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Introduction

Nanoparticles
technologies,

(NPs)

remain at the forefront of new
which explains the enduring
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Non-fouling flow reactors for nanomaterial
synthesis

Maximilian O. Besenhard, @ Sayan Pal, ® Georgios Gkogkos@ and Asterios Gavriilidis @ *

The potential of flow chemistry for nanomaterial synthesis has been amply demonstrated in the last
decade. Robust and reproducible synthetic protocols, scalability, high-throughput screening and novel
process conditions are the main drivers to “go flow”. Not always acknowledged, is how reactor fouling
restricts the operation of flow reactors making it a bottleneck for nanomaterial flow synthesis. Even though
remarkable achievements in process and reactor design have been made, providing solutions to minimise
and prevent fouling, there is no single non-fouling flow reactor suitable for nanomaterial synthesis at all
relevant synthetic protocols. There are, however, reactor designs and operations that can prevent fouling,
depending on the nature of the synthesis, i.e., the particle formation mechanism and kinetics. Although the
expression “fouling” is used generically, neither its causes, nor its circumvention can be generalised.
Therefore, this review describes the diverse origins and consequences of flow reactor fouling for wet-
chemical nanomaterial syntheses, and most importantly, showcases the variety of reactor designs and
operations to mitigate or prevent fouling. The reactor characteristics are discussed with respect to the
critical synthetic conditions aiming to guide the customisation of non-fouling flow reactors for a broad
variety of continuous nanomaterial syntheses. For a successful flow synthesis, the flow reactor elements
must be selected considering the possible fouling causes and consequences and how to mitigate (or at
least monitor and detect) fouling, while providing the synthetic conditions required.

rates, temperatures, pH values, reagent concentrations and
the sequence and timing of their addition, etc., as well as
their spatio-temporal profile in the reactor.

interest in For one century, batch processes have been the prevailing

synthetic strategies to upscale production or optimise their
properties. Their dimensions exceeding single atoms by only
1-2 orders of magnitude yield unique optical, electronic, and/
or magnetic features, as well as a high surface to volume
ratio. This has paved the way for advances in electronics,
sensor technology, biomedicine, catalysis, separation
processes and many more."™®

The nanomaterial properties differ from their bulk
equivalent, evidencing that nanoparticles are not
thermodynamically favoured and that their formation is
governed by reaction and particle formation kinetics rather
than thermodynamic equilibria. Therefore, the properties of
nanoparticles synthesised via wet chemical routes (which is
the focus of this review) are highly sensitive to the process
conditions. These conditions, also referred to as synthetic
conditions, include mixing times, mass and heat transfer
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method to produce nanoparticles. As batch reactors provide
only limited control of process conditions, it is not surprising
that nanoparticle syntheses in batch suffer from poor
reproducibility and/or batch-to-batch variability, operative
constraints (e.g., in terms of mixing and heating/cooling
rates),” and varying operator skills. This makes up-scaling of
lab procedures challenging and hinders the transition to
pilot production and ultimately full-scale production. This is
crucial to bring research across the so called “Valley of
Death” (the gap between research and commercialisation) in
high-cost, and high-risk areas such as nanotechnology.®’
Flow reactors can overcome these scalability limitations as
they offer good control of process conditions and yield as
well as increased production volumes via longer operation
times - and not larger reactors. The progress of flow
chemistry for nanoparticle syntheses during the last decade
has been remarkable as the field transitioned from proof of
principle studies'® to screening'™'* and fully automated
synthesis platforms™*™° as well as large scale production.’®™*’
The growing interest in robust nanomaterial flow syntheses
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of different material classes (from lipids to metals) requiring
different synthetic routes, as well as the various flow
chemistry applications (from discovery to production),
resulted in a great diversity of flow reactors. This “flow
reactor jungle” comprises microchip silicon and glass
reactors, capillary-based systems using standard tubing and
connectors, stainless steel tube and plate reactors, and many
more. Although these reactors differ in scale, material, and
operation mode, they share one problem when used for
nanoparticle synthesis, i.e., fouling.

The reason why nanoparticle (wet chemical) syntheses are
prone to foul reactors is the phase transition occurring, i.e.,
solid matter is formed from solution. This transition forms
nanoparticles but is also likely to form solid wall depositions,
not necessarily in the form of particles. Hence, the
established small (development & screening) and large
(manufacturing) scale flow reactors are likely to foul when
used to synthesise nanoparticles.

The flow reactors utilised to synthesise nanoparticles are
well documented, with several recent reviews on flow
synthesis in general®*>* and specialisation on drug
nanonization,?>?® lipid-based nanoparticles,>”**® noble metal
nanoparticles,””*®  metal  oxide,>?*> and  magnetic
nanoparticles. Although reactor fouling is recognised as a
challenge, there is limited awareness of its severity (see Fig. 1
for fouling examples). Fouling is the bottleneck for many
nanoparticle flow syntheses hindering long term operation,
which makes it challenging to use flow reactors to screen
synthetic conditions and produce nanoparticles at large

33,34

Organic phase

b Nozzle

Fig. 1 Flow reactors that fouled during the synthesis of (a) silver,*® (b)
lipid,® (c) iron oxide,®” (d) palladium,*® (reproduced from ref. 18 and
35-37 with permission from the Royal Society of Chemistry, © 2017,
2015, 2021 & 2023) and (e and f) gold nanoparticles (reproduced from
ref. 38 and 39 with permission from Elsevier, © 2022 & 2018).
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scales. Unfortunately, there is no universal “one for all”
strategy for its prevention.

Therefore, this review discusses the origin and
consequences of fouling in the context of nanoparticle
synthesis, flow reactor designs minimising and preventing
fouling, considering the respective synthetic procedures as
well as their limitations, and highlights recent developments
for single and multiphase systems.

In addition to showcasing the flow reactors used for
fouling-mitigating nanoparticle synthesis, we discuss their
design characteristics with respect to the particle formation
kinetics. This aims to guide the design of non-fouling
systems by providing options for suitable flow reactor
elements to meet the critical process parameters considering
the particle formation kinetics. Avoiding fouling requires a
successful interplay between the synthetic procedure
chemistry and reactor design, with the latter being the focus
hereinafter.

Nature and consequences of fouling

Definition of fouling with regard to nanoparticle synthesis

Fouling is a term which reactor engineers commonly define
as “the accumulation of unwanted material on solid surfaces”
or “the unwanted deposition on surfaces”. The associations
with “unwanted”, however, vary when designing crystallisers,
heat exchangers, bioreactors, membrane separators, fluidised
bed reactors, and other reactors.’**?

Commonly distinguished are macro (caused by coarse
matter) and micro fouling. The latter has several
classifications, including the five classes defined by Epstein
in the 1980s (considering heat exchangers),"* including: I
crystallisation fouling (surface crystallisation of dissolved
solutes); II particulate fouling (deposition of particulate
phase(s) present); III chemical reaction fouling (deposits of
reaction product, impurity, or intermediate formed directly
on the wall or in solution prior to wall deposition, including
precipitations); IV corrosion fouling (deposits formed by
corroding wall material, most commonly at metallic walls); V
biofouling (surface attachment of living organisms). Other
classes described are: VI solidification fouling (accumulation
by solidification/freezing of a component dissolved, similar
to crystallisation fouling);*> VII gas bubble clogging (micro-
specific fouling category describing the trapping of gas
bubbles blocking channels).*®> The categories listed here
(other classes are used too) are neither 100% descriptive, nor
exclusive, ie., classifying fouling into a single class is not
always possible. As this review focusses on wet-chemical
nanoparticle syntheses only, fouling hereinafter refers to the
classes I-IIT only. Although this review briefly discusses the
fouling problems due to microparticles that form when non-
stabilised nanoparticles agglomerate, the focus is on
nanoparticle solutions only. We refer to other literature for
problems due to larger particles not following the fluid
streamlines, i.e., have a Stokes number >1.%¢"*°

This journal is © The Royal Society of Chemistry 2023
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To better distinguish the fouling origin and consequences
for flow reactors, we distinguish between local (small axial
reactor fraction affected), or traversed (significant axial
reactor fraction affected), and fouling affecting the surface
only (depositions at the reactor wall not extending radially
into the channel) or being constrictive (depositions extending
from the reactor wall reducing the channel cross section), see
Fig. 2.

