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H I G H L I G H T S

• Industrial-scale preparation of low-
cost magnetite nanoparticles.

• Transfer of laboratory synthesis to a
continuous-flow process.

• Method based on oxidative precipita-
tion of Fe2+ controlled by OH− ex-
cess.

• Nanoparticles’ dimensions range from
40 to 300 nm.

• Improved magnetic hyperthermia ef-
ficiency validated for developed na-
noparticles.
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A B S T R A C T

Continuous processes are always preferred over batch ones when reproducible and scalable industrial procedures
are needed. This work illustrates the production of magnetite nanoparticles by oxidative precipitation in aqueous
media, following a continuous approach that offers additional advantages. Particularly, the developed reaction
setup succeeds (i) the complete separation of the green rust’s precipitation from Fe3O4 nucleation, (ii) the
achievement of constant concentrations in all ionic and solid forms throughout the production line when steady-
state is reached, what means constant supersaturation from both the formation of green rust and Fe3O4, and (iii)
the possibility to control critical parameters, such as OH− excess over the initial stoichiometric Fe(OH)2 pre-
cipitation, through on-line regulation of synthesis parameters such as the reactor’s pH and redox potential.
Importantly, continuous flow synthesis of Fe3O4 nanoparticles enables high production capacities, low energy
consumption and proportional scale-up at any volume. As a proof of concept, obtained nanoparticles were
evaluated according to their magnetic response as potential magnetic hyperthermia agents indicating significant
improvement of heating efficiency that goes up to 1.5–2 kW/gFe3O4 for both smaller (~40 nm) and larger
(~200 nm) particles.
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1. Introduction

Engineered nanoparticles consisting of inorganic phases (metals,
alloys, oxides, composites) stand out as an important class of nano-
materials presenting wide chemical diversity and interesting electronic,
optical, magnetic and mechanical properties while further opportu-
nities arise by their size-induced coupling effects. Their role in our
everyday-life gradually expands as more technological sectors, in-
cluding manufactures, electronics, energy generation and storage,
sensors, biomedicine, and environment processes, incorporate nano-
particles in order to improve efficiency [1–3]. Compatibility of the
production of such materials with aqueous chemistry, which is the base
of most industrial, environmental and biological processes, as well as
the development of large-scale production schemes with low cost and
good reproducibility, are key issues need to be addressed. Among in-
organic nanoparticles, magnetic ones represent one of the most im-
portant materials characterized by their ability to respond to the ap-
plication of an external magnetic field. This response enables their
localization by Magnetic Resonance Imaging (MRI) and their use in
therapy as drug carriers, biomolecule separation using a field gradient
or as heat or mechanical damage sources using an alternating magnetic
field [4]. In addition, several applications take advantage of their bio-
compatibility and chemical affinity (direct or induced by appropriate
coatings) towards many molecules and ions resulting, for instance, in
antimicrobial properties [5].
Magnetic iron oxide nanoparticles usually refer to those consisting

of magnetite (Fe3O4) or maghemite (γ-Fe2O3) that combine facile and
cheap preparation, chemical stability, biocompatibility, sufficient
magnetism and wide range of sizes and morphologies available. The
synthesis routes for such systems are based on the control of specific
parameters (pH, temperature, pressure or redox potential), needed to
generate a high supersaturated solution where nanoparticles nucleate.
In addition, to achieve well-defined chemical composition, structural
and colloidal stability, the nanoparticle synthesis usually involves
protective coating by organic or inorganic molecules. However, the
production of high quality nanoparticles rarely complies with green
chemistry rules using organic solvents and expensive and toxic reagents
combined with high reaction temperatures for long times. Such
methods enable the production of small quantities of highly uniform
nanoparticles with specific particle size and shape [6,7]. Besides, green
synthetic methods using non-toxic reagents and low energy consump-
tion, stand on the aqueous precipitation of iron salts with very low cost
and high productivity, but they are restricted to a certain size range
(below 15 nm) with wide size distribution. As a result, magnetite na-
noparticles present modest magnetic response, and often favor the
particle agglomeration with the consequent decrease in effective sur-
face area and heating performance.
An interesting alternative for the production of iron oxide nano-

