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Liquid-liquid segmentation is a common method to prevent reactor fouling when synthesising nanoparticles in
flow, despite limiting synthetic protocols to single reagent addition steps before segmentation. This work
demonstrates how a modular triphasic (gas-liquid-liquid) flow reactor platform overcomes this limitation,
facilitating a continuous and fouling-free four-step co-precipitation flow synthesis of iron oxide nanoparticles
(IONPs) for magnetically induced hyperthermia cancer treatment (MHCT). For this and other biomedical ap-
plications water-based IONP syntheses such as co-precipitation are favoured, but producing IONPs > 10 nm as
needed for MHCT remains challenging. To overcome this size barrier for co-precipitation syntheses, a seeded
growth co-precipitation strategy was employed here for the first time. After demonstrating the synthesis in batch,
a triphasic flow reactor was developed to translate the multistep batch protocol into flow. Nitrogen gas was used
to space the liquid-liquid segmented slugs evenly, enabling self-synchronised solution addition into the aqueous
slugs dispersed in heptane. Three additions of the iron precursor solution followed by citric acid solution addition
formed the seeds, grew them to larger IONPs and stabilised them. The flow platform was used for screening of the
synthetic parameters to optimise the IONP heating performance in an alternating magnetic field, hence inves-
tigating their potential as MHCT heating agents. The optimal reactor settings identified made it possible to
continuously synthesise 0.46 gionps/h colloidally stable IONPs in the aqueous phase of size ~15 nm. The fouling-
free flow reactor operated at short overall residence times (<5 min) using just ferric and ferrous salts, sodium
carbogate fnd citric acid. The IONPs exhibited high heating performance, with an intrinsic loss power up to 3.76
nH m* kgge.

remains a challenge as it can affect the quality of the nanoparticles [3]
and, in the worst case, clog the reactor [4,5]. Therefore, non-fouling

1. Introduction

In the last decade, micro and millifluidic reactors have demonstrated
tremendous potential in a wide range of nanomaterial synthesis in a
reproducible and high throughput manner [1]. Their advantages include
superior heat and mass transport due to the high specific interfacial area
allowing for increased control over reaction conditions, accurate control
of mixing, residence time and temperature, often resulting in decreased
reaction times, higher yields, and better control of nanoparticle size
distributions compared to batch systems [2]. Reactor fouling, however,
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flow reactors are in demand for fouling prone synthesis, such as for
nanoparticles, but also crystallisation [6] and organic chemical re-
actions [4].

Different strategies have been developed to prevent or reduce fouling
and clogging in nanomaterial flow syntheses, which can be primarily
classified into three categories; 1) single-phase flow methods, 2)
multiphase segmented flow methods, and 3) alternate reactor designs
that mitigate fouling [4,7]. Single-phase flow methods involve
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ultrasound irradiation to prevent clogging [8], increasing electrostatic
repulsion between particles and reactor wall by using high negative (or
positive) zeta potentials of wall surface in alkaline solutions [9,10]. Such
single-phase methods, however, are limited to specific pH regimes and
the implementation using micro/ millifluidic systems is often subject to
diffusion-limited mixing and reagent dispersion which likely yields
broader particle size distributions. In addition, single-phase flow
methods cannot prevent fouling during the critical nucleation stage and
are not suitable for fast reactions and rapid particle formation. In
multiphase methods using immiscible liquid phases, particle-wall in-
teractions are prevented via a layer or thin film of inert carrier phase
between the wall and the dispersed reactive phase [11,12]. In addition
to improved mixing and mass transfer benefits of micro and millifluidic
reactors, liquid-liquid segmented flow provides some unique aspects in
particle synthesis. The dispersed liquid phases are isolated by the
continuous phase; they can be considered as individual reactors of size
comparable to the characteristic reactor length-scale. This feature of
liquid-liquid segmentation avoids the unwanted axial dispersion and
provides narrow residence time distribution resulting in more mono-
disperse micro/nanoparticles [13]. Alternatively, continuous reactor
designs such as miniature continuous stirred tank reactors (CSTR) in a
cascade [14] and open impinging jet reactors [15,16] are reported to
have reduced fouling problems for nanoparticle synthesis. This is due to
their less confined nature compared to typical micro/ millifluidic re-
actors, as most nanoparticles are formed distant from the reactor walls,
limiting particle wall interactions. CSTR cascades, however, are
considered as an intermediate solution between flow and classic batch
processes, with mass and heat transfer characteristics closer to batch
reactors. Hence, the advantages of micro/millifluidics based flow
chemistry do not apply fully in CSTR in series. In contrast, impinging jet
reactors offer excellent mixing of reagents and are an ideal solution for
rapid, single-step particle forming processes. However, their usage is
restricted when multistep reagent addition and long residence times are
required. Despite significant developments in scale-up by numbering up
and online process screening in flow chemistry, processes involving
particle formation still pose significant difficulties. While strides have
been made in solving the fouling and clogging issues for nanomaterial
synthesis in micro and millifluidic reactors, there is a necessity for
further investigation and scope for further improvement.