Some obvious reasons to avoid fouling are the costs
associated with the yield reduction (nanoparticles are
valuable materials, not only if costly reagents are used) and
to guarantee unimpeded reactor operation. For example,
constrictive fouling requires higher inlet pressure to maintain
the flow rate set. Once the pressure becomes sufficient to
break up constrictions, the flow rate exceeds the set value, at
least temporarily, hampering accurate flow rate control. If
pressure constraints inherent to every flow reactor system
(including the pumps), however, are significant, pressure
cannot break up constrictions and their growth causes
clogging.”®

Even if fouling does not impede the operation, it can
affect the synthetic conditions severely. Examples are surface
and/or constrictive fouling inducing changes of the heat
transfer through reactor walls, resulting in varying spatial

temperature profiles (crucial for temperature sensitive
particle  formation mechanisms, e.g, for thermal
decomposition  synthesis),’*> or unwanted reactions

involving the deposits (crucial if depositions are catalytically
active and promote precursor decomposition or particle
growth, e.g., for noble and transition metal nanoparticle
syntheses).*” The higher reactor wall area-to-volume of
flow reactors, compared to their batch equivalent, makes

4

Local fouling

=
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Surface fouling Constrictive fouling

Fig. 2 Fouling classification in tubular reactors considering (a) axial
and (b) radial characteristics.
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nanoparticle synthesis in flow inherently vulnerable to
fouling-induced changes of the synthetic conditions and
impedes reactor operation.

Small and large scale flow reactors for nanoparticle
synthesis are almost exclusively operated in steady state
mode (ie., the synthetic conditions do not change in time)
for process and material development and production.
Therefore, it is important to clarify that, strictly speaking, if
fouling changes the synthetic conditions (i.e., a continuous
alteration of the reactor wall) a steady state operation is
practically not possible. Hence, advantages of flow reactors
for high-throughput experimentation and large scale
production via long operation times would be compromised
if fouling is present.

Reactor fouling during nanoparticle synthesis

The variety of synthetic procedures cannot be described by a
unified nanoparticle formation concept. What most wet-
chemical syntheses have in common though is that solutions
containing the soluble reagents (e.g., the precursor, reducing
or oxidation agents, acids, bases, etc.) are mixed to react and
form solid nanoparticles. A simplified, hence not always
applicable, nanoparticle formation mechanism (see Fig. 3)
comprises the following steps: i) precursor(s) decompose
forming monomers/the particles’ building blocks; ii) these
building blocks cluster and form solid nuclei nanoparticles
which iii) grow via incorporating more building blocks and/
or coalescence; iv) the nanoparticles become stabilised either
sterically or electrostatically to prevent particle agglomeration
and aggregation. Changes in the particles’ crystal structure
and stoichiometric compositions during or post these steps
are common.

The timescales for the synthesis and its steps can vary
from <1 s (e.g., for rapid precipitation or when using strong
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Fig. 3 Typical steps during NP formation.
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reducing agents) to >1 h (e.g., for thermal decomposition
synthesis) and depend on the synthesis.’**® Knowledge of
the particle formation and stabilisation kinetics is vital not
only to design a flow reactor facilitating the synthetic
conditions required, but also to avoid or minimise the
likelihood and severity of fouling.

During precursor decomposition, chemical reaction
fouling is commonly causing surface fouling. This happens
either locally or transversally depending on decomposition
kinetics. When precursor decomposition is initiated by a
mixing process (e.g., after adding reducing or oxidation
agents, or an acid or base changing the pH), surface fouling
is observed post/downstream the addition.*® If precursor
decomposition is temperature or radiation induced, fouling
is likely to occur during or after the corresponding exposure.
Once particles form from solution, the monomers/particles’
building blocks energetically favour (at least partially) the
solid state. Hence, particle formation is likely accompanied
by crystallisation fouling, which can become constrictive
quickly at high precursor concentrations. As long as particle
growth is not completed and reactive by-products or
intermediates (including the particles’ building blocks)
remain in solution, e.g., while growth proceeds through
surface integration, surface fouling via chemical reaction
fouling remains likely. If growth occurs via coalescence,
particulate fouling is likely to cause constrictive fouling.”®
Similarly, insufficient particle stabilisation can promote
constrictive particulate fouling. In addition, it can cause
excessive agglomeration yielding particles exceeding the
nanometre range with Stokes numbers >1, which are likely
to accumulate locally and constrict channels.

There is no obvious route to prevent fouling during flow
syntheses, even when the nanoparticle formation kinetics are
known. The different causes of fouling during each particle
formation step have different consequences (see Table 1) and
require different prevention measures with the reactor design
playing a significant role.

Designing flow reactors that provide the synthetic
conditions required and prevent fouling, however, is not
trivial and might require a compromise between the two. The
following sections present the state-of-the-art of fouling-
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mitigating single and multiphase flow reactors for

nanoparticle synthesis.

Single phase reactors

Single phase flow reactors which are most commonly used in
flow chemistry, are inherently prone to fouling as the
reactions involved in precursor decomposition, particle
formation and growth occur in contact with the reactor wall.
Several methods and reactors have been reported to prevent
fouling and subsequent clogging, which are discussed in the
following sections.

Fouling prevention via tuning particle and wall surface
chemistry

In this section we discuss fouling prevention induced by
unfavourable reactor wall/particulate phase interactions.
Controlling the interaction between the particles or
intermediate products with the reactor walls can be hugely
beneficial in prevention of reactor fouling in nanoparticle
synthesis. Controlling the electrostatic interaction between
the particles (and charged reagents and/or building blocks)
and the reactor wall by means of ionic strength and pH
variation in aqueous particle formation environments can
generate the repulsion required.**”>”* Varying the pH value
changes not only the zeta potential of nanoparticles, but also
the reactor wall material charge, hence the zeta potential
difference and repulsion between the two. Plastics, glass and
metal exhibit a positive zeta potential at low pH values which
becomes negative at high pH values,”>”® with no electrostatic
protection inherent to the wall in between, ie., at the
isoelectric point. Fouling is likely when nanoparticles,
precursor, or other reagents are charged opposite to the
reactor wall.>* Examples show that at low pH values,
nanoparticles (and intermediates) were electrostatically
attracted to the surface, whereas a pH increase resulted in a
net negative charge of the particles and the reactor surface
causing electrostatic repulsion between them,”””*”® which
has been beneficial in prevention of particle deposition,””
and fouling  prevention.”*”®  This  highlights the
importance and the potential of pH tuning (where the

Table 1 Summary of expected fouling type for different nanoparticle synthesis steps with examples. As synthesis steps can occur simultaneously it is
hard to assign fouling to a single step. The time scales provided are representative only (fast < 1 min < slow)

Formation step Kinetics Dominant fouling Examples
Precursor decomposition Fast Local, surface NaBH, reduction methods,*”
hot injection®
Precursor decomposition Slow Traversed, surface Slow thermal decomposition,®
low concentration or mild reducing agent®®?
Particle formation Fast Local, surface or constrictive Co-precipitation,®® flash nano precipitation®
Particle formation Slow Traversed, surface Polydopamine synthesis,*® Stoeber process
for Si0, °7%
Surface integration Fast Local, surface Methods using high precursor concentrations
Surface integration Slow Traversed, surface Seed mediated or surface catalytic growth>*
Coalescence Fast Local, constrictive Rapid noble metal reduction methods®**°
Coalescence Slow Traversed, surface or constrictive Coalescent growth of clustered nanoparticles

958 | React. Chem. Eng., 2023, 8, 955-977
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Fig. 4 (a) Schematic illustration of particle stabilisation helping in
fouling resistance. (b) Schematic of repellence characteristics of SLIPS
antifouling coatings (tethered perfluorocarbon in the porous surface
and liquid perfluorocarbon forming a stable film on top) (reproduced
from ref. 81 with permission from Springer, © 2014).

synthetic protocol allows) for fouling prevention in single
phase systems.