particles following a green route is the oxidative hydrolysis of Fe2+ in
aqueous media. Thus, through the intermediate formation of green rust,
uniform magnetite nanoparticles are obtained by completely separating
the hydrolysis of iron (II) from dehydroxylation and oxidation of green
rust [8]. Green rust refers to a class of mixed ferrous and ferric iron
hydroxides based on the brucite Fe(OH)2 layers where part of Fe2+ is
oxidized to Fe3+ and anions and water molecules are in the inter-
laminar space following the general formula [Fe2+(6−x)Fe3+x (OH)12]x
+·[Ax/n·yH2O]x−, being A an n-valent anion such as Cl−, CO32− or
SO42− and y the number of interlayered water molecules crystallized in
a layered double hydroxide structure. Mimicking natural processes
during which green rust is a critical compound considered as a life-
generation engine [9], the accurate control of reaction parameters is
known to result in high purity and advanced crystallinity products with
improved magnetic properties [10,11]. The role of oxidant’s nature, the
Fe2+ salt, the solvent, the pH and the temperature has been previously
monitored in batch processes concluding FeSO4, NaOH, NaNO3 and
ethanol/water as the combination of low-cost reagents that brings the

most stable green rust precursor following a lower dissociation rate
when supersaturation is achieved [12]. However, carrying out the two-
step process in a batch reactor involves a number of challenges arising
from the time evolution of critical parameters such as the actual re-
agents and products concentration, the temperature and the pH during
both processes. This is important not only for the reproducibility of the
process but also for the energy consumption and the dimensions of the
pilot plant needed for the synthesis. For instance, a large-scale pro-
duction line would require a high-volume batch reactor and facilities to
load the reaction mixture, significant power to heat the solution from
room temperature up to nearly boiling temperature and non-negligible
loss of time to evacuate, clean and reload the system. The long time
needed for mixing and heating the reaction mixture in this pilot plant
implicates the variation of critical parameters previously mentioned,
and all will end up in an enhanced polydispersity of the product. On the
contrary, continuous flow microfluidic reactors manage to overcome
some of these difficulties and optimize nanoparticles characteristics
compared to batch synthesis. Moreover, it is possible to receive unusual
morphologies or phase combinations that cannot be achieved otherwise
or introduce lab-on-a-chip devices to enable on-site synthesis [13–16].
Such processes take advantage of working in the steady state of a
continuous flow mode, but their potential scale-up by assembling an
extremely high number of microreactors working in parallel will imply
additional difficulties and costs.
In spite of the fact that the demand of magnetic nanoparticles for

developing applications is exponentially growing, not much effort has
been devoted to investigate possibilities of transferring laboratory
knowledge into large-scale production schemes. In an attempt to im-
prove the conditions of synthesizing Fe3O4 nanoparticles and promote a
process for their industrial-scale production, this work presents the
continuous-flow version of the oxidative precipitation process able to
operate under time-independent state in stationary condition. In order
to fulfill this objective, we adapted the optimum critical parameters of
the process determined previously using the batch approach to a con-
tinuous flow process. The design of the described process was im-
plemented keeping in mind commonly adopted processes for the in-
dustrial production of iron oxides i.e. precipitation from salts into
continuous stirred tank reactors (CSTR). More specifically, the oxida-
tive precipitation of Fe2+ was performed in a sequence of two stirring
reactors, in which the formation of the hydroxide gel and its ageing
under mild oxidizing conditions are carried out separately. The role of
the acidity during green rust production and the ethanol’s presence
were investigated, as well as the key parameters to define the geome-
trical characteristics and the magnetic properties of obtained nano-
particles. In order to test the validity of Fe3O4 nanoparticles as potential
agents for biomedical practices, their efficiency in magnetically-trig-
gered hyperthermia was examined.

