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Coprecipitation is by far the most common synthesis method for iron oxide nanoparticles (IONPs). However,
reproducibility and scalability represent a major challenge. Therefore, innovative processes for scalable pro-
duction of IONPs are highly sought after. Here, we explored the combination of microwave heating with a flow
reactor producing IONPs through coprecipitation. The synthesis was initially studied in a well-characterised
microwave-heated flow system, enabling the synthesis of multicore IONPs, with control over both the single
core size and the multicore hydrodynamic diameter. The effect of residence time and microwave power was
investigated, enabling the synthesis of multicore nanostructures with hydrodynamic diameter between ~35 and
70 nm, with single core size of 3-5 nm. Compared to particles produced under conventional heating, similar
single core sizes were observed, though with smaller hydrodynamic diameters. The process comprised of the
initial IONP coprecipitation followed by the addition of the stabiliser (citric acid and dextran). The ability of
precisely controlling the stabiliser addition time (distinctive of flow reactors), contributed to the synthesis
reproducibility. Finally, scale-up by increasing the reactor length and using a different microwave cavity was
demonstrated, producing particles of similar structure as those from the small scale system, with a throughput of
3.3 g/h.

1. Introduction Recently, microwave heating started to be coupled with flow sys-

tems, in an attempt to achieve synergistic improvements due to rapid

The use of microwave heating in chemistry is a topic of intense
research, particularly in the field of organic chemistry [1] and nano-
materials synthesis [2]. To date, most publications focus on the use of
microwave heating in batch systems. The advantage of microwave
heating compared to conventional heating (i.e., using heating elements
and/or jackets) is the uniform heating of the bulk solution. This reduces
temperature inhomogeneities in the solution and yields uniform syn-
thetic conditions, allowing for more controllable and reproducible
syntheses. Furthermore, microwave heating can selectively heat a
dispersed phase (e.g., catalysts, nanoparticles), and enable faster heating
rates than conventional heating (provided a suitable solvent is chosen),
which can affect the synthesis kinetics, for instance through faster
nucleation rates in colloidal syntheses.
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heating rates associated with both technologies. Flow reactors seem to
draw benefit from microwave technologies due to the volumetric nature
of this type of heating form, with particular benefits towards reactor
scale-up [3]. The nature of conventional heating leads to a lower tem-
perature at the centre of a reactor cross section, with the temperature
gradient between the outer wall and the centre of the reactor increasing
as the reactor radial dimension increases. For a laminar flow reactor, the
effect of these gradients on the reactor performance are exacerbated by
the higher flow velocity (and hence, volumetric flow rate) at the centre
of the reactor. While for microreactors, characterised by high
surface-to-volume ratio, the use of conventional heating systems pro-
vides high heating rates and uniform (radial) temperature profiles [4],
with the increase in the characteristic dimension of the reactor from
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micro- to millifluidic (with capillary diameters > 1 mm) radial tem-
perature uniformity becomes more and more affected. Therefore, mil-
lifluidic reactors benefit from microwave heating which has been shown
to facilitate faster heating and more uniform radial temperature profiles,
as the penetration depth of microwaves in solvents as water is in the
order of few centimetres [5]. Focusing on nanomaterials flow synthesis,
the bulk heating mechanism of microwave radiation appears to provide
another advantage, that is, the reduction of nanoparticle wall deposi-
tion, [5,6] one of the major drawbacks of flow technologies in the field
of nanomaterials production. Achieving robust water-based synthesis of
IONPs can benefit from the use of flow technologies, due to the tight
control over process conditions allowed by such micro and millifluidic
reactors. Therefore, various IONP syntheses covering water based
coprecipitation and partial oxidation, as well as thermal decomposition
syntheses in high boiling point solvents have been translated to flow
[7-14].

Water-based IONP syntheses often lead to the formation of multicore
particle assemblies [15]. These structures are assemblies of smaller
particles (i.e., single cores), with varying degree of packing, and are
often stabilised by hydrophilic molecules. These include polymers like
heparin and carbohydrates like dextran, which adopt different ener-
getically favourable conformations (e.g., coil, brush, mushroom, etc.
[16,17]1) when dissolved in water, contributing to the formation of
cluster-like structures. The clustered nanostructures have interesting
properties, for instance in magnetic hyperthermia [18-22] and as MRI
contrast agents [23-25]. Reproducible synthesis of multicore structures
is a complex task, particularly regarding control over the number of
particles composing the assembly [15]. Microwave heating has been
successfully applied for this purpose, leading to reproducible synthesis
of multicore IONPs via water based batch syntheses [18,26,27].