The stabilisation of nanoparticles can also help to avoid
particle agglomeration and prevent particle accumulation at
the reactor wall (see Fig. 4a). Suspensions of bare
nanoparticles or poorly stabilised nanoparticles are more
susceptible to agglomeration and aggregation, hence particle
accumulation at the reactor wall surface. Stabilisation of gold
nanoparticles with citric acid and polyvinyl pyrrolidone have
been reported to prevent particle aggregation.”® Resistance to
reactor fouling has been observed after particle stabilisation,
for example for flow syntheses of iron oxide stabilised via
tetraethylammonium hydroxide.” However, nanoparticle
formation and stabilisation are likely to occur at different
timescales (with stabilisation being usually slower). Hence,
fouling due to agglomeration or adhesion of not yet
stabilised nanoparticles at the wall may still occur during the
initial stages of the synthesis. It is also reported that
colloidally stable suspensions create a particle monolayer on
the wall surface, which helps in inhibiting further deposition
of particles by unfavourable physicochemical interactions
with the suspended particles.”®*°

In addition to tuning particle surface chemistry, surface
modification of the reactor wall can prevent fouling.
Amorphous silica coating,®* silanisation’* and lubricant-
infused slippery polymer®®®* based surface modification
has been used for antifouling surfaces. These surface
treatments are very different in terms of involved chemistry,
but the concept is similar, i.e., increase the surface energy
required for particles or reagents to deposit on the reactor
wall. Examples of commercially available amorphous silica
coating via chemical vapour deposition on metal surfaces are
SilkoNert® or Dursan® (SilcoTek, USA). These coatings are
corrosion resistant and promote high oleo and
hydrophobicity (contact angle of water >100°), which can
resist fouling caused by bacterial biofilm formation;** they

This journal is © The Royal Society of Chemistry 2023
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were successfully used for a thermal decomposition flow
synthesis of iron oxide nanoparticles.®” Silane treatment of
reactor wall surfaces have been reported to generate
hydrophobic surfaces. This reduces the wetting of wall
surfaces and the adhesion of gold nanoparticles or their
nuclei to the wall surfaces, suppressing the wall deposition
and reactor fouling.”*

Slippery liquid infused porous surfaces (SLIPS) technology
has been developed to make low friction flow channels with
omniphobic slippery surfaces to prevent wall adhesion of
particles  (including blood corpuscles and bacterial
biofilms).®"*® For SLIPS flow reactors, the inner wall of
plastic tubing such as polydimethylsiloxane, poly(methyl
methacrylate), polysulfone and polyvinyl chloride, is first
transformed into porous or roughened surfaces by casting,
surface deposition or etching techniques.?” This can also be
achieved by covalently binding a flexible molecular
perfluorocarbon layer, or tethered perfluorocarbon. Then,
different liquid perfluorocarbon lubricants, such as
perfluorodecalin and perfluoropolyethers are wused to
infiltrate the surface.*”®® This results in the formation of a
stably immobilised, molecularly smooth, liquid overlayer,
which prevents adhesion to the underlying wall surface (see
Fig. 4b).

Synthesis of nanoparticles in single phase flow results in
fouling or clogging of the reactor in many cases, but several
examples exist in single phase flow reactors showing stable
operation without clogging. This is certainly inherent to the
synthetic procedure, especially pH values, solvents used, and
additives, which explains why some protocols are particular
prominent in flow, such as thermal decomposition synthesis
of iron oxide nanoparticles in polyols.***° However, the
fouling prevention mechanisms in such examples are not
evident and require further investigation.

Reactors featuring high shear or external forces

Constrictive fouling of reactors can lead to reactor clogging,
thereby rendering the flow reactors inoperable. In such
situations constrictive fouling or at least reactor clogging, can
be minimised and even prevented by usage of high shear and
external forces.

High shear forces (and the induced lift particles
experience) are important to prevent sedimentation and
particle  accumulation in flow systems handling
microparticles. Hence, flow reactors and operations providing
high shear are likewise important when nanoparticles are not
yet stabilised and large agglomerates form. In addition, the
forces high shear rates induce can detach material
accumulated at the reactor wall, which is why they can
reduce constrictive fouling and prevent clogging (but not
surface fouling entirely). This was shown for example for iron
oxide nanoparticle synthesis in capillary based systems,**
and in a chip reactor where a minimum flow rate was
required to avoid clogging.”® With increasing flowrates, the
high shear between reacting liquid and reactor wall

React. Chem. Eng., 2023, 8, 955-977 | 959
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Fig. 5 High shear and ultrasound assisted continuous flow reactors
for NP synthesis. (a) Spinning disk reactor for magnesium hydroxide
and oxide NPs (reproduced from ref. 103 with permission from the
American Chemical Society, © 2007), (b) Ultrasound-assisted capillary
microreactor (reproduced from ref. 104 with permission from Elsevier,
© 2009). (c and d) Microreactors directly coupled with piezoelectric
transducer to prevent clogging (reproduced from ref. 105 and 106 with
permission from Elsevier, © 2011 & 2019).

minimises the possibility of surface interactions, which
reduces the extent of nanoparticle deposition on the walls
and surface fouling.”*°" The high flow rates required for
sufficient shear in straight channels as well as fast mixing,**
however, are not always practical. Reactors with active mixing
systems such as the spinning disk reactors (see Fig. 5a) or
continuous stirred tank reactors (CSTRs, see section
“Reactors with low surface to volume ratio”) can provide high
shear rates for clogging free operation at all flow rates. For
nanoparticle synthesis, the precursor solution is commonly
introduced in the centre of a rotating disc, forming a thin
film on the disc surface under the influence of high
centrifugal force. In addition to the large interfacial area and
shear between the liquid and disc surface, the centrifugal
force forms waves and ripples on the film and generates
smaller eddies throughout, enhancing gas-liquid mass
transfer (for open systems) and mixing.”*** Increasing disc
speeds and flowrates and using grooved surfaces on the disc
intensifies micro-mixing and allows near ideal plug flow in
the travelling film of liquid along the disc surface, providing
flexibility to manipulate the fabrication of nanoparticles.’®®’
Syntheses of iron oxide, titanium dioxide, silver, curcumin
and chitosan nanoparticles have been demonstrated in
spinning disc reactors, with no clogging reported.’®%%*

An alternative to high shear forces is to incorporate
external forces such as ultrasonication with the reactor (see

960 | React. Chem. Eng., 2023, 8, 955-977
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Fig. 5b-d)."” "' Immersing flow reactors in commercial
ultrasonic baths (see Fig. 5b) is commonly used for
transporting ultrasonic energy into microreactors. Coupling
piezoelectric transducers (see Fig. 5c¢ and d) directly to a
microreactor chip surface has been reported to be more
energy efficient.'"” Ultrasound at low frequencies generates
transient cavitation bubbles which oscillate and collapse,
and can break-up agglomerates and formed constrictions,
thereby preventing clogging."'®'"" At high frequencies,
acoustophoretic effects have been used to focus (micro)
particles to the channel centre to prevent sedimentation,
which causes clogging."?

Also worth highlighting is the potential of microwave
reactor systems to mitigate fouling for temperature induced
nanoparticle syntheses. Conventional heating systems
increase the reactor wall temperature first, making it the
reactor hotspot and hence, a preferable location for reactions
to occur which increases the likelihood of fouling. On the
contrary, microwave systems heat the reactor volume
homogeneously, which can mitigate fouling, especially for
temperature sensitive syntheses.''**"*

Though it is evident that high shear rate and external force
systems can reduce constrictive fouling and mitigate clogging,
they should not be considered as fouling-free and may suffer
from scalability and operating in limited range of flow
parameters such as high flow rates, low residence times (e.g.,
usually <1 min in spinning disc reactors), or high pressure.

Hydrodynamic focusing reactors

Hydrodynamic focusing allows using a single phase system to
mix reagents, while keeping reactions distant from the reactor
wall."® In a typical hydrodynamic flow focusing device, a core
stream is directed in the centre of a flow channel through
hydrodynamic forces. These forces are exerted to the core
stream by fully miscible lateral/sheath streams that come in
direct contact with it by using contactors of specialised
geometry. Fig. 6 shows a summary of flow focusing devices.