2. Experimental

2.1. Product synthesis

Magnetite nanoparticles were prepared in a continuous-flow setup
(Fig. 1) adapted to the reagents’ proportions used for the synthesis of
22 nm Fe3O4 spherical nanoparticles in a batch [12], after dividing all
concentrations by a factor of 10. Two separate 5 L tanks were used to
store the reagent mixtures: one for the FeSO4·7H2O solution (0.03 M)
and a second one for the mixture of NaNO3 (0.06 M), NaOH (0.125 M)
and ethanol (30% v/v when used). The tanks were periodically refilled
by freshly dissolved reagents to feed the reactor. The solutions were
pumped at a constant rate, 0.3 L/h and 1.2 L/h respectively, in a 0.5 L
reactor operating at room temperature under mild mechanical stirring
and intense nitrogen bubbling (residence period 20 min). Successful
application of inert conditions in this part proved to be critical to
completely inhibit oxidation by air and avoid formation of red-colored
Fe3+ oxyhydroxides. The pH in this reactor was kept to a specific value
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for each experiment by the periodical addition of drops of NaOH or
H2SO4 solutions (one value in the range 8–12 ± 0.2 as shown in
Table 1). In this reactor, the rapid formation of green rust takes place
according to the reaction:

5 Fe(OH)2 + Fe2+ + SO42− + 0.25 NO3− + (n + 1.5) H2O →
[Fe2+4 ,Fe3+2 ,(OH)12]2+·[SO4·nH2O]2− + 0.25 NH3 + 0.25 OH−

The green rust slurry was then pumped into the ageing reactor,
consisting of two consecutive stirring tanks of 3 L each, placed into a
water bath heated at 90 °C and surrounded by an insulating top to avoid
water evaporation. In this way, green rust immediately meets maximum
temperature avoiding the usual half-an-hour heating period in batch
process. Relatively intense stirring and nitrogen bubbling is applied to
the first reactor to homogenize the mixture whereas slow stirring is
applied to the second one to allow better crystallization of the product.
The total residence period in the ageing reactor was set at 4 h, equally
split in each tank, and this value was used as the design parameter for
the whole system. During ageing time, the reduction of nitrate ions
caused the conversion of green rust to magnetite [17–19]:
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Finally, the black colored dispersion is collected in the outflow of
the ageing reactor, cooled down to room temperature and then, washed
several times with distilled water until a conductivity below 1 mS/cm
was obtained. The pH during the production of the intermediate iron
hydroxyl-sulfate and the presence of ethanol were used as the con-
trolling parameter defining the reaction efficiency and the character-
istics of obtained nanoparticles. In all cases, a drop of the pH was ob-
served at the end of the ageing process as a consequence of the

oxidation pathway [12]. An overview of the synthesis parameters for
the studied samples is presented in Table 1.
The relative decrease of the OH− concentration (Table 1) is con-

sidered representative of the green rust’s oxidation extend and increases
in the presence of ethanol and at lower pH values. It should be ex-
plained that the OH− decrease was estimated by the pH and the ionic
product decrease and it is related to the weakening of hydrogen-
bonding network and the reduction of dielectric constant in the case of
ethanol, or the weakening of the green rust’s stability in the case of the
low starting pH.

2.2. Characterization

Structural-phase identification on dried samples was performed by
powder X-ray diffractometry (XRD) using a water-cooled Rigaku
Ultima + diffractometer with CuKa radiation, a step size of 0.05° and a
step time of 3 s, operating at 40 kV and 30 mA. The diffraction patterns
were compared to the Powder Diffraction Files (PDF) database [20] and
the crystallite sizes were determined using the Scherrer’s equation. The
morphology and the mean particle size distributions were determined
through transmission electron microscopy (TEM) images obtained using
a JEOL JEM1010 microscope operating at 100 kV. Samples were pre-
pared by placing a drop of the particles suspended in water onto a
carbon coated copper grid and allowing it to dry at room temperature.
The specific surface area of the nanoparticles was estimated by nitrogen
gas adsorption at 77 K using a micropore surface area analyzer ac-
cording to the Brunauer-Emmett-Teller (BET) model.
The ratio of Fe2+/Fe3+ was determined by acid digestion of the

nanoparticles and titration using KMnO4 solution [21,22]. A sample
quantity of 0.1 g was dissolved under heating in 50 mL 7 M H2SO4 (pre-
treated with nitrogen bubbling) and titrated with 0.05 M KMnO4. The
end point of the titration was defined by the persisting weak pink color,
indicating that the MnO4− ions were no longer being reduced. Total
iron content was measured after sample dissolution in HCl, by graphite
furnace atomic absorption spectrophotometry using a Perkin Elmer
AAnalyst 800 instrument.

