventional batch reactor was
achieved and smaller Au NPs were obtained at high flow rates, high concentration
of the reducing agent or stabilizer and high pH. In a subsequent design, residence
loops were added to allow for multi-step addition of the reagents and reduction of
the risk of fouling (Figure 4.4b) [164]. They synthesized 4-7 nm Au NPs using
NaBH, as the reducing agent. The Au NP size could be reduced by decreasing the
reactant concentrations.

Sugano et al. developed a microreactor system comprising a Y-mixer and two
piezoelectric valveless pumps to achieve pulsed mixing of chloroauric acid and
trisodium citrate at room temperature (Figure 4.5) [165]. The switching frequency
controlled the thickness of the pulsed layers, the square of which has a proportional
relationship with the diffusion time. The mixing time at 100 Hz was short enough as
to reduce the CV of the PSD to ~10 % for Au NPs of ~40 nm mean size.
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Figure 4.4: (a) Schematic of the reactor with split-and-recombine mixers used for synthesis of Au NPs
by ascorbic acid (reprinted with permission from Ref. [164]. Copyright 2005, American Chemical
Society). (b) Microreactor system with micromixers and residence loops used for synthesis of Au NPs
by NaBH, (reprinted from Chemical Engineering Journal, 135, Wagner et al., Microfluidic generation of
metal nanoparticles by borohydride reduction, S104-5109, Copyright 2008, with permission from
Elsevier) [165].
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Figure 4.5: Y-shape pulsing mixer used for synthesis of Au NPs by trisodium citrate (reprinted by
permission from Springer Customer Service Centre GmbH: Springer, Microfluidics and nanofluidics,
Ref. [165], Sugano et al., Copyright 2010).

Verma and Kumaran formed co-axial flow in a microchannel (H x W: 100 pm
x 1.5mm) so that the gold precursor (chloroauric acid) was surrounded by the
reducing agent (tannic acid). As the Reynolds number increased, the flow regime
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174 —— 4 Continuous synthesis of gold nanoparticles

transitioned from laminar to turbulent. At high Reynolds number (up to ~350)
the PSD could be controlled better, while the mean particle size, between 4 and
7 nm (achieved at different molar ratios of tannic acid to chloroauric acid) was
not significantly affected by mixing conditions [166]. Bandulasena etal. also
used a co-axial flow setup operating at laminar flow with an injection orifice
diameter of the inner tube between 100 and 240 um (Figure 4.6) [167]. The
particle size of PVP-capped Au NPs produced by ascorbic reduction decreased
from ~135 nm to ~50 nm by decreasing the injection orifice diameter (which
increased the mixing efficiency), increasing the flow rate of the ascorbic acid
stream and increasing the pH (which enhanced the reducing power of ascorbic
acid). However, polydispersity increased with increasing the flow rate and the
pH of the ascorbic acid stream.
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Figure 4.6: Schematic of the co-axial microfluidic setup with round capillary orifice inside a square
microchannel used for Au NPs synthesis by ascorbic acid (adapted from Bandulasena et al.,
Copyright 2017 Elsevier, https://doi.org/10.1016/j.ces.2017.05.035, http://creativecommons.org/
licenses/by/4.0) [167].

Baber etal. utilized a co-axial flow reactor comprised of an outer glass tube
(2mm I.D.) and an inner glass tube (0.8 mm I.D.) to bring in contact chloroauric
acid and trisodium citrate, while avoiding fouling. This was followed by an
ethylene tetrafluoroethylene-coiled flow inverter with 0.75mm I.D., which
helped to improve the RTD. Au NPs with minimum size of 17.9 + 2.1 nm were
synthesized at 80°C (Figure 4.7) [168].
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Figure 4.7: Schematic of the experimental setup for Au NP synthesis by the Turkevich method
comprising coiled flow inverter (CFI) for preheating, a co-axial flow reactor as a mixer, and another CFI
as reactor (adapted from Baber et al., Copyright 2017 Royal Society of Chemistry, An engineering
approach to synthesis of gold and silver nanoparticles by controlling hydrodynamics and mixing
based on a co-axial flow reactor, https://doi.org/10.1039/C7NR04962E, https://creativecommons.

org/licenses/by/3.0/legalcode) [168].

Yang et al. designed a vortex-type mixer in a three-layer microfluidic reaction
chip (Figure 4.8) [169]. Using the new chip, almost complete mixing was achieved
within 1s, and 19-58 nm Au NPs were obtained by tuning the volumes of citrate and
gold precursor for the Turkevich method.

(a) Micro-pump Vortex-type micro-mixer
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Figure 4.8: Components of three-layer microfluidic reaction chip with vortex-type flow field used for
Au NPs synthesis by trisodium citrate (a) top view and (b) exploded view (reprinted by permission
from Springer Customer Service Centre GmbH: Springer, Microfluidics and Nanofluidics, Ref. [170].,

Yang et al., Copyright 2010).

Brought to you by | UCL - University College London
Authenticated
Download Date | 4/2/19 4:24 PM



176 —— 4 Continuous synthesis of gold nanoparticles

Kitson et al. designed 3D printed serpentine reactors with 0.8 mm channels made
of polypropylene (PP) to synthesize Au NPs [170]. Compared to the PDMS which is
commonly used, PP is cheaper and the maximum material cost for one reactor was ca.
$0.31. Even though fouling was observed on the surface of the reactor, this design is
attractive because of the low cost for each reactor, which is disposable after one use.

The batch Turkevich method does not produce Au NPs <5 nm. However, Ftouni
et al. produced ultra-small (i. e. <2nm) Au NPs at residence time <50 s in a citrate-only
system by taking advantage of efficient mixing and quick heating and quenching in a
fused silica capillary (200 um 1.D.) [171, 172]. As the residence time was quite short
and the product was quenched rapidly to terminate the reaction, no further growth
after the quenching led to NPs with ultra-small size. Gomez-de Pedro et al. fabricated
a ceramic microfluidic device based on low-temperature co-fired ceramics technology
[173]. The shape of the three-dimensional serpentine structure caused advective
patterns that enhanced the mixing. The reactor was used to synthesize 11-mercap-
toundecanoic acid (MUA)-capped Au NPs. Pulsed dosing of HAuCl, solution to a
continuous flow of NaBH,, with a continuous downstream feed of an MUA solution,
resulted in 2.7 nm Au NPs. Hydrophobic gold NPs have attracted less attention. Sugie
etal. used a Y-mixer/PTFE microreactor assembly maintained at 25-60 °C to reduce
HAuCl, in tetrahydrofuran solvent using organosilane as mild reducing agent and
alkyl thiol (RSH) as capping agent [174]. Increasing residence time to over an hour led
to the increase of the Au NP size from 4.3 to 8.7 nm.

Microfluidic systems have also been employed to form gold nanomaterials with
different shapes. Kumar et al. used Br~ ions from cetyltrimethylammoniumbromide
(CTABr) or HBr with citrate reduction to produce triangular gold nanoplates [175].
They implemented a Y-shape micromixer and a tubular PTFE tube with 0.9 mm
internal diameter (I.D.) to tune the operational parameters (volumetric flow ratios,
temperature and reagent concentrations) and improve the yield of triangular parti-
cles from ~25 % to ~51%. Reducing the amount of citrate yielded a larger amount of
polyhedral particles; this was attributed to the particle growth rate dominating the
initial nucleation rates. Fu et al. developed a three-inlet micromixer and a subse-
quent PDMS microchannel (400 mm x 400 mm cross-section and 3 cm in length) for
the synthesis of seed-mediated gold nanoplates [177]. The thickness of the nanoplates
was tuned from 1 nm to a few nm by varying the flow rate. The nanoplates were rigid
and flat when their thickness was >2 nm and had crumpled/rolled shapes when the
thickness was ~ 1 nm. Sebastian et al. utilized a coiled PTFE tubing (0.76 mm I.D.,
Figure 4.9) to synthesize biocompatible gold nanorods (Au NRs) with a residence
time of 10 min in continuous flow [178]. In order to circumvent toxicity issues of
silver/CTABr that are typically used for Au nanorod synthesis, they employed lysine
as capping agent with NaBH, as reducing agent. The presence of two amino groups in
the lysine is critical for the anisotropic growth of the Au particles. By tuning the lysine
concentration, Au nanorods with strong absorption in the near infrared (700-900
nm) were prepared.
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Figure 4.9: Schematic of continuous flow setup Au NRs synthesis via NaBH, reduction with residence
time of 10 min (adapted from Ref. [178], with permission of The Royal Society of Chemistry, https://
doi.org/10.1039/C2CC32969G).