When nanoparticle formation takes place in the central
core stream, there is no interaction with the channel walls,
thus preventing fouling. In addition, hydrodynamic focusing
offers enhanced and controllable mass transfer (since by
squeezing the core stream, the diffusion length is effectively
decreased), and reduces the residence time distribution of
the reactive stream, since the velocity profile near the centre
of the channel where the core stream is confined is more
uniform compared to the parabolic velocity profile in the
whole flow channel."*

In hydrodynamic focusing configurations, mixing takes
place via inter-diffusion of reactants into and out of the core
stream. This diffusional mixing is greatly enhanced by the
reduction of the core stream width (focusing) which is affected
by the core/sheath flowrate and viscosity ratio. Mixing in this
type of reactor is especially effective when the reactants in the
lateral streams are used in excess and the process is driven by
diffusion from the sheath into a very thin core stream.

This journal is © The Royal Society of Chemistry 2023
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Flow reactor designs that enable hydrodynamic focusing
can be as simple as a cross junction in a microfluidic chip
(on-chip flow focusing) with two lateral sheath streams
confining the core channel into a thin liquid sheet''® (see
Fig. 6a). These, 2D flow focusing devices have been widely
used for the production of polymeric nanoparticles.''”'®
Due to their simplicity, these reactor designs cannot prevent
contact of the core stream with the top and bottom of the
channel, eventually leading to fouling.'"®

Various reactor designs have been reported to isolate the
core stream from all directions (3D flow focusing), completely
preventing contact of the core stream with the flow channel
walls and thus, avoid fouling during nanoparticle synthesis.
An on-chip device that used additional sheath streams for
vertical focusing prior to a cross junction (see Fig. 6b),
completely isolated the core stream from the walls."*>*** In
other approaches, 3D flow focusing was achieved by using chip
devices comprising of multiple layers that create high aspect
ratio channels for the lateral sheath streams. In these devices,
the lateral sheath stream channels are wider (see Fig. 6c¢)
allowing the sheath streams to engulf the core stream.”*'>%'>
CFD simulations have been shown to be a simple but valuable
tool when designing custom geometries to enable 3D flow
focusing.”®'"® On-chip 3D hydrodynamic focusing devices
have been used in many occasions for the production of
nanoparticles including polymeric’*>'** and inorganic
materials.”®*>'** The advantage in fouling resistance over 2D
hydrodynamic focusing devices is illustrated in Fig. 6b where
fouling at the top and bottom walls is only observed in the 2D
version of the device, shortly after mixing of the reactants.

Alternatively to on-chip devices, 3D flow focusing has been
achieved by aligning capillaries in co-axial configuration
where the outer stream sheaths a core stream (see Fig. 6d).
Co-axial flow focusing devices have been used to synthesise
titania nanoparticles’*’ and silver and gold nanoparticles
with various stabilisers.>®'** More recently, a microfluidic
device manufactured via 2-photon polymerisation utilised a
co-axial mixer to mitigate fouling during the production of
lipid nanoparticles®® as shown in Fig. 6e. Finally, it has been
demonstrated that multiple co-axial flow devices can be used
in series continuously producing nanoparticles in a multistep
process, while avoiding particle wall interactions in all
steps.'** Fig. 6f shows this configuration for the continuous
production of silica coated iron oxide nanoparticles.

Despite their appealing properties, flow focusing devices
face challenges in their successful implementation in
continuous nanoparticle synthesis. Uncontrolled reaction-
diffusion can take place near the confluence point, which in
rapid reactions has been reported to cause fouling at the
entry point of the core stream as shown in Fig. 6g,*
especially after long operation times or under high solid
loads. This can be overcome with the introduction of a
separating stream that acts as a diffusion barrier near the
confluence point, preventing reaction close to the wall of the
mixing point. The principle has been proven effective for
fouling prevention during nanoparticle synthesis in a
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multilayer annular device,"*® and in a triple stream on-chip
3D flow focusing device (see Fig. 6h).”°

It must be noted that while flow focusing devices can be
very effective for nanoparticle synthesis, there are several
issues to be considered before their application. The diffusion
based mixing due to laminar flow can be slow unless the core
stream is sufficiently squeezed or the dimensions of the device
are greatly reduced which leads to either the need of adjusting
synthetic protocols for highly unequal flowrates, or greatly
reducing the throughput. In addition, mixing in laminar flow
can lead to local concentration profiles which may affect the
synthetic process."?’” Finally, while hydrodynamic focusing can
mitigate fouling during the initial steps and for limited
channel lengths, nanoparticle syntheses often require multiple
steps and reaction times exceeding the residence times in
single devices. If the reaction is slower than the nanoparticles
diffusion through the sheath stream towards the wall, fouling
may still occur. Thus, the use of hydrodynamic focusing
reactors is usually reserved for fast reactions while for slower,
or multiple step reactions, flow focusing reactors can be used
to prevent fouling during the initial reaction stages.

Reactors with low surface to volume ratio

In the processes/reactors described so far, constrictive fouling
cannot be neglected due to the dimensional similarity of
depositions with the characteristic reactor dimensions (e.g.,
channel diameter), which are kept small to enhance transport
rates. In conventional batch processes, fouling reports are
rare, mostly due to the orders of magnitude lower surface to
volume ratios. Hence, precursor decomposition and
nanoparticle formation and growth occur mostly in the bulk
solution, away from the walls, and the synthetic conditions
do not change much if the reactor walls foul. The continuous
process analogues of low surface-volume ratio processes are
larger scale (>1 cm diameter) plug flow reactors (PFR) and
continuous stirred tank reactors (CSTR). Apart from having a
low surface-volume ratio, the active stirring in CSTRs
provides control over shear, reactant mixing rate and
prevents settling of eventually formed larger particles, which
makes them well suited for solids handling. When
assembling multiple CSTRs in series, the residence time and
the residence time distribution, both important parameters
for nanoparticle synthesis, can be optimised.

While versatile and relatively easy to implement, due to
the low surface to volume ratio, CSTRs suffer from slow
(relatively to micro-processes) heat transfer rates and poorly
mixed areas (dead volumes) which may limit their
effectiveness in syntheses where the control of reaction
conditions is of paramount importance. Recently developed
miniaturised CSTR technology,'*®*'*° (reducing the reactor
volume to <5 mL) was shown to drastically improve transport
properties, while retaining fouling resistance. Miniaturisation
increases the surface to volume ratio of CSTR systems to
levels closer to millifluidic devices, making it easier to
achieve good mixing and improve heat transfer. In addition,
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oxide nanoparticle production (reproduced from ref. 130 with
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synthesis (reproduced from ref. 129 with permission of the Royal
Society of Chemistry, © 2021).
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miniaturisation enables compact designs that minimise
interconnections between the CSTRs and thus reduces dead
volumes and improves fouling resistance, since the
interconnections are the most fouling-prone parts of CSTR
systems. Fig. 7a, shows a representation of surface to volume
ratios for different reactor scales (calculated for cylindrical
tank reactors and tubing). In terms of fouling, bigger is
better, but the opposite holds true for heat and mass transfer
and residence time control. CSTR systems can operate over a
wide range of scales making them a flexible tool to operate at
the scale the synthesis requires. Nevertheless, CSTR systems
are still underused for continuous nanoparticle production.

Lab scale serial CSTRs have been successfully employed for
nanoparticle synthesis. Various configurations of 50 mL and
100 mL CSTRs in series (see Fig. 7b) have been used for the
production of silver nanoparticles'® while a cascade of 1 and 0.5
L CSTRs followed by two 3 L CSTRs (see Fig. 7c) has been used
for iron oxide nanoparticle synthesis via a partial oxidation
precipitation synthesis which benefitted from the residence
time control offered by the CSTR cascade.'*® Following the
miniaturisation trend, an 8-CSTR cascade of 0.4 mL per tank
made via 3D printing (see Fig. 7d) was used to produce silica
nanoparticles functionalised with polyethyleneimine (PEI)
and capped with §-gluconolactone via multiple single phase
reagent addition steps,’”® and a miniaturised (1.3 mL) CSTR
cascade designed to operate at high temperatures (see Fig. 7e)
was used to produce core shell quantum dots."*’

Despite the benefits of miniaturisation, it has not yet been
established how mixing of miniaturised CSTRs compares to
properly designed microfluidic/millifluidic flow reactors.
Hence, while they are suitable for reactions with moderate or
slow kinetics, further investigations are required for fast
reactions. In addition, (closed) micro-CSTRs are susceptible
to the accumulation of gas bubbles, similar to micro- and
millifluidic devices. Operation of micro-CSTRs in vertical
orientation, albeit complicated to achieve, has been shown to
mitigate gas accumulation."®

Jet reactors

Jet reactors are alternative reactor designs to typical tubular
flow reactors, which are less confined in nature. In jet reactors,
which are typically used for fast reactions and where particles
form rapidly, mixing occurs away from the reactor walls, which
helps to mitigate fouling. Their fouling resistance (for fast
reactions) and excellent mixing characteristics have led to their
recent emergence in micro/nanoparticle
synthesis.”*"""*? In a typical jet reactor at least two liquid jet
streams are introduced at high velocities in a mixing zone,
where their kinetic energy is converted into chaotic motion
through impinging or redirecting the flow in a course of a
small volume."*® The impinged liquid jets mix rapidly*>'**
(within 0.2-10 ms), making jet reactors ideal candidates when
the timescales for nanoparticle formation are <1 s.