Among the wide range of magnetic nanoparticles, the synthesis of
iron oxide nanoparticles (IONPs) has been well studied and has a diverse
range of applications [17,18]. Being biocompatible, magnetic IONPs
have been increasingly used over the last decade in biomedical appli-
cations such as magnetic resonance imaging, targeted drug delivery, and
magnetically induced hyperthermia for cancer treatment (MHCT) with
several FDA-approved products [19,20]. MHCT uses the capability of
IONPs to emit heat when exposed to an alternating magnetic field
[21,22]. Theoretical models [23,24] and experimental studies [25-27]
show that monodisperse IONPs >10 nm are better suited for MHCT.
Moreover, the clustering of nanoparticles has also been reported to in-
crease MHCT performance in comparison to their core building struc-
tures [28,29]. Given the marked dependency of heating performance on
particle size [24,30], it appears crucial to increase precisely the size of
IONPs for efficient performance in MHCT. The majority of the available
literature IONP synthesis protocols which result in high heating rates are
usually based on thermal decomposition synthesis [25,28,31], whereas
water-based methods struggle to deliver high heating performance [30].
However, thermal decomposition methods involve expensive and toxic
organic solvents, require high temperatures (>250 °C), long reaction
times, and a time-consuming ligand exchange step for phase transfer, all
of which are undesirable. In comparison, water-based synthetic methods
such as co-precipitation [32] or partial oxidation [33,34] are considered
as simple and economical [35] ways to synthesise IONPs without using
harsh reaction conditions and toxic organic solvents. IONPs synthesised
by aqueous synthesis methods do not require ligand exchange step for
phase transfer, which makes them directly suitable for biomedical
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applications. IONPs synthesised by co-precipitation in the presence of
tiopronin carboxylic acid [36] and using microwave irradiation [29]
have shown good magnetic heating performance (intrinsic loss powers
of 6.1 and 4.1 nH m? kgj). However, magnetite IONPs bigger than 10
nm suffer from limited shape and particle size control and are not easily
accessible using aqueous co-precipitation. Despite the large number of
publications using coprecipitation based chemistry, smaller sized par-
ticles are mainly reported which have shown poor MHCT performance
[30,37,38].

In this work, a seeded growth co-precipitation process is employed to
increase the size of IONPs and improve their heating performance. This
was possible by utilising the understanding of the particle formation
mechanism and kinetics of co-precipitation gained in our previous work
[39]. In the seeded growth process, nanoparticle seeds synthesised in the
first step are then mixed with a solution composed of metal precursors
and capping agents to commence the growth of the seeds. When a sig-
nificant size increase of the nanoparticles is required, a seeded growth
process can be spread out into multiple steps [40]. Though seeded
growth strategies have been previously reported for thermal decompo-
sition chemistries to synthesise IONPs [23,28,41,42], their use in co-
precipitation chemistries has not been reported, mainly due to the
limited information on the particle formation kinetics. The use of a
seeded growth strategy for IONP co-precipitation protocols is first re-
ported in the current work, yielding particles with excellent heating
performance for hyperthermia applications.

Despite the many examples of liquid-liquid segmenting flow systems
in nanomaterial synthesis, its major limitation is multipoint reagent
addition [43] for multistep chemistries, such as seeded growth. In
addition, liquid-liquid segmenting flow systems usually involve either
premixing of reagents in single-phase flow before segmentation with
inert carrier phase or reagent mixing during segmentation. This can
make the nanoparticles formed susceptible to wall interaction and can
cause fouling in chemistries involving fast particle formation kinetics.
Duraiswamy and Khan [44] addressed this issue using a very dilute seed
formation step in single-phase flow followed by seeded growth in lig-
uid-liquid segmented flow. However, the system was limited to dilute
seed concentration and only one step of seeded growth. Nightingale
et al. [43] first proposed three-phase flow (liquid-liquid-gas) at ul/min
flow rates to enable new reagent addition to the dispersed reacting phase
segments without forming new droplets. This strategy of inert gas phase
insertion to prevent new reagent droplet formation and to form uni-
formly spaced three-phase flow has been further used by Wong et al.
[45] and Abdel-Latif et al. [46] for Pd nanoparticle and quantum dot
synthesis at room temperature conditions, respectively. Karan and Khan
et al. [47] used a scaled-up version of the triphasic flow reactor system
for nanoparticle catalysed hydrogenation.