Ishizaka et al. made use of continuous flow to tune the pH of the gold precursor by
adding the reagents stepwise (Figure 4.10) [178]. Glucose was used as an environmen-
tally benign reducing agent. Star-shape Au NPs were synthesized when the pH was 6.9,
which was not observed in batch systems under similar experimental conditions;
nevertheless, the particles gradually coalesced into single round shape particles.
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Figure 4.10: Schematic of multi-step addition in a microfluidic system for the synthesis of Au
nanostars by glucose (reprinted from Journal of Colloid and Interface Science, 367(1), Ishizaka et al.,
Dynamic control of gold nanoparticle morphology in a microchannel flow reactor by glucose reduc-
tion in aqueous sodium hydroxide solution, 135-138, Copyright 2018, with permission from Elsevier)
[179].

An important issue during single-phase flow is the appearance of fouling on the
microreactor wall. Wagner et al. observed gold precipitation on the wall of a glass
microreactor, even though the synthesis was implemented carefully with small
volume and short running time [163, 179]. They proposed various solutions to sup-
press fouling. Operation at high pH (~9.5) leads to negative charge on silicon surface
because of the deprotonated Si—-OH groups. As the citrate-capped gold NPs are also
negatively charged, the electrostatic repulsion between product and tubing wall
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prevented fouling. Another way is to reduce the wettability of the channel walls by
turning the surface from hydrophilic to hydrophobic via silanization. Higher shear
forces induced by increasing flow rate seemed also to help reduce fouling.

4.3.1.2 Millifluidic reactors

Because of potential fouling problems and their inherent small volume, it is difficult
for microfluidic devices to provide gram-scale production [39, 45, 52, 62, 180].
Millifluidic reactors, which have one order of magnitude larger dimensions compared
to microreactors, mitigate the risk of fouling blockages and depend less on expensive
fabrication technologies [41]. Compared to batch synthesis, millifluidic devices can
still provide satisfactory mixing (although this depends on the synthesis) and are
more amenable to scale-up [158].

Lohse et al. proposed a millifluidic reactor system (Figure 4.11) comprised of
simple components to improve the operation control compared to batch reactors,
as well as to enable high-throughput synthesis at the gram-scale of functionalized
gold NPs [181]. The reactants were mixed in a polyethylene (PE) Y-mixer (I.D. 1.79
mm), and the residence time was controlled by adjusting the length of the TYGON
polyvinyl tubing reactor (I.D. 2.79 mm). The reactor could be integrated with online
UV-vis absorbance spectroscopy analysis for product monitoring during synthesis,
as well as flow NP purification techniques. Various functionalized (citrate, mercap-
tohexanoic acid and CTAB) spherical Au NPs with controlled sizes (4, 2 and 2—-40 nm,
respectively) were produced by NaBH, reduction. Furthermore, CTAB-stabilized gold
seeds (2.0 nm) were mixed with a growth solution containing chloroauric acid, CTAB,
silver nitrate, and ascorbic acid leading to Au nanorods with various aspect ratios
and lengths of 15-50 nm.

Flow Reactor Set-up for AuNP Synthesis
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Figure 4.11: Schematic of a millifluidic reactor for Au nanomaterials synthesis by ascorbic acid
(reprinted with permission from Ref. [182]. Copyright 2013, American Chemical Society).
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Gomez et al. reported that the good quality of hollow Au NPs produced by
galvanic replacement of cobalt NPs synthesized by NaBH, reduction in batch
reactors could only be achieved with a volume up to 480 ml, as insufficient mixing
limited the scale-up [182]. They achieved higher productivity by scaling up a
continuous flow reactor from a PTFE tube with I.D. of 0.8 mm and length of 913
cm to millifluidic scale with 10 times higher throughput (I.D. of 1.6 mm, length of
3088 cm) (Figure 4.12). Moreover, multiple reaction stages, by adding new streams
into the coils with T-junctions, and downstream processes (functionalization and
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Figure 4.12: (a) Microfluidic setup with coiled capillary (I.D. of 0.8 mm) for the synthesis of sterilized
PEG-capped hollow Au NPs by NaBH, through a galvanic displacement process. (b) Millifluidic setup
with 10 times higher throughput (I.D. of 1.6 mm) than (a) (reprinted from Chemical Engineering
Journal, 285, Uson et al., Continuous microfluidic synthesis and functionalization of gold nanorods,
286-292, Copyright 2016, with permission from Elsevier) [184].
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sterilization) could be incorporated. Uson et al. utilized a similar setup based on
PTFE tubing (I.D. = 1.016 mm) and PEEK Y-junctions to synthesize and functionalize
Au nanorods in one continuous process [183]. The multi-addition of reactants
allowed to separate and control — in a single stream — different stages of seed
formation, nanorod growth and functionalization with poly(ethylene glycol)-
methyl ether thiol (SH-PEG). Appropriate lengths of the tubing ensured the desired
residence times (2-10 min) with a total residence time of 32 min. These short
residence times eliminated detrimental effects associated with uncontrolled age-
ing-related processes observed in batch synthesis. The continuous system allowed
a 100-fold reduction in the consumption of SH-PEG compared to a conventional
batch reactor.

Bullen et al. used a rotating tube processor (RTP) with 6 cm I.D. and 30 cm in
length with centrifugal force generating dynamic thin films 0.3 mm thick as the liquid
moved along the rotating tube. The mixed reactant was delivered to a narrow channel
processor (NCP) through jet feeds for longer residence time (Figure 4.13) [184]. Using
this flow system, Au seeds were prepared with HAuCl,/CTAB/acetylacetone and
AgNO;/CTAB/carbonate solutions in the RTP and grown to Au nanorods in the
NCP. Long-term operation (19 days) was demonstrated with this system.
Boleininger et al. [98] grew Au NRs from Au seeds and HAuCl,/CTAB/ascorbic acid
in short polyvinyl chloride (PVC) tubing (1 mm I.D.). The aspect ratio of the nanorods
became smaller with a higher ratio of seed-to-growth solution or under higher growth
temperature. Fouling was reduced by flushing polyethylene glycol before synthesis
experiments. Different tubing materials were also tested. PVC, PTFE, PEEK and
silicone tubes were filled with a growth solution containing gold precursor, ascorbic
acid and CTAB for 3 h. There was no fouling observed in PVC and PEEK tubing, unlike
PTFE and silicone.

HAuC, RTP )
acac UV-vis
CTAB | _I

AgNOs; | AuNRs
pH 10

CTAB 1000 rpm NCP

Figure 4.13: Schematic of the experimental setup for synthesizing Au nanorods by acetylacetone with
a rotating tube processor (RTP) and a sequential narrow channel processor (NCP) (adapted from
Ref. [185]. with permission of The Royal Society of Chemistry, https://doi.org/10.1039/C0CC05175F).

In addition to conventional heating for nanoparticle synthesis, there are other energy
vectors that can be utilized. Sans et al. premixed the gold precursor and citrate at
room temperature and then injected the solution into a coiled fluorinated ethylene
propylene (FEP) tube (1.58 mm L.D.) placed inside a microwave cavity [185]. With this
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setup, rapid feedback control during the experiments was obtained and hyper-
branched gold nanostructures were discovered. Bayazit used a microwave-assisted
flow system to synthesize Au NPs [186]. The 3.2mm O.D. PTFE tube reactor produced
Au NPs with average particle width 4-15 nm and aspect ratio ~1.4-2.2 after only 90 s
residence time.

4.3.2 Gold nanoparticle synthesis in two-phase flow systems

4.3.2.1 Microfluidic reactors
Segmented (also Taylor or slug) flow induced by an immiscible fluid stream can
provide better mixing via transverse convection, enhanced mass transfer and
reduced dispersion [47, 53, 54, 56, 61, 187]. Furthermore, when the synthesis is
conducted in the dispersed phase, the reactor wall is protected by a thin liquid film
which helps to avoid fouling. However, some of the drawbacks are the necessity of
downstream separation processes of the immiscible fluid streams, potential adsorp-
tion of NPs at the two-phase interface, keeping slugs uniform and avoiding their
coalescence, and the difficulty of adding subsequent reactants in a uniform manner.
The slug length and slip velocity between the two phases are quite important
parameters which determine the mass transfer between slugs [188]. In Cabeza et al.’s
design (Figure 4.14) [189], the aqueous phase of gold precursor and NaBH, was

Microreactor Inlets
Air
Silicone oil  Gold precursor ~ Reductant
Toluene

Mixing Zone

Internal circulation  Aqueous slug

Outlet

Cold zone

Hot zone

Figure 4.14: Segmented flow generation in a Si-glass microfluidic reactor used for Au NPs synthesis
by NaBH, (reprinted with permission from Ref. [190]. Copyright 2012, American Chemical Society).
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segmented by air, toluene or silicone oil inside a silicon microchannel (H x W: 0.4 mm x
0.4 mm). The air-water two-phase flow resulted in the smallest and most monodisperse
Au NPs with size 2.8 + 0.2 nm, even though the reaction was in the continuous phase;
this was attributed mainly to improved internal recirculation in the slugs. This system
also led to the smallest amount of particle loss by interfacial absorption.