For the purpose of this review, jet reactors are split into
categories depending on the impingement mixing zone.'*’

continuous
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The two main categories are confined and free impinging jet
reactors, which may exhibit different characteristics both in
hydrodynamics, mixing and their fouling resistance
behaviour. In confined jet reactors, liquid streams enter a
mixing chamber filled with the reactive mixture at high
velocities, forming jets that introduce energy into the system
and induce rapid mixing. In contrast, when a mixing chamber
is filled with gas (e.g., atmospheric air) or a mixing chamber
is absent, liquid streams introduced from the inlets at
sufficiently high velocities form free jets that impinge head-
on to form a liquid sheet, subsequently disintegrating into
ligaments and droplets (see Fig. 8i). These configurations are
known as free impinging jet reactors (FIJR)."** It should be
noted that in the literature, the term “confined impinging jet”
has been used to describe free impinging jet reactor
configurations where a chamber containing the mixing zone
limits the expansion of the liquid sheet.

Confined jet reactors

In confined jet reactors (CJR), two or more liquid jets impinge
in a liquid-filled mixing chamber surrounded by walls from
all adjacent sides. The liquid jets travel through the reactive
liquid phase, and upon impingement, the energy is dissipated
via creation of eddies in the confined mixing chamber."**'%¢

CJRs' fouling resistance stems from the large volume of
the mixing chamber relative to the intensive mixing zone
where nanoparticles are rapidly produced, and by the
relatively high shear due to the increased flow velocities
required for efficient mixing. The use of a CJR can offer
effective solution to prevent fouling for very fast nanoparticle
formation processes (compared to the residence time in the
mixing chamber). This makes them a valuable tool in flow
synthesis of nanoparticles involving fast kinetics, which is
indicated by dedicated reviews on usage of CJRs for flash
nanoprecipitation.®>'*”

One of the first applications of CJRs in material synthesis,
involved two liquid jets (see Fig. 8a), providing rapid mixing
in a cylindrical chamber to prepare nanoparticles via flash
nanoprecipitation."®® Though the initial CJR geometry
developed by Prud’homme and co-workers was widely used,
mixing quality of such reactor design is reported to be
susceptible to flow imbalance.”*® If the flow rates of the two
liquid jets are different, the impingement point deviates from
the centre, which results in more spatially segregated and
heterogeneous mixture of the two liquid streams. The
requirement of identical flowrates of the two liquid jets for
efficient mixing, makes it challenging to implement the CJR
geometry in chemistries requiring different flowrate of the
reactant streams. Multiple inlet vortex CJR geometries with
two, or four inlet streams mixing in perpendicular fashion,
tangentially to the mixing chamber'**'*® (see Fig. 8b and c)
enables mixing of streams of unequal flowrates, while
retaining the ability of CJRs to provide rapid micromixing (in
the range of milliseconds for Reynolds number greater than
1600).""" The momentum from each stream contributes
independently to drive micromixing in the mixing chamber,
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enabling to have one or more streams at high flow rate and
another stream at a lower flow rate and still get good
micromixing. Such  multi-vortex CJRs have been
demonstrated for continuous flash nanoprecipitation of
curcumin without any issues of fouling and clogging.'** A
similar design was used by Wojtalik et al'*® but with two
inlet channels arranged tangentially to the outlet channel to
develop a two inlet vortex CJR for synthesis of molybdenum
disulphide nanoparticles. A dead volume-free reactor design
was recently introduced by drilling small channels (0.1-1
mm) into a solid cube, creating jet nozzles and a very small
mixing chamber (see Fig. 8d)."**'** Small nozzle diameters
allowed for higher velocity jets to mix efficiently in the small
mixing chamber and a third inert gas phase was used from
the top to flush the reactor to avoid clogging.

If nanoparticle formation is not completed before the
reactive streams come in contact with the reactor wall, the
CJR resembles a standard single-phase system in terms of the
fouling characteristics. Hence, the formation kinetics of the
nanoparticles, and the CJR dimensions and design are key to
avoid fouling of the walls, jet orifices, as well as of the outlet
of the mixing chamber.

Free impinging jet reactors

Similar to confined jet reactors, free impinging jet reactors
provide intense mixing due to rapid energy dissipation
during the impingement,'**"*° and confine the mixing zone
mid-air (see Fig. 8f), hence limiting the interaction with the
walls during and after mixing. These characteristics result in
an excellent system to prevent fouling for nanoparticle
syntheses involving rapid precursor decomposition and
particle formation steps taking place (or being completed) in
the confined mixing zone.

A FIJR enclosed in a mixing chamber (see Fig. 8e) has
been used for the production of a plethora of mineral based
nanoparticles such as bismuth orthoferrite,"** lanthanum
orthophosphate,'*® and titanium dioxide,"** which required a
rapid mixing step. An open air FIJR has been used to produce
MgO nanocrystals to prevent clogging problems associated
with the sol-gel production method."”® FIJRs have been
implemented in silver nanoparticle production via rapid
synthetic routes where the rapid mixing offered by the system
led to improved product quality."**'*® It has been
demonstrated that the shape, size and thickness of the liquid
sheet formed in the impingement plane, (which are affected
by the total flowrate of the jets and the impingement angle),
are important parameters in the synthesis, defining the
mixing time, and thus the product quality. With increasing
jet Weber number different flow regimes such as smooth
sheet, ruffled sheet and open rim sheet have been observed
after the impingement, as shown in Fig. 8i, which drastically
affect the mixing characteristics. For example, in an open-rim
sheet (obtained at high Weber numbers), reactants in the
detached ligaments and droplets are poorly mixed."*®
Knowledge of the flow pattern is especially important for free
impinging jets inside a mixing chamber, as the edges of the

This journal is © The Royal Society of Chemistry 2023
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liquid sheet or detached droplets and ligaments that touch
the walls of the mixing chamber, can be a source of fouling
accumulation.

Despite its advantages and its non-fouling nature, the
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limited. The main disadvantage is the lack of control of
reaction residence time due to the reactor only consisting of
a small mixing zone before the solution is collected (which
means that for successful use of this reactor, the reaction

application of FIJR in nanoparticle synthesis has been  must be complete in the liquid sheet ie almost
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Fig. 8 Jet reactors for NP synthesis. (a) Conventional confined impinging jet reactor for flash nanoprecipitation and (b and c) multiple inlet vortex
mixers (reproduced from ref. 137 with permission from Elsevier, © 2021). (d) Micro-jet reactor for synthesis of cadmium sulfide nanoparticles
(reproduced from ref. 144 with permission from Wiley, © 2019). (e) Free impinging jet reactor enclosed in a mixing chamber for synthesis of
lanthanum orthophosphate nanoparticles (reproduced from ref. 145 with permission from Springer, © 2021). (f) Free impinging jet reactor
(reproduced from ref. 146 with permission from Elsevier, © 2020). (g) In-air droplet microfluidic reactor (reproduced from ref. 147 with permission
from AAAS, © 2018). (h) Three-stream impinging jet reactor for antisolvent crystallisation (reproduced from ref. 131 with permission from Elsevier,
© 2021). (i) Flow patterns observed in free impinging jet geometries for increasing flowrates, pictures show side view and front view (reproduced
from ref. 148 with permission from Springer, © 2016).
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instantaneously). This is further aggravated by the finding
that optimal mixing only occurs only at a specific operational
window of Weber number,'*® preventing the use of flowrate
as a means of adjusting residence time. Thus, FIJRs are
difficult to implement for processes involving multiple steps
such as growth or particle stabilisation. In addition, FIJRs are
difficult to accommodate unequal flowrates (which may be a
necessity in nanoparticle synthesis), further decreasing their
applicability. These disadvantages could potentially be
mitigated by drawing inspiration from crystallisation
processes. Triple impinging jets have been demonstrated for
accommodating unequal flowrates, while coupling a FIJR
with a stirred vessel can allow some control of the residence
time (see Fig. 8h). Finally, an alternative operation-mode of
impinging jets is to manipulate liquid jets with vibrating
piezoelectric elements in order to produce droplets, which
then merge in air to form monodisperse droplets (see
Fig. 8g).""” Such operation can also potentially be used for
fouling free nanoparticle synthesis, specifically for fast
kinetics while allowing increased control (e.g., by modulating
the rate of droplet impingement).