This work reports the synthesis of multicore IONPs in a microwave-
heated flow millireactor. The synthesis was initially performed in a
small scale microwave reactor previously developed [28]. We demon-
strate the potential of combining microwave heating and flow reactors
for IONP coprecipitation, which allowed us to control both the single
and multicore nanoparticle sizes. Using a custom-made microwave
heating system the small scale IONP synthesis (0.75 mL reactor volume)
was scaled up by a factor of 8. The scalability of the microwave flow
system developed makes such platform appealing from a production
perspective.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl3e6H30, >97%) was obtained from
Alfa Aesar. Ferrous chloride tetrahydrate (FeClye4H20, >99%) and so-
dium hydroxide (NaOH (aq.) standard solution, 2 M) were obtained by
Honeywell Fluka. Citric acid monohydrate (HOC(COOH)
(CH,COOH)2eH0, >99%) and dextran (from Leuconostoc spp.,
(C6H1005)n, Mr ~ 6000M, ~ 6000) were obtained from Sigma Aldrich.
All chemicals were used as received.

2.2. Particle characterisation

The iron oxide colloidal solution obtained from the flow reactor was
collected in glass vials, and was washed twice with acetone (2:1 v:v
acetone: colloidal solution) followed by magnetic decantation. High
Resolution Transmission Electron Microscopy (HRTEM) was performed
using a FEI TITAN® operated at 300 kV acceleration voltage. Samples
were prepared by dropping the aqueous suspension onto a carbon-
coated copper grid (200 mesh) and air dried. Particle size distributions
were obtained from the HRTEM images analysing at least 100 particles.
The hydrodynamic diameter of the IONPs was measured via dynamic
light scattering (DLS) using a DelsaMax Pro (BeckMan Coulter). The
colloidal solution was diluted several times until three sequential
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dilutions gave the same hydrodynamic diameter. The crystal structure
and crystallite size of the IONPs were investigated by means of X-ray
diffraction (XRD), using a X’Pert diffractometer (Pro-PanAlytical), with
Co Ka radiation (A = 1.79 A, 40 kV). XRD patterns were collected from
260 = 20° to 100° X’Pert High Score plus software equipped with ICSD
database was used to identify the XRD patterns. Scherrer’s equation was
used to calculate the crystallite size of the sample from the XRD pattern,
using a peak fitting routine in the commercial software Origin. Fourier
transform infrared spectroscopy (FTIR) measurements were performed
with a Vertex 70 (Bruker) FTIR spectrometer using an ATR Golden Gate
accessory.

2.3. Small scale microwave reactor for IONP synthesis

The small scale microwave flow reactor for IONP coprecipitation
used was adapted from previous work [28] and consisted of a 2.4 mm
internal diameter (I.D.) PTFE capillary (outer diameter O.D. = 3.2 mm,
Thames Restek) placed in a flat PTFE support structure (see Fig. 1). The
overall reactor volume under microwave (MW) irradiation V was 0.75
mL (16.5 cm length). The support structure with the capillary was
inserted in a commercial single-mode microwave applicator CEM
Discover® SP and was placed parallel to the input port of the MW
applicator (see Fig. 1). The support structure allowed the reactive stream
to enter and exit the cavity from the top of the MW cavity.