2.3. Colloidal properties

A Zetasizer nano ZS by Malvern Instruments was used for the de-
termination of the hydrodynamic size and the ζ-potential. The dynamic
light scattering (DLS) allows the measurements of the aggregate size in
dispersion among 0.6 and 6000 nm. A log-normal distribution function
in intensity was used to fit the size data obtained. The Zetasizer nano ZS
calculates the ζ-potential by determining the electrophoretic mobility
using laser Doppler velocimetry and applying the Smoluchowski

Fig. 1. Schematic representation of the laboratory continuous-flow process for the synthesis of Fe3O4 nanoparticles.

Table 1
Experimental parameters used for the Fe3O4 nanoparticles synthesis in the
continuous-flow setup at 90 °C.

Sample pH value Solvent [OH−] decrease %

Green rust Final

S1 12.5 12.0 H2O/EtOH 63
S2 11.6 10.9 H2O/EtOH 75
S3 10.8 10.1 H2O/EtOH 79
S4 8.4 6.7 H2O/EtOH 100
S5 12.3 12.1 H2O 38
S6 11.3 11.0 H2O 50
S7 10.1 9.8 H2O 50
S8 9.2 6.7 H2O 100
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approach. All the measurements were performed at room temperature
using 0.001 M KNO3 as background electrolyte and HNO3 and KOH to
change the suspension pH.

2.4. Magnetic measurements

A vibrating sample magnetometer MagLab VSM (Oxford
Instrument) was used for the measurement of the magnetic properties
up to a maximum field 1 T (~800 kA/m). Coercive field and saturation
magnetization values were obtained from the hysteresis loops recorded
at room temperature. The saturation magnetization values (Ms) ex-
pressed in Am2/kgFe3O4 were determined by extrapolating to infinite
field the magnetization values in the linear region of M versus 1/H. The
corresponding minor loops measured after demagnetization at a max-
imum DC field 24 kA/m were also recorded as an indication of the AC
field heating potential introduced by hysteresis losses.

2.5. Induction heating efficiency

Calorimetric measurements on the heating efficiency of nano-
particles under an AC magnetic field were acquired using a commercial
converted 4.5 kW inductive heater at 765 kHz frequency and 24 kA/m
magnetic field intensity. The specific loss power (SLP), or specific ab-
sorption rate (SAR) used to evaluate the heating performance was de-
rived from the slope of the temperature versus time curve after sub-
tracting water background signal and heat losses to the environment.
Data are given in Watts per gram of Fe3O4. In addition, corresponding
intrinsic loss power (ILP) was calculated after the expression
ILP = SLP/(f·H2) with f and H being the AC frequency and the field
intensity, respectively. Temperature was monitored by using an Opsens
PicoM device with a GaAs-based fiber optic probe.

3. Results and discussion

All samples prepared in pure water and water/ethanol mixtures
under different pH conditions (Table 1) by the continuous flow process
present a ferrite iron oxide structure as shown in the XRD diagrams
(Fig. 2). Chemical analysis identifies them as solid solutions of mag-
netite-maghemite but, considering the high Fe2+/Fe3+ ratio, they will
be called for short according to the dominant crystal phase which is
magnetite (Table 2). It can be observed that below pH 10 (Samples 3, 4,
7, 8) the formation of iron oxy-hydroxides such as α-FeOOH was also