Multiphase reactors

Multiphase flow reactors have a long history for nanoparticle
synthesis, most commonly using segmented flow, where one
immiscible phase gets dispersed (dispersed phase) in another
one (continuous phase). Segmented flow can improve mixing
throughout the synthesis, provide a plug flow like residence
time distribution and compartmentalise the phases into small
volumes, making it popular for high-throughput screening.
Fouling can be prevented when the continuous phase
obstructs the dispersed phase, preventing the nanoparticle
synthesis domain from contacting the reactor wall.
Furthermore, segmented flow can prevent the sedimentation
of larger particles, such as agglomerates, forming when
nanoparticle stabilisation is insufficient or incomplete.

Therefore, multiphase reactors offer solutions where
nanoparticle syntheses require low flow rates and/or long
residence times, mixing throughout the synthesis (improved
compared to single phase equivalent), and where stabilisation
is a concern. This makes them an important flow chemistry
tool, which is reflected by the many dedicated reviews on
multiphase flow reactors for nanoparticle synthesis.'>*'>®
Most commonly used are two-phase segmented flow reactors,
not least, due to their simplicity in design and operation.

Two-phase segmented flow reactors

Gas-liquid segmentation yields many of the advantages
described and has been used successfully for nanoparticle
flow syntheses,'**'** also at large scale (~I per h scale),'>*"'%?
and using the dispersed gas phase as reagent'®*'®” or for
controlled vaporisation from the liquid phase.*®® Gas-liquid
segmentation, however, has the liquid phase as the
continuous phase. Hence, the reactive (liquid) phase remains

in contact with the wall (see Fig. 9a, top) and there is no
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Table 2 Examples of nanoparticle syntheses employing liquid-liquid segmentation

Review

Type

Nanoparticle (NP) synthesis

Ref.

Reagent mixing before
segmentation

Reagent mixing during
segmentation

This journal is © The Royal Society of Chemistry 2023

Gold and silver NPs, mixing precursor solution and reducing agent solution prior segmentation
via T-connectors; heating post segmentation

Seeded growth of gold NPs, mixing seed solution with new precursor solution prior simultaneous
mixing with hydrogen peroxide and segmentation in standard cross connector; heating post
segmentation

Fe-metal-organic framework NPs, mixing precursor (DMF-water solution) with ligand (DMF
solution) prior segmentation via Y-connectors; heating post segmentation

Metal and metal oxide NPs, thermal decomposition synthesis in polyol dispersed in n-dodecane
after mixing precursors and reactants/additive solutions in micro-mixer prior to segmentation;
heating up to 180 °C post segmentation

Metal halide perovskite quantum dot NPs with tuned bandgaps through reacting a cesium lead
bromide solution with zinc iodine/chloride/bromide, oleic acid and oleylamine. Reagent
concentrations were set mixing six reagent solutions via standard cross connectors and passive
mixers before segmentation in a standard T connector?

Seeded growth of gold NPs, mixing three streams (precursor, reducing agent/stabiliser and seed
solution) when forming droplets using a droplet chip reactor

Silver NPs, mixing the precursor and the reducing agent/stabiliser solution during segmentation
via 4-way connector/micromixer; heating during and post segmentation

Rhodium and rhodium-silver NPs, thermal decomposition/reduction synthesis merging precursors
and additive streams (in ethylene glycol) just before segmentation in 3D printed droplet
generator;” heating up to 120 °C post segmentation

Iron oxide NPs via co-precipitation, mixing the ferric and ferrous iron precursor solution with the
base solution (NH,OH) and preventing premature mixing before segmentation is completed
using a separating water stream in a droplet chip reactor or droplet formation distant from the
wall in a capillary-based system with two symmetric silica capillaries meeting at a 90° angle in
the centre of the host channel feeding in the continuous phase

Gold NPs, mixing precursors and polyvinyl pyrrolidone solution with ascorbic acid solution and
segmentation in standard cross connector or counter (continuous phase)-current flow focusing
reactor

Palladium NPs, mixing three aqueous reactive solutions (I precursor, II capping agent and
stabilisers, III reducing agent) introduced via silica capillaries with side-by-side outlets forming
droplets distant from the wall in a capillary-based system; heating post segmentation

Palladium NPs, mixing palladium precursor solution with ascorbic acid and additive solution,
where droplets form using a droplet chip reactor

Lead sulfide/selenide NPs, mixing lead precursor solution (octadecene and oleic acid mixture) with
silicon or selenium precursor solution (e.g., in octadecene) during segmentation in standard
cross connector (the central stream was the continuous phase);* heating up to ~150 °C post
segmentation

Cesium lead halide quantum dot NPs, mixing a cesium precursor solution with a lead halide
precursor solution (octadecene and oleic acid mixture) during segmentation in standard cross
connector (the central stream was the continuous phase);* heating up to ~230 °C post
segmentation

Cadmium sulfide, cadmium selenide NPs, mixing cadmium precursor solution with the sulphur
precursor solution, while preventing premature mixing before segmentation using a droplet chip
reactor with a separating water stream

Cadmium selenide quantum dot NPs, thermal decomposition synthesis mixing cadmium and
selenium precursors solutions (both in octadecene) via two symmetric silica capillaries meeting at
an 90° angle in the centre of the host channel feeding in the continuous phase® (heating >220 °C
post segmentation) and titanium oxide and silver NPs, mixing aqueous titanium or silver
precursor solution with base or reducing agent solution using the same reactor design

178, 181-183

184

185

174

186

176, 187

169

188

175, 189, 190

191, 192

193

194

12,179

195

196

197
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Type Nanoparticle (NP) synthesis Ref.
Reagent mixing after Iron oxide NPs via co-precipitation, merging droplets of the ferric and ferrous iron precursor 180, 198
segmentation solution and the base solution (electrically controlled droplet coalescence, and via hydrodynamic
coupling) in droplet chip reactors
Cadmium sulphide NPs, merging droplets of the cadmium and sulphur precursor solutions 177

(passive droplet fusion via constrained channel) in droplet chip reactor

Seeded growth of branched gold NPs, mixing precursor and additives when forming initial droplets 199
prior to addition of seed solution to droplets (electrically controlled feed addition via integrated

electrodes) using droplet chip reactor

Reagent supply after
segmentation

Gold nanoclusters, segmenting precursor solution in continuous phase (carbon monoxide 200
saturated heptane) providing reducing agent via transfer from continuous to dispersed phase

Radiation induced reaction Gold NPs, mixing precursor solution and mild reducing agent solution prior segmentation via 201

after segmentation

T-connectors; UV reduction of precursor post segmentation

Palladium, platinum, rhodium and iridium NPs, mixing precursors with photo-initiator and 202
segmenting fluid in cross connector; UV induced reduction of precursor post segmentation”

“ Perfluorinated continuous phase.

protective film between the reacting liquid and the wall,
preventing fouling.'®® Exceptions of non-fouling gas-liquid
multiphase systems are the discussed free impinging jets,
levitating droplets, e.g., as used for dynamic particle
characterisation in solution (at synchrotron facilities'”>""* or
in rare cases via aerosols."”>'”?