The IONPs were synthesised following the coprecipitation protocol
described by Besenhard et al. [29] with the addition of dextran to the
stabilisation solution. In a standard synthesis, two glass syringes (Sci-
entific Glass Engineering) were filled respectively with a 0.1 M aqueous
iron chlorides solution (FeCls:FeCly=2:1 mol:mol) and a 0.57 M sodium
hydroxide solution. The two solutions were delivered by a syringe pump
(KD Scientific Legato 270P) to an ETFE T-mixer (0.5 mm I.D., Upchurch)
connected to the inlet of the microwave-heated reactor through a 10 cm
PTFE capillary (0.5 mm L.D.). The flow rate in the microwave-heated
system was varied between 10, 5, and 2.5 mL/min (total flow rate is
the sum of the flow rates of iron precursor and base), corresponding to
an average residence time in the microwave-heated reactor of 4.5, 9 and
18 5. The microwave power input was tuned between 0, 5 and 10 W for
each flow rate (except for a flow rate of 2.5 mL/min, where the
maximum power output was set as 5 W). These power settings led to
different outlet temperatures, between room temperature and 60 °C,
comparable to those employed by Besenhard et al. A second identical
T-mixer was connected to the outlet of the microwave-heated capillary
(2.4 mm ID., Thames Restek), at 5 cm from the end of the
microwave-irradiated zone). The colloidal iron oxide solution exiting
the reactor was mixed with an aqueous solution containing dextran (6
mM) and citric acid (0.29 M) to stabilise the IONPs. The stabiliser so-
lution was delivered to the second T-mixer from a third glass syringe
(Scientific Glass Engineering) secured to a second syringe pump (Har-
vard Apparatus PHD 2000). The stabiliser was added after particle
precipitation (rather than added to the iron precursor feed) following
the protocol from Besenhard et al. [29], who demonstrated that greater
colloidal stability is achieved by precipitating the IONPs at high pH and
subsequently lowering the pH via the addition of an acidic stabiliser. The
ratio between the volumetric flowrate of the IONP solution and that of
the dextran/citric acid solution was kept equal to 5:1 (v:v) for all the
IONP syntheses performed. A schematic of the flow system is provided in
Fig. 1. This system was modified following the approach of Bayazit et al.
[30] to allow temperature measurement of the product stream at the
microwave cavity outlet. A T-connector was connected to the outlet of
the capillary reactor (before the stabiliser stream mixes with the
colloidal solution) hosting a thermocouple (K Type), allowing the
measurement of the product stream temperature prior to the injection of
the stabiliser solution. For every experiment, the system was operated
for three times the average residence time to allow for steady state
operation to be reached, then 20 mL samples were collected. Repro-
ducibility was analysed performing three independent experiments in



L. Panariello et al.

In

Out

Waveguide

PTFE ring

Magnetron port
—

Chemical Engineering and Processing - Process Intensification 182 (2022) 109198

In

l

Out

T

Capillary reactor

Rectangular port

FeCl,/FeCl; NaOH

Microwave-heated
reactor

Waste

Collection

Citric acid/Dextran

Fig. 1. Top: Schematic of the small scale microwave-heated flow reactor. Bottom: Schematic of the set-up used for the synthesis of iron oxide nanoparticles.

different days and characterising samples via DLS after magnetically
washing the colloid (see Section 2.2).

2.4. Scaled-up microwave reactor for IONP synthesis

The IONP synthesis was scaled-up by increasing the reactor volume
under MW irradiation from 0.75 mL to 6 mL, achieved by increasing the
length of the reactor to 1.32 m, while keeping the tube diameter con-
stant (2.4 mm LD.). The reactor configuration was changed from a U-
shaped capillary (used in the small scale microwave reactor) to a helical
coil. The coil was supported on a PTFE rod (2.5 cm diameter) and was
enclosed in expanded polystyrene (EPS) to improve thermal insulation.
The reactor was placed in a single mode microwave cavity (Sairem, Spin
Reactor) powered by a solid-state conductor generator (Sairem,

FeCl,/FeCl, . I pma—
f
1}

GMS450) operating between 2.4 and 2.5 GHz, with a maximum power
output of 450 W. The microwave cavity hosting the reactor was a TE10
monomode cavity with a W340 waveguide. The power reflected to the
generator could be minimised thanks to three stab-tuners placed be-
tween the generator and the reactor and a sliding short circuit closing
the cavity. The front of the reactor could be directly observed thanks to a
circular window in the cavity, allowing the measurement of the reactor
temperature via an infrared (IR) camera (Optris PI400). A port of ~
0.5 cm was made in the EPS insulation to allow for temperature mea-
surement via IR imaging. The use of a rectangular waveguide with ac-
cess ports both on the top and bottom of the cavity (see Fig. 2) facilitated
the use of the coiled reactor configuration of larger overall volume.
Furthermore, the ability of reducing the power reflected to the micro-
wave generator enabled prolonged operation as a result of the minimal

IR image

Coiled capillary

NaOH .l —

u %ﬁﬁ

- L
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Citric acid/Dextran . l :'"