favored. This suggests that under these conditions the oxidation of
green rust takes place more rapidly than its dehydroxylation and
therefore, the complete transformation of intermediate products to
magnetite does not occur. These intermediates and residual green rust
are oxidized to α-FeOOH when the sample is exposed to the atmosphere
[23]. Consequently, a reduction of the Fe2+/Fe3+ ratio is observed in
the samples prepared in pure water, as it is the case of sample 8
(Table 2). The average size of crystal domains for each sample was
evaluated by applying the Scherrer’s equation [24], on the broadening
of (3 1 1) Fe3O4 peak (Table 2). These values were also compared to the
actual particle size from microscopy observations to define the degree
of polycrystallinity of the particles in each case. An improvement of the
crystallinity is observed when the pH is around 10–11 reaching a
maximum value of around 50 nm that falls off to less than half at
synthesis pH around 7. Such finding shall be attributed to the mod-
ification of crystal growth mechanism as defined by the lower reaction
rate of green rust at less alkaline environment.
On the other hand, the effect of reaction conditions during growth

becomes more obvious in the geometry of the obtained nanoparticles.
TEM images in Fig. 3 provide evidence about the different shape and
dimensions of magnetite nanoparticles synthesized in continuous flow
reactor. The most significant effect comes by the presence of ethanol
which generally results in smaller nanocrystals in the range of
40–53 nm whereas pure water favors much larger particles in the range
of 150–310 nm with higher polydispersity. Working at intense alkaline
conditions in water/ethanol mixture enables the formation of almost
spherical nanoparticles reaching a mean diameter of 53 nm at pH 12
and 43 nm at pH 11. At lower pH values, cubic-shaped nanocrystals
dominate with a size of around 40 nm (diagonal dimension). On the
contrary, nanoparticles grown in pure water achieve almost one order
of magnitude larger dimensions forming well-defined nanocubes with
their size strongly dependent on the synthesis pH. Particularly, at pH 12
the cube diagonal slightly overcomes 300 nm but gradually decreases
below 200 nm at pH 10 [25,26]. It has been reported that magnetite
nanocubes are favorable under small excess of OH−, i.e. when all Fe2+

nucleates in the form of Fe(OH)2. However, zero OH− excess gives
larger octahedral nanocrystals and Fe2+ excess produces larger sphe-
rical (even submicronic) particles [10]. Under neutral conditions (pH 7)
close to the isoelectric point of magnetite, nanoparticles tend to ag-
glomerate and a very polydisperse sample of spherical nanoparticles is
obtained. It should be noted that rod-shaped formations observed in
samples 4, 6 and 7 correspond to the α-FeOOH that appears as a
synthesis byproduct, as confirmed by XRD [27].
In comparison to similar studies on the oxidative precipitation of

magnetite nanocrystals in a batch reactor [12], particle sizes of the
continuous-flow process appear to be significantly enlarged. For in-
stance, magnetite formation using Na+ and SO42- as counterions in a
25% ethanol/water mixture was reported to result in monodisperse
nanoparticles of 21.2 nm. The difference can be attributed to the nu-
cleation process at iron concentrations ten times higher in the case of
the batch reactor leading to a huge number of nuclei unable to grow
further. The nucleation step is the initial precipitation of ferrous ions in
green rust that serves as substrate for the magnetite nanoparticles
growth by means of oxidation, dehydration and co-precipitation. The
ten times reduction of concentration of iron with respect to previous
batch experiments caused a smaller nucleation rate. The smaller
number of nuclei formed leads in larger particles [28]. As a con-
sequence, the corresponding dimensions of nanocrystals prepared by
the continuous-flow system are almost double in size (40–50 nm).
Compared to similar batch synthesis, the polydispersity index for con-
tinuous-flow system appears slightly smaller lying in the range of
0.10–0.15. It should be underlined that the described low-concentration
effect only partially explains the observed size variation since batch
synthesis at the same concentrations than the continuous-flow proce-
dure, indicated a small drop of the size for S1, ~43 nm (Supporting
information). This is an evidence about the significant role of setting