To prevent fouling via segmentation, the synthesis must
happen in the dispersed phase, which is possible using
liquid-liquid segmented flow (see Fig. 9a, bottom). Therefore,
liquid-liquid segmentation is well-established for non-
fouling nanoparticle synthesis in droplet (dispersed phase is
spherical) or slug (dispersed phase extends to the reactor wall
without making contact) flow systems, facilitating long term
operation but also larger scale production, e.g., at the 1-10 g
per h scale.'”*

From a reactor engineering perspective, it is not
complicated to establish liquid-liquid segmentation. Off-the-
shelf components such as standard microfluidic chips or Y-
and T-connectors (made of material with sufficient wettability
with the continuous phase) are usually sufficient. What is
challenging, however, is to add reagents to already formed
droplets or slugs. As a result, reagent addition/mixing as
specified by the synthetic protocol is usually completed prior
to segmentation. Therefore, liquid-liquid segmentation is
applied where reagent solutions (e.g., precursor and reducing
agent) can be mixed before segmentation (see Fig. 9b) and the
reaction/nanoparticle particle formation is not fast enough to
cause fouling before then. This is for example the case when
precursor decomposition requires elevated temperatures and
a heating step follows segmentation. If the reaction/
nanoparticle particle formation kinetics are fast and fouling
is of concern as soon as the reagent solutions mix, the mixing
and segmentation step can be combined. This requires more
intricate reactor designs to ensure that the reactive solutions

968 | React. Chem. Eng., 2023, 8, 955-977

are being sufficiently engulfed by the continuous phase when
coming in contact during droplet or slug formation. It can be
achieved using customised droplet chip systems feeding
solutions directly where segmentation occurs with or without
additional separating streams, or capillary-based systems
allowing segments to form distant from the reactor wall (see
Fig. 9¢)."”>'® The merging of reagent droplets (containing
different solutions) after segmentation can be achieved, for
example by electrically controlled droplet coalescence (see
Fig. 9d) or hydrodynamic coupling.'”” Alternative ways to
initiate nanoparticle formation after segmentation are reagent
supply through transfer from the continuous phase or via
radiation (e.g;, UV photons). Examples of non-fouling
nanoparticle syntheses using such liquid-liquid segmented
flow reactor concepts are provided in Table 2. Disadvantages
originating from the dispersion in a continuous liquid phase
are discussed at the end of the multiphase reactor section.

Although this variety of liquid-liquid segmented flow
reactors does offer some flexibility, they have mostly been
used for simple synthetic protocols with a single reagent
addition step. Hence, translating batch protocols with
staggered reagent addition steps into flow remains
challenging using liquid-liquid flow reactors, which is why
the more complex but more versatile multiple-phase (=3)
reactor systems are gaining interest.

Multiple-phase segmented flow reactors

Although more complex due to the introduction of an
additional phase, multiple-phase segmentation such as gas-
liquid-liquid flow, can overcome the limitation of single
reagent addition step. This was first demonstrated by
Nightingale et al. showing how gas-liquid-liquid flow makes
it possible to repeatedly add controlled quantities of reagent

This journal is © The Royal Society of Chemistry 2023
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solution to already formed droplets.”” Using a customised
PTFE element for (gas-liquid-liquid) droplet generation and
fused silica tubing piercing a capillary for subsequent reagent
addition, they showed how vital the gas phase is. The gas
phase introduced during droplet formation spaced the
droplets uniformly (also referred to as self-synchronisation)
and suppressed new droplet formation when feeding new
reagent solution (of the same phase as the droplets), hence,
allowing to feed solution to the already formed droplets only
(see Fig. 10a). The same work demonstrated the versatility of
gas-liquid-liquid flow for non-fouling multistep nanoparticle
syntheses showing a five-stage quantum dot synthesis (1x
initial nanoparticle formation, 4x precursor solution addition
after segmentation) at low flow rates (<200 pL, min™"). Soon
after, gas-liquid-liquid segmentation was demonstrated also
at higher flow rates for palladium nanoparticle synthesis (~5
mL min~" yielding ~10 L d, see Fig. 10b) using a reactor
made from off-the-shelf parts.'®

More recently, gas-liquid-liquid segmentation was used
for a two stage lead halide perovskite quantum dot
nanoparticle synthesis operated autonomously via robotic
experimentation to tune particle/optical properties.’’* The
capillary-based reactor comprised a 4 + 1 way connector for
segmentation (two reagents were mixed just before
segmentation) which was customised to minimise precursor
contact time before segmentation, with the continuous liquid
phase inlet immediately followed by introduction of the gas
phase (see Fig. 10c) and a standard T-connector for the
subsequent reagent addition step.’** A similar gas-liquid-
liquid segmented flow reactor design was used for lead
halide perovskite nanoparticle synthesis.>*® Gas-liquid-
liquid-liquid (i.e., quaternary segmentation, see Fig. 10d)
flow reactors were also used successfully by the same group
to process reactive phase systems for continuous ligand
exchange of quantum dots using commercially available
crosses, connectors and tubing only.”%®

Non-fouling gas-liquid-liquid flow reactors proved their
ability to produce nanomaterials at small and large scales
and versatility for multistep nanoparticle syntheses.
Nevertheless, examples are scarce indicating reactor design
and operation challenges for gas-liquid-liquid systems.
These may include the relatively high pressure drop for long
reactors or high flow rates, the uniform multiple-phase
segmentation (most studies used customised droplet generators)
requiring pumps providing consistent feed rates, complications
due to the compressible gas phase (e.g, its expansion with
heating or with pressure fluctuations), or the robust addition of
reagent solution into droplets over a broad flow rate regime and
the continuous liquid phase required (all gas-liquid-liquid
reactors for nanoparticle synthesis used perfluorinated oils). To
address these challenges a modular “Lego like” flow reactor
platform designed specifically for gas-liquid-liquid segmented
systems was presented recently (see Fig. 10e).”” Its reactor
elements were machined from highly hydrophobic plastic for
robust segmentation, the droplet generator had a movable
nozzle to control the droplet spacing and all elements were

This journal is © The Royal Society of Chemistry 2023
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made transparent for visual inspection. The platform was
showcased for a multistep iron oxide nanoparticle synthesis
involving two reagent addition steps and a heating step (to 70
°C) using heptane as continuous liquid phase.

Liquid-liquid or gas-liquid-liquid flow reactors often
appear as the obvious choice to prevent fouling for
nanoparticle flow syntheses. The consequences of dispersing
the reactive liquid phase, in addition to the additional
separation step required, need to be considered carefully.
Solutes that can participate in the nanoparticle formation
process, can enter but also exit the dispersed phase through
the large interfacial area with the continuous phase. In
addition, nanoparticles with higher affinity to the continuous
phase might accumulate at this interphase or transfer
completely to the continuous phase.’’” It is therefore not
surprising, that nanoparticle synthesis in segmented flow
reactors is sensitive to the hydrodynamics within the dispersed
phase as well as the droplet/slug size, velocity, or spacing
(which is also important to avoid coalescence).'®2%821°