S _ Y- aTe —
X hj
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Fig. 2. Schematic of the scaled-up system for the microwave-assisted continuous synthesis of iron oxide nanoparticles.
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increase in the temperature of the generator. This feature also resulted in
a more robust power output, as increase in the generator temperature
causes fluctuations in the generator output. A schematic of the experi-
mental set-up is shown in Fig. 2. The inlet of the reactor coil (the
capillary inserted in the larger scale microwave reactor) was connected
to a PEEK T-mixer (1 mm L.D., Upchurch), in which the iron precursor
and base solutions were mixed. These two solutions (same concentration
as in Section 2.3) were delivered to the T-mixer by means of a syringe
pump (Harvard PhD Ultra), which housed two glass syringes (100 mL
Scientific Glass Engineering) filled with the two solutions (iron precur-
sor and base). The total flow rate (sum of the iron precursor and base
streams) was set to 20 mL/min, leading to an average residence time in
the coiled reactor of 18 s. The mixing time at the flow rates used was
estimated to be 40 ms based on the correlation provided by Falk and
Commenge [31]. The T-mixer was connected to the MW irradiated re-
gion by means of a 10 cm long, 1 mm LD. capillary. The microwave
system was operated with a 50 W power input, leading to an outlet
temperature of 53 °C. The outlet of the reactor coil was connected to a
second PEEK T-mixer (1 mm 1.D., Upchurch) where the colloidal solu-
tion coming out of the reactor was mixed with the stabilisation solution
(citric acid and dextran) at the same concentration and flow ratio be-
tween colloidal solution and stabiliser streams used for the small scale
system. The stabiliser solution was delivered to the junction using a
second syringe pump (Harvard PhD Ultra) housing a 50 mL glass syringe
(Scientific Glass Engineering) filled with the stabiliser solution. As the
small scale reactor, the system was operated for three average residence
times and then 20 mL samples were collected for characterisation. Three
independent experiments were performed, and samples were analysed
via DLS to confirm reproducibility, after magnetically washing the
samples (see Section 2.2).

3. Results and discussion
3.1. IONP synthesis in the small scale microwave reactor

One of the main issues for the implementation of iron oxide copre-
cipitation reactions in capillary flow reactors is channel blockage, due to
the precipitation of micron-sized aggregates of IONPs upon mixing the
reagents and before stabilisation. Following the approach proposed by
Uson et al. [14], we identified the minimum flow rate (in this case equal
to 2.5 mL/min) providing enough inertia to the fluid to push the
precipitating aggregates (and possible sediments) through the channel
without clogging. Below this flow rate stable operation of the reactor
could not be achieved. This flowrate defines the maximum residence
time 7 at which the system can be operated, equal to 18 s. This was
calculated as the ratio between the reactor volume V and the total flow
rate Q. The three flow rates tested, namely 10, 5 and 2.5 mL/min, gave
residence times in the microwave heated region of 7 = 4.5, 9 and 18 s,
corresponding to mixing times between 20 ms and 68 ms [31]. To
achieve an outlet temperature between room temperature and 60 °C, i.
e., what was previously used with conventional heating [29], the power
applied was varied between 0 and 10 W. The exception was the 18 s
synthesis, where 5 W already led to an outlet temperature of
~ 60°C~ 60 °C. With this combination of applied powers and residence
times, the synthesis was performed at various outlet temperatures,
ranging between room temperature and 60 °C. In all the 8 synthetic
conditions tested, XRD revealed the formation of magnetite/maghemite
nanoparticles (see Supporting Information S1). Table 1 summarises the
results of the experiments in terms of size of the nanostructures. The
significantly higher value of the hydrodynamic diameter Dy compared
to the TEM size drgy suggests that the particles are assembled as mul-
ticore structures. This is not surprising, as dextran, utilised to stabilise
the particles, has been reported to generate multicore assemblies of
IONPs [26]. The values of Dy were highly reproducible, with relative
standard deviation after three independent runs in the order of 5%.

These IONP aggregates can be described through fractal geometry,
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Table 1

Hydrodynamic diameter Dy (multicore), crystallite size dxgp, TEM-derived
particle size drgy (single core) and number of cores composing the multicore
structure N for the experiments performed. The error with respect to Dy rep-
resents the standard deviation after three independent repeats of the syntheses.