Fig. 2. XRD diagrams of samples prepared at pH 8.4–12.5 in H2O/EtOH (S1-S4)
and samples prepared at pH 9.2–12.3 in H2O (S5-S8).
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the reaction parameters as time-independent in the continuous-flow
setup, in the nucleation/growth mechanism.
The differences get even higher in pure water synthesis when the

nanoparticles size goes from 36.9 nm in a batch reactor at ten times

higher iron concentrations or 55 nm at similar concentrations, up to
190 nm in the continuous-flow system. Here, key parameters related to
the growth step dominate, i.e. the transformation of green rust to
magnetite. Thus, the use of water affects the speciation of precipitating
ionic forms and, as a result, oxidation and dehydroxylation rate. When
the pH increases, larger quantities of Na+ and OH− are included in the
layered double hydroxide structure of the green rust leading to larger
magnetite particles [29]. It should be mentioned that under less alka-
line conditions, there is a tendency to produce intermediate products
such as lepidocrocite (γ-FeOOH) or goethite (α-FeOOH), especially for
samples synthesized in pure water [30]. On the other hand, oxidation-
dehydroxylation of the initially formed green rust proceeds under very
low Fe2+ and green rust concentrations, very high residual sulfate
concentrations and in the presence of formed magnetite nanocrystals.
Such parameters allow a slow reaction rate probably heterogeneously-
assisted on the surface of existing nanoparticles and therefore, larger
particles are attained compared to a similar batch reaction.
In accordance to the size of synthesized magnetite nanocrystals in

the continuous-flow system, the specific surface area of the samples
prepared in the water/ethanol mixture is in the range of 30–35 m2/g
but decreases to around half of this value for the samples grown in pure
water (12–16 m2/g). When samples are dispersed in water forming a
colloidal suspension, the actual organization of the nanoparticles in
aggregates is reflected in the DLS measurements concerning the hy-
drodynamic diameter (Fig. 4). Samples grown in pure water generally
form larger aggregates with a mean hydrodynamic size of 2400 nm, in
particular for the sample synthesized at pH 11. The corresponding
sample produced in water-ethanol mixture show smaller hydrodynamic

Table 2
Overview of the physical, chemical and morphological properties of the samples produced in the continuous-flow system.

Sample Solvent Shape Size (nm) Crystal size (nm) BET (m2/g) Fe2+/Fe3+ Ms (Am2/kg)

S1 H2O/EtOH Sphere 53 ± 7.7 29.2 30 0.45 79.5
S2 H2O/EtOH Sphere 43 ± 6.7 32.1 32 0.47 85.6
S3 H2O/EtOH Cubic 39 ± 6.1 42.7 34 0.44 82.7
S4 H2O/EtOH Cubic 40 ± 6.6 31.0 33 0.37 82.3
S5 H2O Cubic 310 ± 28.6 45.6 16 0.42 76.6
S6 H2O Cubic 260 ± 24.5 54.8 12 0.42 90.0
S7 H2O Cubic 190 ± 25.9 55.5 15 0.37 90.2
S8 H2O Sphere 150 ± 21.8/280 ± 28.9 24.1 14 0.28 56.3

Fig. 3. TEM images of samples prepared at pH 8.4–12.5 in H2O/EtOH (S1-S4) and samples prepared at pH 9.2–12.3 in H2O (S5-S8) by the continuous-flow system.
Note the differences in scale bars in the two rows.

Fig. 4. Hydrodynamic size calculated by DLS measurements of the colloidal
suspensions of magnetic nanoparticles prepared at pH 11 in the continuous-
flow system.
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diameters with a bimodal distribution with peaks located at 170 and
780 nm.
The effective surface charge of the obtained nanoparticles in aqu-

eous colloidal suspensions was signified by the electrophoretic mobility
measurements at different pH values. Fig. 5 presents the ζ-potential
curves for nanoparticles prepared at pH 11 in water-ethanol mixture
(sample 2) and pure water (sample 6). Isoelectric points for both
samples were found to be shifted below pH 5.5 indicating the important
role of OH− and SO42− excess in the determination of a negatively-
charged particle surface through their favorable adsorption. In the ab-
sence of ethanol, the surface modification effect is more intense and the
nanoparticles show a lower isoelectric point (pH 4.7) compared to the
smaller nanocrystals produced in water-ethanol (pH 5.3). Similar re-
sults concerning the contribution of ethanol in the stabilization of
surface charge were observed for magnetite nanoparticles prepared by
the oxidative precipitation of Fe(II) sulfate in a batch [10]. Interest-
ingly, a typical nanoparticles dispersion (1 g/L) has a time window of
colloidal stability of up to 1 h.
The magnetic properties of the obtained nanoparticles are consistent