The same silicon microreactor was used as a hydrophilic reactor by Kulkarni and
Sebastian Cabeza, and compared with a hydrophobic PTFE reactor (2.5mm L.D.) for
biphasic synthesis of Au NPs at the interface between an aqueous gold precursor and
organic reducing agents (triethylamine, butyl amine, etc.) with CTABr as capping
agent (Figure 4.15) [190]. The authors made use of the internal convection in seg-
mented flow to renew the reactant at the interface in order to synthesize and grow the
gold nanostructures. Nanoparticle preferential self-assembly at the water-oil inter-
face by Pickering stabilization may have played a role in this synthesis [191].
Figure 4.15(d)-Figure 4.15(g) indicate different locations of particle accumulation
for different wettability of tubing wall, which ultimately determined the nanoparticle
size and shape. In hydrophilic microchannels the particles remained in the contin-
uous aqueous slug and were located at the lower pressure region at the end of the
slug [190]. When the particles moved to the end of one slug, they could be transferred
to the next one along the film in the continuous phase while the droplet of the
reducing agent would provide successive growth for these particles. The particles
grew to form hexagonal bypyramidal shapes with a size of 42 nm. On the other hand,
in hydrophobic microchannels the particles were trapped in individual droplets. The
nuclei preferentially formed at the front-end of the droplet and then moved to the
low-pressure end as their size increased. This movement enhanced the internal-
mixing which led to higher nucleation rates and smaller final Au NPs (12 nm), whilst
retaining the spherical shape.

Khan and Duraiswamy utilized N,-aqueous segmented flow to synthesize Au NPs
in a PDMS reactor with CTAB as a capping agent (W x D x L: 300 pm x 120 pm x 0.4 m)
not only for better mixing, but also to stop the H, liberated from the NaBH, decom-
position disrupting the flow (Figure 4.16) [192]. The evolved H, transferred to the N,
bubbles leading to controllable stable flow. The authors showed that ultra-small Au
NPs (<5 nm) could be synthesized with satisfactory quality to be used as seeds for
CTAB-capped Au nanorod formation by off-chip synthesis.

Although internal recirculation in the slugs helps improve mixing, the mixing time
scale may not be sufficient for nanopatrticle syntheses which exhibit fast kinetics. In this
case, winding microchannels can help break the symmetry of recirculation patterns and
enhance mixing [193, 194]. While this is easily implemented in a planar microfabricated
device, it is rather more difficult if one uses standard tubing. Thus, Zhang and Xia
employed periodically pinched PTFE tubes with L.D. of 0.5 mm during droplet flow to
decrease the mixing time from 15 to less than 1 s (Figure 4.17a), which led to more
monodisperse Au NPs (Figure 4.17b) compared to the product under the same experi-
mental conditions except without a pinched mixing zone (Figure 4.17c) [195].
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a) Hydrophobic wall Hydrophilic wall

. 1 1} & &

Figure 4.15: Schematic (a) and photograph (b) and (c) of flow patterns inside hydrophobic PTFE (left)
and hydrophilic silicon-glass (right) reactors during slug flow (aqueous phase in grey and organic
phase in white); (d) and (e) nanomaterial formation in hydrophilic reactor; (f) and (g) nanomaterial
formation in hydrophobic reactor (reprinted with permission from Ref. [191]. Copyright 2017,
American Chemical Society).

The flow patterns in the droplet-based systems depend on fluid properties [197].
Sometimes, a high concentration of the surfactant in seeded growth methods is
necessary to guide the orientated growth or maintain the colloidal stability. These
surfactant-rich reagents could increase the viscosity of the aqueous phase and change
the interfacial tension to affect the droplet characteristics [197]. Duraiswamy and Khan
employed a droplet-based microfluidic method during the surfactant-rich anisotropic
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Figure 4.16: Schematic illustration of segmented N,-liquid two-phase continuous flow for Au NPs
synthesis by NaBH,. The inset indicates the transport of H, from aqueous phase across to gas phase
(adapted from Ref. [193]. with permission of The Royal Society of Chemistry, https://doi.org/
10.1039/C2LC21198)).
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Figure 4.17: (a) Schematic of segmented flow inside 0.5 mm I.D. PTFE tube for Au NPs synthesis
(b) with and (c) without pinched mixing zone (reprinted from Zhang and Xia, Advanced Materials,
Copyright 2014 with permission from John Wiley and Sons) [196].

Au nanorod synthesis (Figure 4.18a) [198]. Three streams of gold seed solution, pre-
mixed gold precursor with capping agent (CTAB) and reducing agent (ascorbic acid)
passed through one arm of the T-junction in a “flow-focusing” geometry and then
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Figure 4.18: (a) Schematic of droplet-based microfluidic with three-arm mixer for aqueous droplet
generation used for Au nanorod synthesis with ascorbic acid (reprinted from Duraiswamy and Khan,
Small, Copyright 2009 with permission from John Wiley and Sons) [199]. (b) Schematic of the two-
stage microfluidic method included gold nanoparticle seeds formation in Stage 1 and the growth of
gold nanocrystals in Stage 2 and (c) the experimental setup (Reagent R1: aqueous mixture of gold salt
and surfactant, Reagent R2: aqueous NaBH, solution, Reagent R3: aqueous mixture of gold salt,
surfactant, and AgNO5 and Reagent R4: ascorbic acid) (reprinted from Duraiswamy and Khan, Particle
& Particle Systems Characterization, Copyright 2014 with permission from John Wiley and Sons)
[200].
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mixed with silicone oil to form homogeneous droplets inside a PDMS microreactor. By
manipulating reagent concentrations and flowrates, Au nanorods with aspect ratio
2.3-2.7, as well as other shapes (e. g. cube, star, tetrapods), were obtained. Later,
Duraiswamy and Khan combined the gold seed formation and the CTAB-capped
nanorod growth together in a dual-stage continuous flow system (Figure 4.18b and
Figure 4.18c). This time, the seed particles (<5 nm) were formed inside the PDMS
microreactor channel (W x L: 100 pm x 0.4m) by NaBH, reduction and entered the
subsequent growth section, which was a microchannel with W x L: 300 pm x 0.45m.
Au nanorods with mean length ~35 nm and width ~12 nm were obtained [199]. The
setup was further improved by adding a gas stream (N,) to prevent the coalescence
between droplets [200]. This microfluidic system was used to synthesize gold nanor-
ods, but primarily gold-coated silicon-core particles by seeded growth.

Lazarus et al. employed a similar PDMS microreactor utilizing ionic liquid as solvent
to synthesize Au NPs [201]. Ionic liquids, such as the 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM-BF,) used, are salts in liquid form which have poor-coordinated
ions. The high nucleation rate caused by the high concentration in pure salt, low
interfacial tension and chemical stability makes ionic liquids attractive for nanoparticle
synthesis. With the aid of the microfluidic device to form homogeneous and stable
droplets of ionic liquid, spherical Au NPs were smaller and with lower polydispersity
(4.38 + 0.53 nm) compared to those obtained in single-phase flow (6.25 + 1.29 nm). Later,
Lazarus et al. altered the synthesis by substituting the capping agent BMIM-BF, with 1-
butyl-3-methylimidazolium bis-(trifluoromethylsulphonyl)imide (BMIM-T£,N) for greater
stability and substituting the reducing agent NaBH,, with BMIM-BH,, for better solubility
and prevention of sodium-containing by-products using a similar droplet-based micro-
fluidic system and obtained 4.28 + 0.84 nm Au NPs [202].

Taifur-Rahman et al. [203] utilized CO as a reducing agent in a membrane-based
droplet microfluidic system to produce 10 nm Au NPs, as well as grow Au shells on
gold nanoparticle seeds pre-attached on silica surfaces (Figure 4.19). The CO flowed
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and Growth

Figure 4.19: Schematic of the droplet microfluidic system with gas reducing agent (carbon monoxide)
diffusing through a membrane (adapted from Ref. [204]. with permission of The Royal Society of
Chemistry).
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through a parallel gas channel (W x D x L: 100 pm x 124 pm x 21.8 cm) and could
diffuse into the liquid channel (W x D x L: 300 pm x 124 um x 91.5 cm) containing the
water-fluorinated oil droplets flow via a PDMS membrane with thickness of 200 pm.
Each droplet behaved as a reaction unit reacting with nearly equal amounts of CO
with the same volume and good internal convection. The residence time could be
controlled by the gas-liquid contact time. Calculations indicated that the CO mass
transfer resistance in the liquid phase was the rate-limiting step. The mixing time
(~0.1 s) was smaller by at least one order of magnitude than the residence time,
enabling a controlled amount of the CO reducing agent to enter each droplet under
shorter times.