Power  Residence Outlet Dy dxrp drem N
[W] time T temperature [nm] [nm] [nm] [-]
[s] [°C]

0 4.5 25 314 + 3.2 3.1 909
0.7

5 4.5 29.8 34.6 + 3.1 3.2 1319
0.5

10 4.5 40.9 40.3 + 4.1 4.6 928
0.5

0 9 25 345+ 3.1 3.8 1319
0.8

5 9 34.4 49.3 + 4.1 4.1 1504
0.3

10 9 53.9 55.1 + 4.8 4.7 1504
0.5

0 18 25 48.7 + 4 4 1728
0.7

5 18 56.5 70.5 + 5.3 5.6 2404

1

with the size of the aggregate Dy depending on the number N and size
drey of the single particles composing the aggregate, according to [32]:

d,
N:K(DH>f @

TEM

where K is the fractal prefactor and dy is the fractal dimension of the
colloidal aggregate. Here K was assumed equal to 1 (generally this value
ranges between 1 and 1.2) and dy = 3 (spherical packing) [32]. Using (1)
one can estimate the number of cores composing the multicore
assembly.

Fig. 3(a), (b) show that both Dy and drgy increase with the increase
of both power and residence time. The residence time has a positive
effect on the size of the nanostructure, as one can see for the 0 W con-
dition (i.e., room temperature synthesis), where an increase in both Dy
and drgy is observed for increasing 7. For a given residence time, the
increase in power translates in an increase in temperature (Fig. 3(c)),
which results in a corresponding increase in both hydrodynamic and
single core sizes. These results are consistent with the literature. The
IONP formation mechanism in coprecipitation syntheses is an aggrega-
tive process involving intermediate iron oxide and hydroxide phases
[29,33-35]. For a rapid base addition, as studied here, magnet-
ite/maghemite is not forming directly when the iron precursor and base
solutions are mixed, but forms from the initially precipitated crystalline
and/or amorphous intermediate phases (depending on the synthetic
conditions). For the system studied magnetite/maghemite formation is
expected to occur within 3 s (at 60 °C) and within ~30 s at room tem-
perature [36]. Hence higher temperature (as well as higher pH) results
in faster magnetite/maghemite formation [37,38]. The temperature
dependant particle formation kinetics with timescales comparable to the
residence time, involving intermediate phases which are likely to have
different aggregation likelihoods, explains the sensitivity of IONP
properties (e.g., single and multicore dimensions) to the synthetic con-
ditions. For example, the smaller single core dimensions at lower tem-
peratures can be related to incomplete transition of intermediate phases
to magnetite/maghemite and their dissolution after the addition of citric
acid, as previously discussed [36]. Even though a definitive model
describing the relation between nucleation-aggregation-growth kinetics
and particle size distribution for the system studied has not been re-
ported, results from the literature indicate that an increase in temper-
ature leads to an increase in the particle size [39], consistently with an
aggregative mechanism, where the aggregation rate increases as a
function of the temperature [37,40-42]. The ability of sequentially
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temperature as a function of the applied power for the different residence
times tested.
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adding citric acid to the solution offered by flow reactors allows for
precise quenching of the reaction, as citric acid can both coat the IONPs
and chelate the iron ions in solution preventing them to react any further
[43]. This enables us to control the size down to values hardly achiev-
able in batch under similar conditions [43]. On the other hand, the use
of dextran promotes the formation and stabilisation of the multicore
structures, as hydrophilic polymers like dextran act as a backbone to
cluster the iron oxide particles and support the architecture in water [15,
23].