A versatile and modular triphasic flow droplet injection reactor
system was developed in our recent work, making it possible to robustly
add reagents into dispersed phase reacting droplets using temperature
controlled capillary based systems [48]. The current work extends this
novel triphasic flow reactor to four reagent addition steps into droplets,
allowing the reactor platform to be used for three-step seeded growth
synthesis of IONPs at elevated temperatures (90 °C) followed by a
colloidal stabilisation step, without any fouling and clogging issues. An
optimisation study guided by design of experiments (DoE) was per-
formed to find optimum synthesis conditions for IONPs with a high ILP
(intrinsic loss power). The simple, cost-effective and environmentally
friendly aqueous co-precipitation based synthetic protocol is shown to
yield IONPs with excellent heating performance in alternating magnetic
fields.

2. Experimental
2.1. Chemicals and materials

Iron (II) chloride hexahydrate (99%), iron (II) chloride tetrahydrate
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(99%), sodium carbonate decahydrate (99%) and citric acid (99%) were
used as received without any further purification. All solutions were
prepared freshly before each experiment using deionised water (15 MQ).
The 0.1 M Fe precursor solution was prepared by mixing 1.802 g iron
(ITI) chloride hexahydrate and 0.6627 g of iron (II) chloride tetrahydrate
in 100 ml of deionised water. Hence, the molar [Fe3+]/ [Fe2+] ratio was
2:1, which has been shown to give higher purity magnetite (Fe304)
particles [49]. 0.33 M sodium carbonate base solution was used for the
coprecipitation, and 0.31 M citric acid solution was used for colloidal
stabilisation of the IONPs. All reaction solutions were de-oxygenated via
Ny purging for > 30 min before the experiments. Heptane was used as
inert continuous phase for three-phase flow experiments.

2.2. Nanoparticle characterisation

The core diameter (Drgy) of the synthesised IONPs was determined
from transmission electron microscope (TEM) images captured at 120
kV acceleration voltage (JEOL 1200 EX). Particle size distributions were
obtained by randomly selecting > 150 individual particles on different
TEM images and measuring their size using ImageJ 1.8. To prepare TEM
grids, the IONPs were first precipitated from their solution by adding
isopropyl alcohol and then separated by magnetic decantation followed
by re-dispersion in DI water via ultra-sonication. Drops of this washed
sample solution were then placed on a carbon coated copper grid (200
pm lattice). Different separation methods for IONPs, such as centrifu-
gation and freeze drying, were also investigated and are reported in
section 11 in supplementary information. The hydrodynamic diameter,
Dy, of the IONPs was measured using dynamic light scattering (DLS)
(DelsaMax Pro, Beckman Coulter). X-ray diffraction (XRD) patterns of
washed and dried IONP samples were acquired with an X-ray diffrac-
tometer (PanAlytical X’Pert Pro, Malvern Instruments) using Cogq (A =
1.79 A) radiation source operated at 40 mA and 40 kV. The average
crystallite diameter was determined via Scherrer’s equation (Dxgrp =
0.891/(Bcos(0)), where Dxgp corresponds to average crystallite diameter
of a particle, A is the X-ray wavelength, B is line broadening at half the
maximum intensity of the peak, and 6 is the diffraction peak angle (26 =
72° in this work). Precise differentiation between magnetite and
maghemite phases is not possible based on XRD pattern(s) [28], and in
the current work, references to magnetite are considered as references to
magnetite/maghemite mixtures. The nanoparticles’ heating abilities in
an alternating magnetic field were characterised with a G2 driver D5
series calorimetric analyser from nB nanoScale Biomagnetics at a mag-
netic field strength of 308 Gauss and a frequency of 488 kHz. The IONPs’
ILP, used to compare heating rates measured at different magnetic field
strengths and frequencies [50], were determined as described previously
[51]. Magnetisation hysteresis curves were determined via a SQUID
magnetometer (MPMS, Quantum Design) at 5 K and 300 K. Washed
IONP solutions were dried and loaded in a capsule adapted for SQUID
measurements. The concentration of Fe in the form of particles was
measured via microwave plasma atomic emission spectroscopy (MP-
AES, Agilent 4210) as described in [52]. The experimentally measured
concentration of Fe was used to calculate the ILP values.