Fouling monitoring and detection

Once a flow reactor clogs, it can be very difficult to remove the
constrictions. Dissolving the constrictions can be challenging
as they are stalled in the processed solution, making it hard to
replace the solvents in their surroundings, i.e., a simple rinse
is not possible. Higher pressures (if possible) and ultra-
sonication to break up constrictions or temperature
treatments (if the constriction's solubility varies with
temperature) do not guarantee success. Detecting fouling early
is therefore not only important to avoid any interference with
the synthetic conditions, it could also save a “reactor’s life”.
Many fouling monitoring techniques rely on pressure
measurements to detect pressure drop increase due to
constrictive fouling. Sensitive and/or multiple pressure probes
are recommended, as flow reactors (and especially
microreactors) have an inherently high pressure drop and
relative changes due to thin films of deposit are not easily
detected. A continuous increase in pressure indicates
progressive fouling, whereas a sudden increase indicates a
rapidly occurring or growing constriction, for example due the
onset of crystallisation (or solidification) fouling, local
deposition of agglomerated particles or complete channel
blockage in multi (parallel) channel systems.”""*'? Irregular
but reoccurring pressure fluctuations can indicate the
emergence of constrictions and their subsequent break up due
to the higher pressure. An addition or alternative to fouling
monitoring via pressure measurements are temperature
measurements where heating is involved, e.g., at the outlet or
via thermal imaging of the whole system, as well as flow rate
measurements in multi (parallel) channel systems.>*>*"?
Detecting surface fouling, local or traversed, with these
techniques is challenging, as while the synthetic conditions
might be affected, the operation conditions remain mostly
unaffected. Hence, alternative options need to be considered.
Optical inspections by eye or any imaging (or spectroscopic)
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Fig. 10 Gas-liquid-liquid segmented flow reactors for NP synthesis. (a) Initial demonstration of multi-step reagent addition into slugs using
capillary-based system (reproduced from ref. 203 with permission from Springer, © 2014). (b) Litres per day production of palladium NPs via
sodium borohydride reduction of precursor in capillary reactor made from off-the-shelf parts (reproduced from ref. 18 with permission from the
Royal Society of Chemistry, © 2017). (c) Quantum dot NP synthesis using customised 4 + 1 way connector for segmentation (two reagents were mixed
just before segmentation) reproduced from ref. 204 with permission from Wiley, © 2021. (d) Four-phase segmented flow (gas-liquid-liquid-liquid) for
automatically conducted ligand exchange of cadmium selenide quantum dots (reproduced from ref. 206 with permission from the Royal Society of
Chemistry, © 2021). (e) Modular three-phase segmented flow reactor platform with custom elements for droplet generation and reagent addition into
droplets (shown in images 1-4) used to synthesise iron oxide NPs (reproduced from ref. 37 with permission from the Royal Society of Chemistry, © 2023).
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technique remain a valuable tool to detect surface fouling
during or post synthesis in transparent systems, such as
reactors made of glass or transparent plastic. For non-
transparent reactors, e.g. made of metal or silicon, imaging
techniques based on X-ray or near-mid infrared radiation
could aid fouling identification.>*>'

Where imaging is difficult, post synthesis reactor weighing
or cleaning can be used to assess fouling. When using
cleaning, the reactor should be rinsed first with a solvent
(e.g. the solvent used for the synthesis) that removes all
process solution, before injecting a cleaning solution that
dissolves possible accumulations at the wall. This could be
for example aqua regia for noble metal nanoparticle synthesis
or hydrochloric acid for iron or iron oxide nanoparticle
synthesis. Changes of the cleaning solution effluent, e.g.,
increased conductivity or coloration quantified via UV-vis,
can indicate residuals post synthesis, hence fouling during
the synthesis.®

The best way to demonstrate that a flow reactor operates
truly fouling free and that the nanoparticle quality does not
change over time are long term operation studies. This proof
can be provided through sample collection during the
operation and post-synthesis characterisation of the
nanoparticles including the yield/particle concentration.
Real-time nanoparticle characterisation (to be used in-line,
on-line or at-line) would be more practical from a process
control perspective. The most valuable information for
nanoparticle syntheses, however, is hardly accessible in real
time as measurements of and shape, particle
concentration, and functionalisation are often restricted to
post-synthesis characterisation only. Exceptions are quantum
dots or plasmonic nanoparticles where fluorescence or UV-vis
spectroscopy can provide valuable information of the
synthesised nanoparticles including their concentration,
hence the occurrence of fouling."”® Also indirect fouling
detection through (close to) real-time measurements of
changes in the nanoparticle solution's electrical or optical
properties (e.g., conductivity, obscuration, refractive index,
etc.) or a reduced precursor conversion, can be enabled via
process analytical technology that is well established for fine
chemical production in flow reactors.>'®>'#

size

Conclusion and perspectives

Flow reactors are beyond doubt part of the journey to develop
and produce new nanomaterials for current and future
applications. Their characteristics giving advantages over
their batch equivalent, however, make them more prone to
fouling. This problem is well recognised but requires more
attention.

Many studies on nanoparticle synthesis via flow chemistry
are motivated by scalable production through long-term
operation. Investigations of nanoparticle property changes
over operation time (minutes, hours, days), however, are
scarce and samples are commonly taken just (and only) after
steady state operation is reached. This makes it challenging

This journal is © The Royal Society of Chemistry 2023
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to evaluate the true potential of many flow syntheses
reported.

This review discussed the several flow reactor designs that
have been successfully used to mitigate fouling. The diversity
of reactors discussed shows that there is no single non-
fouling flow reactor suitable for nanomaterial synthesis at all
relevant synthetic protocols, but there exists a well-equipped
flow chemistry toolbox with reactors and reactor materials to
choose from.

Where possible, flow reactor design should follow initial
studies (in batch or flow) to understand the time scales of
the synthesis, the particle formation steps involved, and the
sensitivity in terms of process parameters (e.g., mixing time,
heating rate and temperature, pH, concentration etc.) to
understand what is critical to the synthesis, as well as long
term operation studies to screen reactor materials and
synthetic conditions. The final reactor design should be
tailored to each nanoparticle synthesis to meet the critical
process parameters and product specifications, while
preventing fouling to ensure operational stability. Not
necessarily a single reactor, but a combination of multiple
flow reactors (e.g., for different stages of nanoparticle
formation), may be most suited to synthesise nanoparticles
of the required quality without fouling. Reactor fouling needs
to be considered at the early design stages and developing
flow syntheses “worrying about the problem later” should be
avoided.

In line with the discussion on nanoparticle synthesis
induced fouling and the discussed reactor technologies, we
suggest the following simplified guidelines (visualised in
Fig. 11) to design non-fouling flow systems.

1. Are the reactor operation or the nanoparticle properties
unimpeded by fouling? Can fouling be avoided by selecting a
suitable reactor wall material considering its (macroscopic)
zeta potential and wettability with the solid phase formed?

If the answer to one of the two questions is yes, “standard”
single phase reactor systems can be considered.

2. Is fast mixing or fast heating important for any of the
nanoparticle  formation steps such as  precursor
decomposition and particle formation?

If yes, and reaction times are short, high shear reactors
avoiding clogging as well as flow focusing or jet reactors
seem sensible. If yes, but longer reaction time is required,
liquid-liquid segmentation can be considered. Liquid-liquid
segmentation is a convenient choice where fast heating is
required and can provide fast mixing too (usually slower than
for the high shear reactors discussed), e.g., before or during
segmentation. Here, reaction time refers to the entire
synthesis (if completed in the reactor) or the reaction step(s)
performed in the reactor.

If no, miniaturised or lab scale CSTR cascades can be used
or other larger scale flow reactors.

3. Can the particle formation steps be separated time-wise,
with different critical process parameters for each step? If
yes, the flow reactor could comprise multiple elements for
the steps involved. Examples are:
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Are NP properties and the reactor operation
unimpeded by fouling?
or
Can fouling be avoided by tuning the reactor wall
surface properties (or the synthetic protocol)?

o

Is fast heating or mixing Sl s

important for the NP How reactpr
X technologies can be
synthesis? i

g
)

¢ Miniaturised or lab-

Is the NP scale CSTR cascades
synthesis/reaction fast » Large scale flow
(<1 min)? reactors (limiting

wall surface impact)

l
{

* Jet reactors
Hydrodynamic
focussing reactors
High shear reactors
(avoiding clogging)

Can NP formation steps
be separated time-wise?

il
)i

Combining multiple
reactors, each suited
best for the step
corresponding

* Liquid-liquid
segmented reactors

¢ Gas-liquid-liquid
segmented reactors

Fig. 11 Decision tree of guidelines to design non-fouling flow reactors.

A: impinging jet reactor for mixing sensitive and fouling
prone precursor decomposition & particle formation,
followed by a CSTR cascade system for particle growth
requiring long residence times.

B: single phase reactor systems for precursor mixing and
liquid-liquid segmentation before nanoparticle formation
(e.g., when initiated via heating or UV radiation).

C: flow focusing reactors for precursor decomposition and
particle formation followed by simple single phase reactors,
e.g., using coiled flow inverters of suitable wall material, for
particle growth and stabilisation.

Designing non-fouling flow reactors is possible but not
trivial. The way to tame flow chemistry's “demon of reactor
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fouling” is guided by the synthesis considered and its
particle formation kinetics. The powerful tools available
range from high-shear systems, specialised reactor wall
materials, CSTR cascades, flow focusing reactors and jet
reactors, to multiphase systems such as liquid-liquid and
recently established versatile gas-liquid-liquid flow
reactors.
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