Abalde-Cela et al. mixed an aqueous solution with a continuous phase of HFE-
7500 fluid containing 2.5 % of Picosurf-1 surfactant for quick addition of ascorbic
acid, which is critical for the synthesis of Au nanostars [204]. PDMS reactors with 100
pum x 75pm or 80 pm x 75 pm T-junctions were utilized (Figure 4.20). The size of Au
nanostars obtained was 170 + 7.8 pm for a surfactant free synthesis and 90 + 2.0 ym
when PVP was utilized.

@)
HAuCl, AgNO;
/ ¥
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Surfactant
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(b)
1. NPs precursors mixing 2. Droplet formation 3. Droplet collection

Figure 4.20: (a) Schematic and (b) optical images of a droplet microfluidic device to synthesize Au
nanostars by ascorbic acid (adapted from Abalde-Cela et al., Copyright 2018 Scientific Report,
https://doi.org/10.1038/s41598-018-20754-x, http://creativecommons.org/licenses/by/4.0) [204].

UV irradiation has been utilized to initiate the nucleation of NPs in segmented flow
systems. Hafermann and Kohler used a solution of chloroauric acid, a photoinitiator
and PVP that was exposed to a UV ray for a short period of time (30-300 ms) to induce
nucleation followed by a growth section in the same 0.5mm ID. PTFE tube.
Perfluoromethyldecalin was used as the segmenting fluid. In this system nucleation
and growth could be spatially separated. The particle size was tuned between 2.5 and
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4 nm by varying the composition of reactant solutions or the flow rate [204]. du Toit
et al. synthesized citrate-capped Au NPs within heptane-water droplet flow using the
Turkevich method [71]. UVC lamps were used to enhance the nucleation rate in a 0.8
mm L.D. glass capillary followed by FEP tube (1 mm 1.D.) for controllable growth with
conventional heating (Figure 4.21). By varying the UV intensity and growth tempera-
ture at an exposure time of 10 s, the nanoparticle size was tuned between 6.6 + 0.8 nm
and 36.1 + 6.9 nm.

Heptane
0.6 mM HAUC[4 0.107 ml/min
0.054 ml/min
3.0 mM Na;C4H50,
0.054 ml/min 1
Mixing Loop |
(1 m coil) |
| Segmented
{ Flow
i
Heated Coil UV Reactor
i 4.40 ml e 7-140 pl
AuNPs
Outlet
Growth Nucleation

Figure 4.21: Schematic of continuous segmented flow for Au NPs synthesis with UV radiation by
citrate (adapted from du Toit et al., Copyright 2017 Royal Society of Chemistry, Continuous flow
synthesis of citrate-capped gold nanoparticles using UV induced nucleation, https://doi.org/
10.1039/C6RA27173A, https://creativecommons.org/licenses/by/3.0/legalcode) [71].

All the above systems operated under Taylor flow (i. e. the equivalent droplet dia-
meter was larger than the microchannel diameter). Lee et al. employed a flow-focus-
ing microfluidic device (orifice W x H: 50 pm x 110 um) to generate microdroplets
forming an emulsion (Figure 4.22). They used a silicone emulsifier (Abil-Em90) to
prevent the coalescence of the microdroplets. The microdroplets contained a N-
isopropylacrylamide (NIPAM) matrix, and when the NIPAM was polymerized it
created a permeable membrane to isolate the inner compounds from the carrier
solution. Thus, each droplet could function as an individual artificial cellular bior-
eactor to synthesize NPs by precursor solutions diffusing into the droplet. Au NPs
with size 5-40 nm were obtained when different precursor concentrations (5-50 mM)
were used [206].
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Figure 4.22: Schematic of microdroplet generation with the mixture of cell extracts and NIPAM
monomer in a microfluidic device for nanoparticle synthesis (reprinted with permission from Ref.
[207]. Copyright 2012, American Chemical Society).

Gu et al. proposed a novel method to dose the reducing agent ascorbic acid in the
form of miniemulsion (continuous phase) into microfluidic droplets of gold precursor
(dispersed phase). Transport of ascorbic acid from the miniemulsion nanodroplets
into the microdroplets was achieved via electrocoalescence, induced by an applied
alternating electrical field (Figure 4.23) [207]. The electrical field was applied between
two parallel electrodes placed outside the FEP tube reactor (0.76 mm 1.D.) without
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Figure 4.23: Experimental setup for dosing ascorbic acid from nanodroplets by electrocoalescence
under high strength electrical field to synthesize Au NPs (adapted from Ref. [208]. with permission of
The Royal Society of Chemistry, https://doi.org/10.1039/C8LC00114F).

any physical contact with the reactants and controlled the rate of addition of the
reducing agent nanodroplets to the gold precursor microdroplets. PVP-capped Au
NPs were produced with size tailored from 44.6 + 12.6 nm to 81.2 + 25.5 nm by the
strength of the electrical field from 11,400 to 4300 V/cm.

4.3.2.2 Millifluidic reactors

Millifluidic slug flow reactors are less common due to difficulties in attaining stable
slug flow in larger channels. Furthermore, as the size of the tube, and hence of the
droplet, increases, mixing by internal recirculation within the droplet becomes less
efficient. For this reason synthesis of NPs in millifluidic reactors has received less
attention. Zhang et al. demonstrated a millidroplet reactor which could produce
droplets with a volume of 0.25ml inside a PTFE tube of I.D. 5.8 mm (Figure 4.24a)
[208]. Co-axial flow with reversed flow direction of two streams was used to obtain
better mixing in mixer T1 (Figure 4.24b). The well-mixed reagents were subse-
quently merged with silicon oil and formed a co-axial jet instead of droplets in
the channel in mixer T2 and the exiting PTFE tube (I.D. = 1.58 mm). The jet was
stabilized due to the high flow rate of the silicone oil stream, but when it entered the
PTFE tube (I.D. = 5.8 mm) the flow rate for the silicone oil suddenly dropped,
resulting in ml-sized droplets together with small, satellite droplets
(Figure 4.24¢). The satellite droplets merged quickly with the adjacent large dro-
plets before they entered the reaction zone. With this setup, 10-30 nm spherical
cetyltrimethylammonium chloride-capped Au NPs were produced by seeded
growth with ascorbic acid, as well as Au cubes with 50 nm in edge length. The
productivity of this system was in the 1-10 g/h range. The PTFE tube size of 5.8 mm
appeared to be the largest size that could be used when silicone oil was employed as
carrier phase. When tubes with larger diameter were used, it became difficult to
generate stable droplets [53].

Brought to you by | UCL - University College London
Authenticated
Download Date | 4/2/19 4:24 PM



4.4 Guidelines for the design of continuous nanoparticle processes =—— 191

Oil bath

—
iy

remm ey

Silica
capillary

Mixing zone -

Silicone oil

(e
Satellite droplet -

(d)

1.D =5.8mm

PVC:tube

Figure 4.24: (@) Schematic illustration of the millilitre-sized droplet reactor used for the synthesis of
Au NPs by ascorbic acid. (b) Schematic illustration of the flow mixer (T1) with three PTFE tubes
connected to the T-junction and one silica tube fixed in the centre of the top PTFE tube. (c) Photograph
of mixing demo based on the design of (b) with red and blue dye. (d) Schematic illustration of the
design for droplet generating (T2). (e) Photograph of 0.25 ml droplets and 0.5 pl satellite droplets in
the PTFE tube with an I.D. of 5.8 mm (reprinted with permission from Ref. [208]. Copyright 2014,
American Chemical Society).

4.4 Guidelines for the design of continuous nanoparticle
processes

4.4.1 A general overview of nanoparticle synthesis process development

The most important consideration for designing any Au NP synthesis process (batch
or continuous flow) is the desired end use of the Au NPs. Since the properties of Au
NPs vary depending on their size and shape, and also on their conjugated function-
ality, it is important to establish exactly what properties are required before starting
any design process. There is no synthesis process that fits all needs. Many different
synthesis processes produce Au NPs which are pre-functionalized with a specific
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ligand which cannot be easily removed or exchanged and thus are only suitable in
cases where the ligand has no impact on the application, or is the exact ligand
required for said application. Similarly, some processes utilize toxic reagents
which, though they might not be present in the final product, may make them
unsuitable for pharmaceutical applications. Thus, the particular application will
provide targets for size (or size range), polydispersity, choice of stabilization agents
and throughput. The choice of stabilization agents affects hydrophobicity/philicity,
subsequent functionalization, as well as long-term stability and storage of the parti-
cular nanoparticle formulation. It is important to note that if the conversion of the
precursor is not complete during the synthesis, unreacted precursor will lead to
nanoparticle growth/aggregation during storage.