Similar experiments performed by Besenhard et al. [29,36] under
conventional heating led to particles with similar sizes, with drgy = 5 to
8 nm depending on the time interval between the initial particle pre-
cipitation (mixing the precursor and base solution) and stabilisation
(adding the stabilisation solution), with the smallest core size observed
for the shortest time interval of 5 s. However, significantly smaller Dy
was observed under conventional heating, in the order of 20 — 40 nm
(see Table 2). A wider range of multicore diameters was achieved in the
microwave reactor, yielding Dy values between from 30 to 70 nm. We
hypothesise that the higher hydrodynamic diameter could be related to
the different heating rates and possible effects of alternating electric
field on colloid dynamics [44], resulting in different particle formation
kinetics, and a different interplay between aggregation and growth of
the intermediate phases involved and already formed magnet-
ite/maghemite. In particular, the microwave- and
conventionally-heated systems compared here are characterised by
different temperature profiles, where the U-shaped microwave reactor
exhibits a sigmoidal temperature profile along the reactor axis [28],
while the conventional system is characterised by an isothermal profile.
This difference results in different conditions at which the particles
nucleate and grow. In Besenhard et al. [29] the precursor and base were
preheated and then mixed, hence the IONPs would nucleate and grow at
the reaction temperature, whereas in the experiments reported here the
particles nucleate at room temperature (as suggested by the immediate
appearance of a black solution right after the mixing junction at room
temperature), and the solution is subsequently heated by microwave
radiation. This approach is particularly suited for microwave heating
technologies, where a faster heating rate can be achieved when
compared to conventional heating systems [5].

The nanoparticle crystallite sizes dxgrp closely match those obtained
from HRTEM images, drey (see Table 1, Fig. 4 and Supporting Infor-
mation S2). The particles appear as single crystals, as one can observe
from Fig. 4, supporting the similarity between the XRD and TEM di-
ameters. The lattice spacing measured in Fig. 4(c) and (f) (0.29 nm and
0.25 nm respectively) matches the (2 2 0) and (3 1 1) planes charac-
teristic of magnetite/maghemite [45], in agreement with the XRD
pattern, where only magnetite/maghemite peaks were detected (Sup-
porting Information S1).

The presence of both dextran and citric acid on the surface of the
assemblies was confirmed via ATR-FTIR spectroscopy (Figs. 5 and
Supporting Information S3). In order to remove artifacts induced by the
presence of adsorbed water molecules, the samples were freeze-dried
before characterisation.

Table 2

Comparison between flow produced iron oxide nanoparticles obtained via
aqueous coprecipitation reactions with similar protocols using the convention-
ally heated reactor described in Besenhard et al. [29,36], the small scale mi-
crowave reactor system, and the scaled-up microwave reactor system in this
work.

Besenhard Besenhard Small scale Scaled-up
et al. [36]. et al. [29]. microwave microwave
system system
7 [s] 5 100 18 18
Outlet temperature['C] 60 60 56.5 53
Dy [nm] 19 19.1 70.5 60

dxgp [nm] 5.1 6.9 5.3 5.9
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Fig. 4. (a) HRTEM image of iron oxide nanoparticles produced with 7 = 4.5 s
and power = 0 W and (b) single nanoparticle image with (c) corresponding
lattice spacing profile. (d) HRTEM image of iron oxide nanoparticles produced
with =18 s and power =5 W and (e) single nanoparticle image with (f)
corresponding lattice spacing profile. Lattice spacing profiles refer to the red-
line shown on the single nanoparticle images and were obtained from the
greyscale intensity along these lines.

The main characteristic bands for dextran, observed at 1147, 1105
and 1012 cm’, can be assigned respectively to stretching vibrations of
the C — O — C bond and glycosidic bridge, stretching vibration of the C
—O bond at the C4 position of glucose residue and the great chain
flexibility present in dextran around @ (1 — 6) glycoside bonds [46].
Peaks at 1420 and 1344 cm™ are related to v(C —H) vibrational modes
[47]. The broad band centred around 3370 cm™ can be assigned to the
hydroxyl stretching vibration of the polysaccharide, with possible
contribution from absorbed water [47]. The C — H and carboxyl group
stretching vibrations appear in regions 3000-2800 and 1790-1590 cm™
respectively (Fig. 5(b)). The citric acid spectrum shows peaks at 1752,
1722 and 1690 cm™ due to stretching vibrations of the C = O bond of
COOH groups. The peak at 1211 cm™ can be assigned to symmetric
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Fig. 5. ATR-FTIR spectra of (a) iron oxide nanoparticles (r = 4.5 s, power =
0— 10 W) and (b) dextran and citric acid powders.

stretching of C — O, the peaks that appear at 3020 cm™ and 2960 cm™
are due to CHy groups of citric acid, while the peaks at 3493 and 3287
cm™? are due to OH groups vibrations (Fig. 5(b)) [48]. FTIR spectra of
(washed and dried) IONP samples (Fig. 5(a) and Supporting Information
S3) show a broad band in the range 3670-3000 em’! that could be
assigned to O — H stretching vibrations that would be related to the
presence of dextran, but the contribution of adsorbed water cannot be
ruled out. The dextran bands in the range 3000-2800 cm™! related to C —
H stretching vibration confirm the presence of the organic compound, as
well as the characteristic bands at 1147, 1105 and 1012 cm™. A new
broad band with maximum around 1600 cm™ can be observed in all the
sample spectra. The assignment of this signal is not clear, and it could be
related to O — H bending vibration from absorbed water.