2.3. Design of experiments

Statistical analysis was performed using the JMP Pro software (v.15,
SAS Institute Inc.) using the analysis of variance (ANOVA) method at
95% confidence level and least square fit. A custom design analysis was
performed to assess the effect of two parameters and the interactions
between the two-parameter experiments on the two target responses.
DoE comprised of two parameters - the residence time for the seed
synthesis and the two growth steps, and the precursor flow rate which
was kept the same in each precursor addition step. The residence time
for the stabilisation step was not varied and was kept at 1 min. The re-
sponses of the DoE matrix were selected as the Dy and the ILP. For
verification of the DoE model, six validation experiments were
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performed at parameter values which were not used by the model during
the training steps.

2.4. Self-seeded growth batch co-precipitation synthesis

Batch experiments were performed at 60-90 °C in magnetically
stirred 50 ml glass round bottom flasks submerged in a stirred water
bath, with nitrogen purge controlled by a mass flow controller (EL-
FLOW Prestige, Bronkhorst), and heat and magnetic stirring provided by
a hotplate (C-MAG HS10, IKA). A temperature probe (ETS-D5, IKA)
measuring the temperature of the stirred water bath was connected to
the hotplate for feedback control. 6 ml of Nay;CO3 base solution was
added first into the round bottom flask. Then 6 ml of iron precursor
solution was added in three steps; 2 ml at once with 1 min reaction time
between the other two additions via a pipette under constant stirring
(750 rpm). 1 min after the 3rd addition of the iron precursor, 2.52 ml of
citric acid solution (stabiliser) was added to the formed IONP solution
(12 ml), which was kept stirring at reaction temperature for another 12
min. A schematic of the seeded growth batch synthesis at 90 °C is shown
in Fig. 1.

2.5. Manufacturing and assembly of triphasic reactor platform

Following our recent work [48] a custom-designed fluorinated
ethylene propylene (FEP) three-phase droplet generator and four FEP T-
junction droplet injectors were used to facilitate IONP seed generation,
followed by two feed addition steps to grow these seeds, with interme-
diate heating between each addition to 90 °C, and a final stabilisation
step (see Fig. 2). The FEP reactor components along with hydrophobic
FEP tubing (ID = 1 mm, OD = 1/16", VICI) connecting the reactor el-
ements were used to form a triphasic segmented flow, preventing con-
tact of the reacting aqueous phase with the tubing walls. All inlet and
outlet ports of the custom-designed reactor components had '4-28 flat
bottom port configuration to match standard commercially available
fluidic connectors. Standard PEEK connectors (IDEX Health Science)
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2.52 ml L 2ml L
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Fig. 1. Schematic of synthesis protocol for seeded growth batch synthesis
of IONPs.
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Fig. 2. Schematic of experimental setup for continuous IONP co-precipitation synthesis using a triphasic segmented flow reactor for seed generation, seeded grow via

two additional feed addition steps, and stabilisation.

were used to connect the reactor components. Thus, the triphasic
segmented flow reactor consisted of three main components, a) 1 droplet
generator, where the triphasic segmented flow was formed, b) 4 T-
junction droplet injectors, where the precursor solution or stabiliser
solution was injected into the aqueous slugs (first three for Fe precursor
solution addition and fourth for stabiliser solution addition), c¢) 1
straight tubing section to connect the droplet generator and the 1st T-
junction droplet injector, 3 coiled tubing sections in a stainless steel coil
holder to connect the subsequent T-junction droplet injectors, and 1
coiled tubing section to connect the final T-junction droplet injector and
sampling vessel, providing residence time for the seed synthesis, the two
growth steps and the stabilisation step. The length of the coils between
the T-junction droplet injectors was varied to set the residence time
desired for each step considering the total flow rate. The coils were
submerged in a stirred water bath, with heat and magnetic stirring
provided by a hotplate (C-MAG HS10, IKA) connected to a temperature
controller (ETS-D5, IKA) for feedback control. For the video recordings
at 240 fps of droplet formation and reagent solution addition into
droplets, a back light with a suitable antiglare diffuser was used.