Typically, there is more than one way to achieve the desired outcome. For
example 7 nm particles functionalized with an amine can be achieved in a variety
of ways. The Turkevich method has been shown to produce particles as small as 6 nm
[71]. Such particles can be synthesized and consequently functionalized with other
capping agents, such as thiol, cysteine or short proteins. Alternatively oleylamine-
based synthesis can also achieve 7 nm Au NPs with very tight size control which can
also subsequently be functionalized [209]. At the start of the design process it is
important to establish as many suitable synthesis routes as possible, since one or
more of these could later become discounted due to further complications
downstream.

Once a suitable process (or processes) has been chosen there are several key
design considerations which should be taken into account when trying to transfer an
Au NP synthesis process into flow. Without being exhaustive, Figure 4.25 illustrates
some of the considerations and challenges which can be encountered when devel-
oping an Au NP synthesis process, along with corresponding tools for addressing
them. Some of the tools are chemistry-based, while others are engineering-based.
Thus, a multidisciplinary approach will have more chances for developing an opti-
mized process. Due to the relatively low annual production rates required and the
sensitivity of most Au NP synthesis techniques, this schematic focuses on the design
aspects which would be addressed for developing micro or millifluidic reactor
systems.

As illustrated by Figure 4.25, there are relatively few design considerations to be
made when developing a batch process, though their complexity should not be
underestimated. In a typical batch process the chosen synthesis route is the greatest
factor in the design, since this predetermines the size of the particles, their poly-
dispersity and their functionality or ability to be functionalized. These properties can
be manipulated by studying the kinetics of the system (as discussed earlier), where a
design-of-experiments approach can also provide additional guidance. Varying the
temperature, pH or chemical composition of a reaction mixture can be used to fine
tune the process, but ultimately does not change the physical design of a batch
reactor. Small batch systems, such as lab scale synthesis in a round bottom flask,
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Figure 4.25: Key considerations for the development of a nanoparticle synthesis process in batch and
flow systems “Chemical tools” indicate chemistry-based approaches for addressing the corre-
sponding consideration, while “Engineering tools” indicate engineering-based approaches.

offer moderate reactor surface area to volume ratios (SA:Vs); this needs to be con-
sidered when synthesizing particles, since any surface or interface can act as a
nucleation zone or potentially provide surfaces for fouling. This is less critical in
larger vessels used for process scale-up, though other problems can arise, such as

inefficient mixing/heating.
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When the mixing efficiency of the reaction mixture plays an important role in
product quality, batch reactors may be unsuitable. In cases where a reaction is very
rapid (in the order of milliseconds), then it becomes crucial that the mixing time is
even faster (or very well controlled), lest product quality suffers due to the formation
of polydisperse particles. In this case the size of the reactor would be limited, since
mixing efficiency decreases as reactor size increases. In addition to improving mixing
as extensively demonstrated earlier, another way to control the process is slowing
down the kinetics of the synthesis. A deeper understanding of the reaction kinetics
can thus aid in identifying conditions for slowing down the synthesis, so that mixing
speed is not the rate controlling step. By, for example, manipulating the pH of a
system, the initial rate of reaction can be slowed and mixing can be allowed to
complete before the reaction starts.

4.4.2 Challenges and solutions of micro/millifluidic processes

In contrast to batch process design, the scope of design considerations for developing a
continuous flow process is much broader. In addition to all of the batch process design
considerations, such as the fundamental reaction kinetics, understanding the physico-
mechanical aspects of the reactors also becomes imperative. Unlike many chemical
synthesis processes that only benefit from the improved RTD, mixing efficiency, heat
transfer and control afforded by milli- and microfluidic devices, the synthesis of parti-
cles in flow systems is much more complex due to the potential for reactor surface
interactions. This is due to the fact that surface area to volume ratio increases quickly in
milli- and microfluidic devices. A batch reactor comprising of a 1 litre round bottom
flask, for example, has a SA:V of approximately 0.5cm . This is much lower when
compared to a 1cm L.D. tube of the same volume which has a SA:V of 4 cm ™, ora 0.5 mm
1.D. capillary with a SA:V of 80 cm ™. In addition to a vastly different SA:V, the materials
employed also typically have drastically different physicochemical properties. Since a 1
litre reactor made from a 1 cm I.D. tube would have to be over 12 m long, the use of glass
tubing becomes prohibitive and is thus typically substituted for etched glass chips with
much lower volumes, or flexible plastic tubing. This means that the surface roughness
and the surface chemistry of the reactors are not directly comparable with typical batch
reactor systems and can have very different interactions. Altogether this may lead to
fouling on the reactor walls.

4.4.2.1 Reactor design - residence time distribution

Control over the PSD is a key point for gold NPs synthesis, as many applications
demand very reproducible and narrow size distributions, as discussed earlier.
Recalling Figure 4.25, flow-synthesized particle characteristics are strongly affected
by the RTD of the reactor. To explain what this distribution represents and why it
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affects NPs synthesis in flow rectors, we first need to have a brief introduction to
reactor design.

A general approach to tackle reactor design is to solve the mass, momentum and
energy balance equations. If all the input data (flow conditions at the inlet, tempera-
ture and composition of the feed stream, etc.) and the reaction rate laws are known,
this design approach is possible. Because the equations are coupled and complex to
solve, they need to be integrated numerically by means of a computational fluid
dynamics (CFD) code. CFD offers the advantage to reduce to the minimum the
amount of assumptions required by the model. Its major drawback, however, is the
relatively high computational cost of the simulations. It should be borne in mind that
the reactor design procedure aims to provide an efficient relation between the input
and output of the reactor that permits reducing the parameter space in which the
designer must operate and determining the optimal conditions at which to operate
the reactor. For this analysis — which involves scanning over a broad range of
conditions — CFD models are not well suited. The appropriate models should be
able to describe the reactor performance, with reasonable accuracy, at much less
computational cost. To achieve this, one usually favours simpler models, based on a
larger number of simplifying assumptions, that are fast to solve numerically and able
to provide the information of interest to the accuracy required.

A modelling approach frequently employed consists of determining the contacting
patterns in the reactor first and then use them to evaluate the reactor performance. The
contacting patterns can be determined either by solving for the fluid dynamics in
absence of reaction or by assuming the fluid dynamic behaviour so that the momentum
balance equation does not need to be solved, or by experimentally analysing the
behaviour of inert tracers in the reactor [210, 211]. Quantitatively, the contacting
patterns are expressed by means of the RTD function [66]. Denoted by E(t), this is
defined so that E(t)dt yields the fraction of fluid that spends in the reactor a time in the
range dt around the value t. Therefore, the RTD is a probability density function that
describes the amount of time spent in the reactor by each fluid element (infinitesimally
small macroscopically, but containing a statistically significant number of molecules).

One can imagine each one of these fluid elements as a batch reactor character-
ized by a certain reaction time t. The “weight” of the contribution of each fluid
element to the overall reactor output is given by the RTD, which indicates how
many fluid elements are characterized by any given residence time t. For continuous
reactors synthesizing NPs, one is usually interested not only in the reactor conversion
(as in “conventional” reactors), but also in the PSD. Denoted by n(v), the PSD is
defined so that n(v)dv yields the number of particles with volume in the range dv
around v. If we know the time evolution of the PSD for a hypothetical batch reactor
(even though we have pointed out how complex this is earlier), then the PSD at the
outlet of a continuous flow reactor n(v) is given by:
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A(v) = J n(v, OE(b)dt.
0

This equation reveals the key role that the RTD plays in determining the char-
acteristics of the NPs synthesized in a flow reactor. The width of the RTD makes the
PSD of the continuous flow reactor differ from that of the batch (or of the plug flow)
reactor. In particular, the “wider” the RTD, the “wider” the PSD. Hence, effort has to
be put in “narrowing” the RTD of these reactors [43, 212-214]. It has been recently
shown how the RTD-based approach can be employed to predict the outcome of flow
reactors synthesizing NPs, taking into account different contacting patterns as well as
the different diffusivities of precursors and NPs [215]. In this work, the PSD was
determined for a single-phase (laminar) microreactor and a segmented flow micro-
reactor as these reactors represent the most commonly encountered continuous
reactors employed, as discussed earlier. While segmented flow reactors led to narrow
PSDs due to their narrow RTD, single-phase laminar reactors characterized by a wider
RTD, led to wider PSDs.