3.2. IONP synthesis in the scaled-up microwave reactor

Microwave heating holds great promise for the efficient scale-up of
flow systems, due to its volumetric nature and fast temperature ramping.
Therefore, the scale-up of the microwave-heated reactor was investi-
gated. The synthesis performed in the small scale microwave reactor at
7=18s and 5W was scaled-up using a second microwave-heated
reactor (described above), increasing the flow rate from 2.5 mL/min
(150 mL/h) to 20 mL/min (1.2 L/h). This increase translates in a
theoretical increase in Fe mass throughput from ~0.4 g/h to ~3.3 g/h.
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The residence time was kept constant between the two systems by
increasing the volume of the reactor. The temperature at the reactor
outlet was maintained similar to that of the small scale system
(~ 56°C~ 56 °C) by increasing the power applied. The reactor surface
temperature was measured with an IR camera (see Fig. 6(a)), indicating
that a temperature of 53 °C was achieved at the reactor outlet by
applying 50 W and properly tuning the position of the sliding short
circuit and stab tuners in order to reduce the power reflected to the
generator to 1 W (as measured by the generator).

The particles were characterised via XRD, showing that the crystal
structure matched that of magnetite/maghemite (Fig. 6(b)). The crys-
tallite size and the hydrodynamic diameter of the particles produced in
the scaled-up reactor system were respectively equal to dxgp = 5.9 nm
and Dy = 60 nm, against dxgp = 5.3 nm and Dy = 70 nm obtained
using the small scale system (see Table 2), i.e., a difference of ~ 14%.
The small deviation may be related to non-negligible secondary flows
due to the geometrical configuration of the coiled tube [5,49], which are
expected to alter the transport phenomena within the reactor, as well as
differences in the heating profiles between the two set-ups.

4. Conclusions

This work presents the synthesis of iron oxide nanoparticles via an
aqueous coprecipitation reaction in a microwave-heated flow reactor.
Different reactor residence times and applied microwave powers were
tested. The reactor was operated without channel blockage by properly
tuning the flow rate to achieve sufficiently high shear to prevent particle
deposition at the tube wall. The synthesis performed in the microwave-
heated system led to the formation of multicore structures composed of
several single core iron oxide nanoparticles. The hydrodynamic diam-
eter of the structures was tuned between 30 and 70 nm by changing the
residence time and the microwave power applied. The precise addition
of citric acid and dextran at the reactor outlet allowed to timely quench
the process, to enable fine tuning of the single core size between ~ 3 and
5 nm. The scale-up of the microwave-heated reactor was investigated by
increasing the reactor length and employing a different microwave
cavity to host the larger reactor. Despite the significant changes in the
experimental set-up, the product obtained from the scaled-up system
showed similar size as the one obtained from the small scale reactor,
with only ~ 14% change in the multicore hydrodynamic diameter and
single core size, showing the robustness of the proposed synthetic pro-
tocol. When comparing the microwave-assisted synthesis with results
from the literature under similar conditions but with conventional
heating, a systematic increase in the hydrodynamic diameter was
observed, whereas the single core sizes appear similar. This finding
suggests a change in the nucleation and/or aggregation rates deter-
mining the synthesis outcome, possibly related to different temperature
profile within the microwave-heated reactor, as compared to conven-
tionally heated systems.
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Fig. 6. (a) IR image of the reactor as observed from the frontal port of the
custom-made Sairem microwave system. The arrows represent the direction of
the flow in the reactor coil. (b) XRD diffractogram of the particles obtained with
the red lines representing the reference peaks for magnetite/maghemite (pdf
ref. 03-065-3107). Reactor operated with power = 50 W, flow rate =
20 mL/min, outlet temperature = 53 °C, average residence time 7 = 18 s.
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