2.6. Self-seeded growth flow co-precipitation synthesis

Five syringe pumps (Harvard Apparatus, PHD Ultra) equipped with
six 50 ml gas-tight syringes were used to individually control the reac-
tant, stabiliser and carrier input streams into the flow reactor. Two sy-
ringes were placed in one syringe pump for the 2nd and 3rd Fe precursor
solution additions. Nitrogen was fed to the droplet generator at atmo-
spheric pressure via a mass flow controller (MFC, 0.1-5 ml/min EL-
FLOW Prestige, Bronkhorst). Heptane was used as the carrier liquid
and was fed at a low flow rate (0.2 ml/min), sufficient to isolate the
droplets from the channel walls. To start up the reactor, heptane and
nitrogen gas (0.4 ml/min) were introduced at the droplet generator to
form gas-liquid two-phase flow. When the two-phase flow stabilised,
and the reactor was filled, the base aqueous phase (Na;COj3 solution, 0.4
ml/min) was introduced at the droplet generator to form liquid-liquid-
gas three-phase flow. After the three-phase flow stabilised, to start the
flow synthesis the iron precursor solution was added at the 1st T-junc-
tion droplet injector followed by the 2nd and 3rd T-junction droplet
injector and eventually citric acid solution at the 4th T-junction droplet
injector. The temperature of the heating stages was increased to 90 °C,
after stable three-phase segmentation was established throughout the
reactor at room temperature. After reaching a stable flow regime and the

desired reaction temperature, three times the total residence time of the
reactor was allowed, for the reaction to reach a steady state before
collecting samples. The samples were collected into vials, and the film of
heptane at the top of IONP solution was removed by a pipette.

3. Results and discussion
3.1. IONPs via seeded growth batch co-precipitation

A seeded growth synthesis of IONPs via co-precipitation with one
seed formation and two seeded growth steps followed by one stabilisa-
tion step was studied in batch experiments first, before designing a
continuous flow process. For reduction of the iron precursors in the
coprecipitation synthesis, a weak base, sodium carbonate was used, in
contrast to widely reported sodium hydroxide [9], or ammonium hy-
droxide [53], as slow reaction rate favours seeded growth, while self-
nucleation dominates at fast reaction rate [40].

Previous studies using the same iron precursors and base solutions
showed that non-magnetic intermediate phases precipitate immediately
after mixing the solutions. These intermediate phases then transition to
magnetite in approximately 5-6 min at 60 °C [39]. So, for the initial
batch experiments, the base and precursor solutions were added (sepa-
rately, but at exactly the same time) in three steps at 60 °C, having 6 min
reaction time between them. The nanoparticles synthesised with this
protocol were 15 nm in core diameter, but comprised of intermediate
phases along with magnetite (see Figure S1). Previous reports have
shown that the magnetite formation step can be accelerated by
increasing the reaction temperature to 90 °C [54]. Thus, the reaction
temperature was increased to 90 °C which allowed to form magnetite for
each step of seeded growth within < 1 min reaction time. This prevented
the presence of intermediate phases at the shorter reaction time (see
Figure S1) in comparison to 60 °C. This initial batch study showed that
the seeded growth can increase the heating rate of the obtained IONPs
significantly and ILP values of up to 1.63 nH m? kgj. were achieved.
However, the aforementioned batch synthesis protocol was difficult to
translate into flow due to many reagent addition steps. To facilitate a
transition into continuous flow synthesis, all of the base solution
(NayCOs3) was added first in a single step, and Fe precursor solution was
added in three steps instead of adding both reagents at every step (see
Fig. 1). This did not reduce the magnetic heating ability and in fact
yielded even higher magnetic heating power (ILP = 3.3 nH m? kgik).
More information on particle size, XRD analysis and magnetic heating
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performances of IONPs synthesised in batch experiments can be found in
the supplementary information (section 2). With higher temperature
preventing the presence of non-magnetite intermediate phases in the
final product, faster reaction time and reduced number of addition steps,
this optimised synthesis protocol was selected for batch to continuous
flow translation.

After the growth steps, citric acid was added to enhance the colloidal
stability of the nanoparticle suspension. Citric acid has been shown to be
an effective stabiliser for co-precipitation synthesis even in the absence
of any washing or ultrasonication step. It induces minor IONP dissolu-
tion yielding de-agglomeration, which makes stabilisation with car-
boxylic groups effective [29].