The RTD approach is no longer valid when mixing time significantly affects the
synthesis product. In this case, PBEs have to be implemented within CFD codes to
solve for the evolution of the PSD. This approach has been used by Marchisio and co-
workers [216] to model a confined impinging jet reactor synthesizing barium sulphate
NPs via a precipitation reaction. In this system, mixing and reaction have the same
timescale, and so the RTD approach would not have been suitable.

4.4.2.2 Reactor fouling/interfacial absorption

Fouling (either due to fully formed particles depositing on the reactor walls or from
reactants reacting and plating the walls) often creates complications in milli- and
microfluidic flow systems used for synthesizing particles. Not only does fouling lead
to a loss of material, and therefore a lower product yield, but it can also create
secondary heterogeneous nucleation sites and “particle incubation zones”. Since
the rate of nucleation on the tubing walls would be inherently different than that in
the bulk of the solution, this can lead to increased polydispersity in the product.
Similarly, if particles foul or get temporarily entrapped on or in the surface of the
material where the concentration of unreacted Au NP precursors is still high, they can
continue to grow to much larger sizes, and often take on unusual shapes. The slow
build-up of fouling also leads to a gradual change in the reactor’s physical properties
during use (from hydrophobic to hydrophilic for example). This can lead to a variable
product, since the yield and polydispersity change as fouling increases and can
eventually even block the flow through the reactors. This is especially evident
when using synthesis techniques where the Au NPs are charge stabilized, such as
the classical citrate reduction method. As illustrated in Figure 4.26, a purple-gold
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Figure 4.26: Typical level of fouling observed when classical citrate reduction was employed in a
microfluidic reactor (0.5 mm I.D. FEP tubing) with flows of 0.2 ml/min each of a 1 mM HAuCl, solution
and a 5 mM trisodium citrate solution mixed with a T-mixer at 90 °C. Blockage (inset) observed after
approximately 8 h continuous operation.

fouling was often evident immediately after the reagents (HAuCl, and Nas;C¢Hs0;)
were mixed. During prolonged operation, the level of fouling could be so high as to
form sheets of gold leaf inside the tubing which eventually led to the formation of
blockages (Figure 4.26 inset).

In order to counteract fouling various techniques can be employed. Since a high
SA:V is difficult to overcome without sacrificing on efficient heat and mass transfer,
as well as the residence time (or RTD), physicochemical steps are generally taken to
discourage fouling, and some of them have been detailed earlier. These include
carefully considering the choice of tubing material (the use of high density plastics,
or plastics with a lower porosity), chemically treating tubing to change the hydro-
phobicity [217] and surface charge, or the use of segmented flow to prevent contact
between the reaction medium and the tubing wall. However, it is important to note
that each step taken to prevent fouling can lead to further complications of their own.
A chemical surface treatment can wear off over time, contaminating the product and
causing variable conditions inside the reactor. The use of immiscible segmenting
fluids can cause interfacial absorption [218] and can also increase the complexity of
downstream processing, since the carrier fluid would then have to be separated from
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the product. Figure 4.27a illustrates how extensive interfacial absorption can be. In
this case toluene was compared with dodecane to create segmented flows for a
classical citrate reduction Au NP synthesis method. Both fluids prevented fouling
within the reactor; however, in the case of toluene nearly all of the synthesized
particles were lost due to interfacial absorption.
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Figure 4.27: The effect of different segmenting fluids on the interfacial absorption of Au NPs during
classical citrate reduction synthesis (a reaction mixture consisting of 0.5 mM HAuCl,, 5 mM trisodium
citrate and 1 mM citric acid prepared in-line at room temperature) segmented with the chosen
segmenting fluid using a T-mixer before entering a hot (90 °C) millifluidic reactor (2.1 mm I.D. FEP
tubing); (A) schematic and photos illustrating the occurrence of interfacial absorption, and (B) effect
of interfacial absorption on the PSD of the remaining Au NPs depending on the segmenting fluid
chosen (measured by differential centrifugal sedimentation).
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In addition to leading to a loss of material, the occurrence of interfacial absorption
can also affect the size and size distribution of the particles that remain. Figure 4.27b
shows the PSDs achieved when the same reaction mixture was segmented with five
different segmenting fluids, namely heptane, octane, decane, dodecane and toluene.
In addition to the loss of material observed through the appearance of a dark film of
aggregates at the interface between solutions (with toluene being by far the worst),
the size and size distributions varied in each case. This suggests that similarly to
fouling on the reactor wall, the occurrence of interfacial absorption also leads to
heterogeneous nucleation sites or “particle incubation zones”. In order to reduce this
effect it is clear that a good understanding of the interactions between fluids is
required, but also that a certain degree of investigation is needed to determine the
best segmenting fluid to use. In Figure 4.27b for example, there does not appear to be
a distinct trend between the length of the alkane used (and consequently the density,
viscosity, miscibility or interfacial surface tension) and its effect on particle size, but
it is evident that both heptane and dodecane performed best.

Ultimately fouling, or the secondary complications arising from attempts to miti-
gate fouling, might not be overcome to a satisfactory standard (if, for example, the
added downstream processing becomes cost prohibitive). In these cases it is worth
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reconsidering which synthesis routes are available, which will ultimately produce the
same product. For example, Au NPs conjugated with thiol-based molecules have a
much lower prevalence to foul. A route which employs these ligands during synthesis
will not present as much of a fouling problem, so, if what is needed is amine functio-
nalized Au NPs, it might be best to use a process that employs an amine thiol.

4.4.2.3 Multiphasic reaction systems

The use of multiphasic reaction systems must be carefully considered when design-
ing a continuous flow process. This is not only due to the added difficulties involved
in in-flow phase separation, but also due to the different interfacial surface areas
achieved in batch and flow systems (analogous to the difference in SA:V between
batch and flow systems). In multiphase reaction systems (where reactants are sepa-
rated by a phase boundary), maintaining a constant size of the interface is paramount
in order to ensure that the product produced is of good and reproducible quality. This
is due to the fact that the interfacial surface area limits the rate at which reactants and
products can be transferred between phases.

In batch systems, the interface between two phases is dynamic with both solu-
tions free to circulate throughout the reactor and disperse into each other through the
formation of droplets under agitation. Since the phases are not isolated (droplets can
subsequently coalesce and re-join the bulk of the solutions) a chaotic and poorly
regulated interface is present. The formation of additional phases (such as the
evolution of gas) does not interfere, since gas bubbles are rapidly removed from the
system. In contrast, when using a milli or microfluidic reactor system, each droplet is
spatially isolated from the next. Thus each droplet has its own interface and ensuring
that each droplet has the same interfacial surface area is necessary. Thus, systems
like this have to be well ordered. In order to achieve the same rate of phase transfer,
the size of each droplet has to be identical every time the experiment is run. This can
be difficult to achieve, especially in cases where gas evolution also takes place.

A good example to illustrate the potential complications of using multiphasic
reaction systems in a continuous flow process is the technique for synthesizing thiol
capped Au NPs proposed by Brust et al. [157]. In the classical Brust-Schiffrin method,
a prepared Au(x) and dodecanethiol in toluene solution (where x denotes the mixture
of Au(I) and Au(III) resulting from the partial and incomplete reduction of Au(III) to
Au(I) by dodecanethiol), is continuously mixed with an aqueous NaBH, solution to
facilitate the reduction of the Au(x) to Au(0) forming dodecanethiol capped Au NPs.
The reduction of Au(x) by NaBH, results in the rapid evolution of hydrogen gas.

Since the interface between the toluene and the water phases plays an impor-
tant role during reduction, either as the site of the reaction or as the medium
through which phase transfer of NaBH, occurs, it is important to maximize the
size of this interface in flow. The most obvious choice is thus to employ droplet flow
with small droplets of an Au(x) solution dispersed in an aqueous NaBH, solution as
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this ensures the greatest possible interfacial surface area. However, as illustrated
by Figure 4.28, complications can arise in this case due to the evolution of hydrogen
gas.

NaBH, in c
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Figure 4.28: Multiphasic reaction system in a microfluidic droplet chip (3200130, Dolomite); (a) toluene
(50 pl/min) as dispersed/droplet phase and water (210 pl/min) as continuous phase, (b—d) a 11.25 mM
Au(x), 10.5 mM dodecanthiol and 50 mM tetraoctylammonium bromide in toluene solution as the
dispersed phase (50 pl/min) and 30 mM NaBH, aqueous solution as continuous phase (210 pl/min).