3.2. IONPs via co-precipitation in triphasic segmented flow reactor

3.2.1. Triphasic segmented flow reactor

Initially, single-phase flow experiments were performed in 1 mm I.D.
FEP tubing in order to develop a continuous flow process for IONP
synthesis following the batch chemistry discussed in section 3.1. The
formation of particles was instantaneous when the base and precursor
solutions came into contact, resulting in fouling and clogging of the flow
reactor (see section 3 in supplementary information). To prevent the
reaction mixture from coming in contact with the reactor walls, and for
multipoint addition of precursors into the reacting phase, a triphasic
segmented flow system (heptane-nitrogen-aqueous reaction mixture)
was developed. Detailed description of the reactor is provided in the
experimental section (2.5-2.6) and a schematic, image and videos of the
whole reactor setup are presented in Fig. 2 and section 4 in supple-
mentary information. At the droplet generator, three phases, organic
liquid (heptane), gaseous (nitrogen), aqueous liquid (base) came in
contact. After the release of each bubble, a triphasic segmented flow was
formed (see video V2) in the hydrophobic outlet channel due to the
different surface wettability of the continuous phase (heptane) and
dispersed phase (aqueous base solution). In the T-junction droplet in-
jectors, this uniform and controlled triphasic segmented flow enabled
self-synchronised iron precursor injection only into the flowing
dispersed phase aqueous droplets (see Figure S4 and video V3). Due to
the hydrophobicity of the FEP block and subsequent FEP tubing walls,
the aqueous precursor phase merged with the reacting phase droplets.
This enabled the formation of IONPs synthesised within the reactive
droplets enclosed by the continuous heptane phase without coming in
contact with the reactor walls. The nitrogen gas bubbles functioned as
spacers between two reacting droplets preventing droplet coalescence.
IONPs formed rapidly once the precursor solution was injected into the
droplets (initially carrying only the base solution) (see Figure 54). After
the precursor addition, the uniform train of droplets with recirculating
IONPs ensured uniform mixing. The formation of stable segmented flow
was found to be essential for fouling-free operation and optimum per-
formance of the synthesised particles. After formation of IONP seeds in
the first feeding step of iron precursor, two subsequent feeding steps
were used adding new iron precursor solution into the reacting droplets,
enabling seeded growth. Finally, a fourth droplet injector was used for
the addition of the citric acid stabiliser solution into the droplets with
the already grown IONPs. Thus, the multistep addition batch synthesis
was translated into multipoint addition continuous synthesis using a
flow reactor, which can be operated for hours without any fouling.

3.2.2. Optimisation of flow parameters via DoE

A DoE study was performed seeking for the continuous flow condi-
tions yielding the IONPs with optimum heating abilities for MHCT.
Therefore, the effect of precursor flow rate and residence time of the
seed generation and growth steps on the IONP’s ILP and Dy, was studied.
The iron precursor solution flow rates, which were identical for seed
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generation, 2nd and 3rd feed addition step, were varied between 0.133
and 0.2 ml/min. The residence times for the seed synthesis and the two
growth steps were varied between 1 and 2 min, by adapting the tube
length between the T-junction droplet injectors (accounting for varia-
tions in the total flow rate). Precursor solution flow rates were not lower
than 0.133 ml/min to avoid generation of non-magnetic phase impu-
rities and were not higher than 0.2 ml/min to avoid isolated precursor
droplets not mixing with the primary reacting droplet. A minimum
residence time of 1 min was kept between T-junction droplet injectors,
as it is the time required to form magnetite phases from the intermediate
iron hydroxide carbonate phase [54]. Sodium carbonate solution, ni-
trogen, heptane and citric acid stabiliser solution flow rates were kept
constant at 0.4, 0.4, 0.2 and 0.168 ml/min respectively. The tempera-
ture was not varied as traces of non-magnetite phases were observed
when the reaction temperature was < 90 °C. A DoE matrix was con-
structed using three-level two-factor custom design to reduce the
experimental effort and to design a plan to guide the experiments. The
DoE matrix with all 12 experimental conditions and the responses (ILP
and Dy) is summarised in the supplementary information (Table S4). The
flexibility of the reactor platform allowed to conveniently screen the
iron precursor flow rates for each of the tubing lengths (giving the
different residence times) tested. This prevented any operator effect
when performing the experiments, unlike typical screening of synthetic
conditions via batch procedures. Responses generated by the flow ex-
periments were used to build a response surface model (RSM) to predict
ILP and Dy. Fig. 3 shows the response surfaces (ILP and Dy,) for varying
residence times and iron precursor flow rates for the seed synthesis and
the two growth steps.

Successful prediction of the ILP and particle size within a 95% con-
fidence interval was possible with a quadratic fit using a two-parameter
continuous RSM (see Figure S5). Assessing the goodness of fit via the
analysis of variance test for the models, the R? was equal to 0.98 and
0.97 for ILP and Dy, respectively indicating the accuracy of the devel-
oped RSM. The RSM prediction expressions (equation ES1 and equation
ES2 in the supplementary information) show the strong interaction be-
tween the two parameters. These equations can be used to tune the ILP
and Dy, within the studied range of residence times and Fe precursor
solution flow rates. Due to this non-linearity between the process pa-
rameters screened and ILP and Dy, it was important to validate the RSM.
Validation experiments performed at parameter values not used to train
the RSM showed good agreement between predicted and experimentally
observed ILP and Dy, (see Figure S6a-b).

All conditions yielded colloidally stable IONPs, but high heating
performances were observed around the 1 min residence time and 1.33
ml/min precursor solution flow rate. At higher Fe precursor solution
flow rate, hence higher Fe concentration, the Dy was observed to
decrease, which correlates with a reduced heating ability (see Fig. 3a-
3b). Dy, in the range of 70-90 nm was observed to yield the best heating
particles. Longer residence times resulted in further growth (indicated
by increased Drgy) and aggregation (indicated by increased Dy) of the
IONPs, which adversely impacted the IONPs’ heating performance (see
Fig. 3). This was attributed to demagnetising interactions between the
cores, as the number of cores in these aggregated multi-core particles
increased [29]. Fig. 4 shows representative TEM images of the IONPs
synthesised at the longest residence time (2 min) and at the highest Fe
precursor solution flow rate (0.2 ml/min). The highest ILP of the IONPs
was obtained at 0.133 ml/min Fe precursor solution flow rate and 1 min
residence time for each step (No. 4 in Table S4). A detailed study of the
flow synthesis at these conditions is shown in the next section.

3.2.3. Three-step seeded growth synthesis of IONPs at optimised conditions
The synthetic conditions which yielded IONPs with the optimum
heating ability (No. 4 in Table S4) were studied in detail. TEM images
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Fig. 3. Response surface plots showing the effect of the iron precursor solution
flow rate and residence time, (equal for the seed synthesis and the two seeded
growth steps) on (a) the intrinsic loss power, ILP, and (b) the hydrodynamic
diameter, Dy,. The black points are the experimental data.

of citric acid stabilised IONPs showed a multi-core structure, consisting
of spheroidal nanocrystallite building blocks. TEM analysis (Fig. 5a)
showed an increase in IONP core size (Dygy) with each growth step, i.
e., from Dtgy = 12.0 & 2.5 nm (IONP seeds, 1st feed addition) to Drem
= 13.2 + 3.4 nm after the 1st growth step (2nd feed addition), and to
Drgm = 15.3 + 3.3 nm after the 2nd growth step (3rd feed addition).
The IONP size distribution from the corresponding TEM images is
shown in Fig. 5a. The average crystallite size (Dxgp) obtained from
XRD analysis also increased from Dxgp = 12.8 nm (IONP seeds) to
Dxgp = 13.8 nm after the 1st growth step and to Dxgp = 15.8 nm after
the 2nd growth step. This is consistent with the results obtained from
the TEM analysis (compared in Fig. 5b). DLS analysis showed an in-
crease in the IONPs’ Dy with each precursor feeding step, i.e.,
increasing from Dy, = 48 nm (IONP seeds) to Dy, = 69 nm and to Dy, = 74
nm in 1st and 2nd growth steps respectively. The higher Dy than the
core size of the NPs (Dtgym) confirms the clustered multi-core structure
of the colloidally stable IONPs. This shows that both the size of clus-
tered IONPs as well as single-core crystalline building blocks grow with
each feed addition step. The simultaneous increase of IONP cluster
size/nanocrystallite size and Dy correlated with better magnetic
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Fig. 4. Representative TEM images of IONPs synthesised in the triphasic flow
reactor at (a) 2 min residence time of each step and 0.133 ml/min Fe precursor
solution flow rate (No. 3 in Table S4); (b) 1 min residence time of each step and
0.2 ml/min Fe precursor solution flow rate (No. 5 in Table S4) in each step.

heating performance, i.e., higher ILP values. Fig. 5b shows that the ILP
of the IONPs increased with particle size. Fig. 5¢ demonstrates the
improved heating performance of the seeded-grown IONPs, with ILP
values increasing with each growth step.

It is important to highlight that the size increase of the individual
IONP cores is known to enhance heating rates only when they exceed 10
nm [24,25,27,55]. Also, the formation of clusters can improve the
heating ability of the IONPs [28]. However, bigger individual cores are
essential, as clustering of IONPs smaller than 10 nm will not yield good
heaters. The size increase of the individual cores as well as clustering are
both responsible for the good magnetic heating performance.