As can be seen in Figure 4.28a, when pure toluene and water were used, stable
droplet flow was achieved with uniform sized toluene droplets which would result
in very high interfacial surface areas for the transfer of NaBH, into toluene.
However, when the reactant solutions were used, highly variable and uncontrolled
flow was achieved due to the rapid evolution of hydrogen gas in the aqueous NaBH,
stream. This not only resulted in inconsistent droplet sizes (Figure 4.28b and
Figure 4.28c), but also in a complex three-phase flow where the toluene and
water phases did not make contact (Figure 4.28d). The end result was that the
droplet flow was unstable causing the coalescence of the toluene droplets to form
segmented or slug flow. These segments were uneven in size, not uniformly dis-
tributed, and often separated by H, gas segments. Figure 4.29 shows the particles
produced in the batch and flow processes as analysed by TEM. The particles
produced in the batch experiment were very similar to the particles produced in
the classical Brust-Schiffrin method with an average particle size of 2.3 + 0.4 nm. In
contrast, the particles produced in segmented flow were more polydispersed, with a
significant number of larger Au NPs (approximately 5 nm) produced as well. These
results are likely a result of H, gas formation. As illustrated in Figure 4.29b, the
evolution of gas in a segmented flow system results in a reduction of the interfacial
surface area between the aqueous solution and toluene, since the gas bubbles form
segments of their own which block the interaction between the phases. In addition,
the evolution of gas increases the overall flow rate and therefore reduces the actual
residence time in the reactor. Conversely, in a batch system (Figure 4.29a), the
evolution of gas bubbles enhances mixing and recirculation of material in both
phases. Since the gas is free to escape there is also no build-up at the interface
between the water and toluene phases, so no “blocking” effect is achieved. This
results in smaller and less polydisperse particles.
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Figure 4.29: Particle size distributions and schematic of flow patterns obtained in; (a) batch and (b)
continuous flow “Brust-Schiffrin” synthesis of dodecanethiol capped Au NPs. In both cases, 11.25 mM
Au(x), 10.5 mM dodecanthiol and 50 mM tetraoctylammonium bromide in toluene solution were
employed with a 120 mM NaBH, and 725 mM NaOH aqueous solution. The batch experiment utilized 2
ml of each solution in flask agitated by magnetic stirrer for 1 h. The continuous flow setup utilized a T-
mixer to create segmented flow through a length of FEP tubing (5 m long, 0.5 mm I.D., 1.0 ml volume)
with both solutions flowing at approximately 0.5 ml/h resulting in a 1 h residence time. Size
distributions were determined by TEM.

A potential solution to this problem is to prevent the evolution of hydrogen gas
from the NaBH, by either using much lower concentrations (so that the H, formed
remains dissolved in the water), or to use higher pH solution to buffer the release
of H* from NaBH, and thus prevent the formation of H, altogether. These types of
changes could however have knock-on effects on the chemistry of the Au NP synth-
esis reactions. Changing the concentrations of reactants can change the kinetics and
mechanisms involved in particle formation, resulting in Au NPs of different sizes or in
the formation of by-products. Altering the pH can also change the species of the
reactants present which can in turn alter their reactivity.

4.4.2.4 Downstream processing

Whenever continuous flow reactor systems are used, continuous downstream pro-
cessing needs to be considered. The benefits attained by continuous manufacturing
processes could be lessened if downstream processing is conducted in a batch wise
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fashion. For example, there is little gain from continuously synthesizing Au NPs, if
one then has to wait and collect a litre at a time to purify and wash the products in
batches. If synthesis is conducted in flow, then downstream processing (purification,
precipitation or further functionalization, etc.) should also be conducted in flow.

One of the principle concerns in continuous flow downstream processing
involved in Au NP production is phase separation. Using segmented flow to control
RTD, prevent fouling or due to the fact that the reaction system is multiphasic, creates
the need to subsequently separate the phases. In a batch manufacturing process this
is simple, since different phases will naturally separate in the reactor due to gravity.
Gas bubbles will dissipate and oils will self-separate and fractionate based on their
density, allowing the Au NP phase to be siphoned off. However, in a flow system
phase separation is more complex and typically requires additional equipment such
as a membrane separator.

Figure 4.30 shows a continuous flow membrane separator which can perform in-
line phase separation of a segmented flow stream [219]. A PTFE membrane is used to
separate a hydrophilic phase from a hydrophobic phase which readily wets the PTFE
membrane. When a membrane-based continuous flow phase separator is employed,
it is important to ensure that the pressure difference across the membrane is tightly

Segmented contacting flow

P ret  (retentate outlet)
out

P per (permeate outlet)
out

Microporous PTFE membrane Diaphragm valve for pressure control

Diaphragm

Membrane

Figure 4.30: Schematic of operation and pictures of a disassembled membrane-based separator
integrated with a self-tuning pressure control element (reprinted with permission from Ref. [220].
Copyright 2017, American Chemical Society).
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controlled to avoid breakthrough, where both phases cross the membrane and
separation is not achieved. This typically requires the use of back pressure regulators
to modulate the outlet pressure of the two streams exiting the membrane separator,
which not only increase the complexity of the system, but can greatly increase the
cost of operation. In the separator shown in Figure 4.30 an integrated diaphragm is
used to modulate the pressure between the two outlet streams and ensure that the
pressure drop across the membrane is kept stable.

The introduction of such systems can result in the introduction of new problems.
Fouling is a key concern whenever additional materials are introduced to a flow
system (especially high surface area materials such as a membrane). We must also
consider what would happen to any particles that are trapped at the phase interface
due to interfacial absorption. Either these particles are forced through the membrane
and leave in the permeate, are retained in the retentate, or become lodged in the
membrane itself. Each of these scenarios can have significant implications for the
continuous production process. In a continuous flow system it might be apt to employ
several redundancies (multiple interchangeable membrane separators for example)
which can allow for routine maintenance and downtime to mitigate potential
problems.

Another major downstream processing operation is the continuous purification
of Au NPs in flow. Many synthesis routes use one or more reactants or functionaliz-
ing agents in excess. Prior to the use of Au NPs from such synthesis techniques, the
Au NP mixture has to be purified to remove these superfluous reagents. This
typically involves a complex multistage process to remove the Au NPs from solution
and then to repeatedly wash the particles. For example, in the classical Brust-
Schiffrin method the synthesized thiolate Au NPs have to be precipitated and
washed prior to use. The precipitation process involves the concentration of the
Au NP in toluene solution by evaporation of toluene (an energy intensive process),
the subsequent addition of a large volume of ethanol to increase the polarity of the
solvent, and refrigeration (typically —-18°C for 4 h). Following precipitation the
particles are removed from the solution via filtration and redispersed in toluene.
The overall process is time consuming and energy intensive. It is also difficult to
adapt to flow, since the process of concentrating, diluting with ethanol, cooling for
4 h, and filtration would involve many different unit operations. Thus a new
approach is required.

Figure 4.31 illustrates a procedure for the in-line purification of thiolate Au NPs
using continuous diafiltration [220]. In this case, slightly different water-soluble
thiolate Au NPs were purified. The crude Au NP mixture was mixed with fresh solvent
prior to passing through a dialysis membrane. Since the Au NPs were too large to pass
through the membrane they exited the membrane in the retentate with a small
amount of the solvent. The vast majority of the impurities were removed with the
majority of the solvent in the permeate. Though not as effective a purification
technique as precipitation and washing (where all impurities are considered
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Figure 4.31: Schematic of continuous diafiltration of water-soluble thiol-stabilized 3-nm gold nano-
particles. Small molecule impurities and small gold nanoparticles (blue) are eluted in the permeate,
while the larger gold nanoparticles (purple) are retained (reprinted with permission from Ref. [221].
Copyright 2006, American Chemical Society).

removed) this technique is much less energy intensive and less time consuming,
since it can be performed in-line with the original reactor system. It thus provides a
good compromise to the batch purification process without the costs and complex-
ities associated with adapting the native “Brust-Schiffrin” purification process to
flow. Such in-line tangential flow filtration (TFF) integrated with a millifluidic reactor
was demonstrated by Lohse et al. for the removal of CTAB and by-products from the
crude reaction product of gold nanorods synthesis and thiol exchange on gold
nanorods [181]. TFF can potentially reduce product losses due to aggregation,
because the Au NPs are not forced into close physical contact as for example during
centrifugation. This type of approach relies on well stabilized Au NPs. Such high
surface area membranes might be susceptible to fouling from particles which are not
well stabilized, such as simple citrate charge stabilized particles. The message
behind continuous flow purification, downstream processing, and indeed any flow
process relating to the manufacture of Au NPs, is that compromise will be necessary
and complications are likely. It is important to have a wide ranging arsenal for
dealing with these problems and to be highly flexible in one’s approach. If for
example the Au NPs synthesized with one particular synthesis route cannot be
effectively purified in flow, then it may be prudent to pursue an alternative synthesis
route altogether.