The Drgv = 15.3 nm IONPs synthesised with the seeded growth
process exhibited excellent heating performance with ILP value 3.76 nH
m? kgi:le, exceeding those of commercially available IONPs (ILP up to 3
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Fig. 5. (a) Representative TEM images with particle size distribution of IONPs obtained at 1 min residence time of each step and 0.133 ml/min Fe precursor solution
flow rate in each step (No. 4 in Table S4). (b) Variation in Dygy, Dxrp and ILP with the number of Fe precursor feeding steps. (c) Heating profiles of IONPs grown with
different number of feeding steps at a magnetic field strength of 308 G and a frequency of 488 kHz.

nH m? kgi:le) [56-58]. The heating performance and Dy, of the optimised
IONPs was stable over the monitored time span of several months (see
Figure S7), demonstrating their excellent colloidal stability. The yield of
IONPs based on fed iron precursors was found to be 79.7, 80.2 and 81.4
% after seed formation, 1st and 2nd growth steps respectively.

The diffractograms of IONPs obtained using different number of
feeding steps are shown in Fig. 6a. The XRD patterns show that even
after the 1st Fe precursor feeding step, magnetite was the only evident
crystalline phase and there was no sign of any crystalline intermediate
phases.

Fig. 6b shows the magnetisation curves of dried IONPs synthesised
with the three-step seeded growth process. At 300 K the magnetisation
curve was anhysteretic, i.e., it was linear and crossed the origin, indi-
cating negligible coercivity and superparamagnetic behavior of the
IONPs at room temperature. The saturation mass magnetisation at 300 K
was measured to be 102.4 emu/gge.

These saturation magnetisation values are below the bulk magnet-
isation (103 and 128 emu/gp. for maghemite and magnetite) [59], as
surface effects cause a substantial reduction in the magnetisation. The
zero-field cooling and field cooling curves, show that the blocking

temperature was 305 K. This too shows that IONPs are super-
paramagnetic at room temperature (see Figure S8), but indicates that a
further increase in particle size (either due to larger core or cluster sizes)
is likely to exceed the superparamagnetic limit, i.e., agglomerates are
more likely to form due to magnetic attraction between particles
[18,60].

4. Conclusion

We demonstrated a triphasic (liquid-liquid-gas) segmented flow
reactor platform showcasing the potential to perform complex fouling-
prone multistep synthesis of nanomaterials via flexible multipoint
addition of reagents. Due to the modular nature of the reactor platform,
there is flexibility to tune the droplet sizes, to have multiple numbers of
reagent addition steps, and to use temperature-controlled residence time
modules between reagent addition steps. Four reagent addition steps by
means of custom-designed T-junction droplet injectors were successfully
performed. The analysis and design principles presented in this work are
general. This modular reactor platform can be extended to other com-
plex multistep nanomaterial synthesis chemistries in continuous flow,
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Fig. 6. (a) XRD patterns of IONPs synthesised with different number of Fe
precursor feeding steps. The bars at the bottom show the peak positions and
relative intensities corresponding to magnetite (PDF ref. 03-065-3107); (b)
Magnetic hysteresis curves of IONPs synthesised with three Fe precursor
feeding steps.

where multiple additions of the reagents are essential. The droplet
generator and droplet injector blocks can be submerged in a temperature
bath for chemistries requiring high temperatures. For such chemistries, a
pressurised system can be used with a backpressure regulator to prevent
the increased gas volumes, resulting in jetting of droplets inside the coil.
The triphasic segmented flow reactor platform was demonstrated for a
batch to flow translation of synthesising citric acid stabilised magnetic
IONPs via a three-step self-seeded growth synthesis. The process, which
involves initial synthesis of IONP seeds followed by their two-step
gradual growth with further precursor addition and finally stabilisa-
tion by citric acid addition, was run for 2 h without any sign of reactor
fouling. The aqueous co-precipitation synthetic method produced
colloidally stable magnetic nanoparticles with good heating perfor-
mance (ILP up to 3.76 nH m? kgjk) in alternating magnetic fields, which
is important for magnetic hyperthermia cancer treatment. A DoE study
enabled a systematic exploration of the design space to optimise IONP
heating performance. A response surface model was developed to tune
and predict nanoparticle hydrodynamic diameter and magnetic heating
performance based on residence time of each step and iron precursor
flow rate in each step as controlling parameters and showed good ac-
curacy. The green and cost-effective (<5 £/gionp) synthesis of colloidally
stable IONPs was achieved without any additives, avoiding expensive or
toxic chemicals and high temperatures compared to widely used organic
synthesis counterparts for magnetic hyperthermia. The clogging and
fouling-free nature of the reactor platform, along with the flexibility to
perform complex multistep chemistries at high temperature can open
the path for rapid screening of synthetic conditions for complex multi-
step chemistries.
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