4.4.2.5 Summary of main design rules for continuous flow NP reactor design

The discussion above clearly reveals the complexity of the design of continuous flow
reactors for the synthesis of NPs. A large number of aspects, most of which are closely
related, need to be considered, while all the necessary information (such as kinetics
of synthesis processes) to make fully informed decisions, are not always available.
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Here, we present a brief summary of the main design rules that we suggest should be
followed when undertaking the design of continuous flow reactors for gold nanopar-
ticle synthesis.

1. Specify the desired end use of the Au NPs, and identify the desired Au NP
properties (size, polydispersity, shape, functionality, etc.) and final process
targets (throughput, purity).

2. Identify a range of suitable synthesis routes and consider each one individually.

3. Gather kinetic data for the reactions (and any other relevant process) involved, if
possible. Estimate their characteristic times and assess how critical are the heat
and mass transfer rates.

4. Depending on the desired throughput and on how fast the relevant kinetics are,
decide whether to use a milli- or a microreactor. For larger throughputs and
syntheses involving slower reactions, millireactors should be more suitable.

5. Assess the implications of mixing and RTD on PSD, which are usually more
severe for larger diameter devices and single-phase reactors.

6. If fouling presents a problem, multiphase reactors (in which the flow is segmen-
ted) may be more suitable. Consider, however, the implications in terms of
downstream processing and select carefully the segmenting fluid to minimize
interfacial absorption.

7. If a single-phase reactor is preferable, select a channel material that prevents or
reduces fouling, treat the tube or manipulate the synthesis chemistry.

8. Design the reactor and select operating conditions that result to full consumption
of precursor.

9. Select the operating conditions carefully. Low concentrations and appropriate
pH can be used to reduce or prevent the formation of gas products.

10. Consider separation and purification procedures at the outset, as these may affect
process viability.

We also recommend considering the schematic in Figure 4.25, which, in addition
presenting the key considerations for the development of nanoparticle synthesis
processes in batch and flow systems, highlights as well their multiple connections.

4.5 Critical safety considerations

While many of the materials employed for the syntheses of Au NPs described in this

chapter are safe to use (e. g. sodium citrate or ascorbic acid), some of the chemicals

are toxic and/or flammable, hence they should be carefully handled and the experi-

mental conditions should be strictly controlled.

1. Read the Material Safety Data Sheet (MSDS) before using any chemicals. The
hazardous chemicals (with labels like Explosive, Highly Flammable, Toxic,
Harmful, Corrosive, Oxidizing or Irritant) should be strictly controlled and stored
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under proper conditions. A spillage kit suitable for the types of chemicals being
handled, as well as the correct type of personal protective equipment (PPE) must
be used. If special first-aid facilities or equipment (e. g. extinguishing media) are
required, then training is essential in their use. For environmental precautions,
do not let chemicals enter drains. Store the chemicals in cool place. Keep contain-
ers tightly closed in a dry and well-ventilated place.

2. If using special experimental conditions (e.g. elevated temperature, high
pressure, microwaves, lasers or radiation), suitable training is required. All
the relevant equipment should be checked regularly to ensure their proper
operation. Appropriate operating procedures are required for risk
management.

3. Gold(IIl) chloride hydrate needs special attention, since it is corrosive to metals
and to skin, and can cause serious eye damage and skin sensitization. For safe
storage, note that gold(Ill) chloride hydrate is light sensitive and strongly
hygroscopic.

4.  Sodium borohydride, a widely used strong reducing agent, could emit flammable
gases which may ignite spontaneously in contact with water. Thus, it should be
handled under inert gas and protected from moisture. For cleaning up, do not
flush with water. Keep in suitable, closed containers for disposal. For firefighting
measures, the suitable extinguishing media is dry powder.

5. For the use of thiols, be aware that special hazards (sulphur oxides) might arise
from the substance or mixture.

6. Aquaregia is commonly used to clean up the apparatuses used to synthesize Au
NPs. It is acutely toxic if inhaled or ingested, corrosive to skin and eyes and
extremely destructive to the tissue of the mucous membranes and upper respira-
tory tract. It should be kept and stored away from clothing/combustible materi-
als. Appropriate PPE (lab coat, safety glasses, with side shields or splash goggles
and gloves compatible with nitric and hydrochloric acid) should always be used.
Handling of aqua regia must be done only inside a fume hood and with glass-
ware. Mix the solution in a fume hood with the sash between you and the
solution. Never add any organics to aqua regia solution, it could cause an
explosion. When preparing aqua regia, always add nitric acid to hydrochloric
acid, never vice versa. Never store aqua regia solutions, as it will oxidize over
time to form toxic gases. Make only small, fresh batches of aqua regia for each
use.

7. Where hazardous or flammable gases (e. g. CO, hydrogen) are intended to be
used, gas alarms/monitors are required and cylinders must be stored in vented
enclosures. Purge the reactor system with dry inert gas (e. g. helium or nitrogen)
before the hazardous gas is introduced and when the system is switched off. Keep
away from combustible materials, heat, hot surfaces, sparks, open flames and
other ignition sources.
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4.6 Conclusions and future perspective

If the predicted markets for Au NPs reach their full potential, their demand will
increase significantly. Since their performance is critically affected by their properties
(size, size distribution, composition, surface functionality), even small deviations
can render them unsuitable for the target application. Obtaining Au NPs with con-
sistent properties with robust manufacturing processes will be required. Currently
manufacturing of Au NPs is based on batch processes, which are similar to the ones
used for their lab synthesis. Batch-to-batch variability however can be an issue,
particularly as the scale increases, due to the inherent limitations of batch processes
in terms of mass/heat transfer, hydrodynamics and reaction time control.

Microreactors and millireactors can solve some of the challenges faced to achieve
high quality/quantity products. This has been demonstrated by various studies, using
for example controlled or fast mixing devices, segmented flow systems, dynamic reactor
operation. Such reactors can overcome issues of reproducibility, scalability and size
control. They can be complex, but others, mainly millifluidic reactors, are more user-
friendly. However, even though flow systems address some limitations of current batch
reactor technology, they may introduce other challenges that need to be resolved before
they become mainstream synthesis technology. Some of these originate from the fact
that even though high surface-to-volume ratios of micro- and millifluidic reactors is
advantageous in terms of mass and heat transfer, it may introduce reactor fouling.

In this chapter, we attempted to give an overview of the various challenges that
can be encountered in the development of continuous Au NP synthesis and gave
guidelines of how they can be addressed. Our suggestions are by no means complete.
The area is at an early stage of maturity and will benefit by additional research to better
understand the various physicochemical phenomena involved in the synthesis, as well
as comprehensively analyse reactor performance by modelling tools. By approaching
the process design in a multidisciplinary fashion, new tools and innovative solutions
can be devised. This is particularly so, because nanoparticle synthesis is complex,
requiring knowledge of synthetic/physical/analytical chemistry, physics, particle tech-
nology and chemical engineering. Such multidisciplinary research can expand the
range of solutions available. For example, the fouling issue can be tackled from an
engineering perspective through segmented flow or from a chemistry perspective by
changing the synthesis chemistry reactor wall properties.

It is worth mentioning that most studies on nanoparticle synthesis in microreactors
translated batch protocols to a flow process. This approach though overlooks the unique
advantages offered by microreactors, such as fast heating/cooling, high pressure opera-
tion, short reaction times, staged addition of reactants. Thus, there may be new oppor-
tunities, if the advantages offered by flow operation are considered from the beginning.

Contributions from reactor engineering, separation technology, process analytic
and control, chemical/systems engineering will be vital for the development of
robust, reliable, cost-effective manufacturing processes, with long operating times.
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208 —— 4 Continuous synthesis of gold nanoparticles

Traditional chemical engineering can play an important role here. Furthermore, a
knowledge-based approach, relying on mechanistic and kinetic studies of reaction,
nucleation and growth can lead to the development of robust well-designed pro-
cesses. However, such a rigorous approach can be time consuming, so one must
consider an appropriate balance between rigour and practicality. Design of experi-
ments can play a role in this context and can aid in minimizing the effort invested in
and maximizing information obtained from experiments.

As the scale of production increases, process yield and product purity become as
important as size, shape, monodispersity. Efficient coupling of the synthesis with
downstream processing and purification, as well as with analytical systems for in-
line/online product characterization and process control will affect process economic
viability. Lessons can be learned from the various microfluidic systems that have been
used with in situ analysis, aiming to better understand the nanoparticle mechanism and
kinetics. The emergence of advanced software, machine learning and the industry 4.0
framework will allow high level of process automation. Notwithstanding that, manu-
facturing routes will need to be carefully selected based not only on the scalability and
production cost, but also on the particular properties required for the final application.
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