with the presence of a well-defined magnetite structure and the stoi-
chiometric Fe2+/Fe3+ratio. All samples follow a ferrimagnetic beha-
vior at room temperature which is reasonable for nanoparticles lying
well-above the superparamagnetic limit for magnetite (> 20 nm). More
specifically, the saturation magnetization estimated from the hysteresis
loops (Supporting information) is equal to the reported values for bulk
magnetite for many samples [31]. An important deviation to lower
magnetization values is observed for nanoparticles grown in pure water
and at low pH values (sample 8). As mentioned, the crystal growth
mechanism is deteriorated when working at neutral pH values resulting
in a polydispersed system containing iron oxy-hydroxides. Coercive
field shows non-zero values varying within a narrow range 6.4–8 kA/m.
Fig. 6 shows a comparison of the minor loops obtained for samples

synthesized in water/ethanol and pure water at a maximum field equal
to the field applied in the magnetic hyperthermia experiments of this
work (24 kA/m). Although measurements were taken in DC field, it has
been shown that the integration of the area included in the loops is in
general proportional to the expected heating efficiency when hysteresis
losses are the main heating mechanism at the radiofrequency AC fields
used in magnetic hyperthermia. In this case, samples prepared under
strong alkaline conditions provide the larger hysteresis area. In parti-
cular, sample 5 (pH 12 in water) brings the maximum value ap-
proaching 170 J/g whereas samples 1 and 2 (pH 12 and 11 in water/
ethanol) show similar large hysteresis areas, reaching 110 and 150 J/g,

respectively. For the rest of the samples, hysteresis areas within the
range 50–80 J/g were measured.
The comparison of the hysteresis areas of the minor loops measured

in powders and the SLP values estimated by temperature versus time
curves in dispersions of the magnetite nanocrystals are shown in Fig. 7.
It is very interesting to see that SLP values obtained under an AC
magnetic field are directly proportional to the hysteresis areas obtained
from a DC magnetic measurement suggesting hysteresis losses as the
dominant mechanism of heat generation. Such finding is reasonable
considering that the dimensions are well above the superparamagnetic
limit, i.e. within the monodomain range 20–70 nm (water/ethanol) or
in the multi-domain range,> 70 nm (pure water) and their behavior is
clearly ferrimagnetic.
Importantly, the heating efficiency for the nanoparticles prepared

under strong alkaline conditions is among the highest ones reported for
single-phase magnetite particles developed by the oxidative precipita-
tion method, with SLP values overcoming 1 kW/g or even higher, as it
is the case of sample 5 whose SLP approaches 2 kW/g with respect to
Fe3O4 mass. For comparison, the corresponding samples prepared in a
batch resulted in SLP values lower than 0.5 kW/g (708 kHz, 24 mT)
[12]. These differences are less significant when measuring the SLP at
lower frequencies and field strengths, going down by one order of
magnitude [10,32] (check Supporting Information). It should be noted
that much higher heating efficiencies, even overcoming 10 kW/g, have
been reported for combinations of Co, Zn, Mn prepared by organic
synthesis [33–35]. However, those synthesis methods cannot be defined
as green and low-cost, because of the presence of potentially toxic

Fig. 5. Zeta-potential measurements of samples prepared at pH 11 in the con-
tinuous-flow system.

Fig. 6. Minor magnetic hysteresis loops at maximum field 24 kA/m for the
studied samples prepared in the continuous-flow system.
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elements for biomedical applications [36]. Lower but not negligible
values in the range 0.25–0.75 kW/g were measured for samples pre-
pared at less alkaline environments. The ILP index for the most efficient
samples was found between 3 and 4.4 nH·m2/kg whereas samples
prepared at less alkaline conditions presented values in the range
0.6–1.4 nH·m2/kg.
Therefore, regarding magnetic hyperthermia as an application of

major interest for magnetite nanoparticles, optimum conditions for its
synthesis in water/ethanol mixture is the use of a pH above 11, while
when working in pure water, the pH should be adjusted to 12. It must
be underlined that the obtained nanoparticles in pure water are almost
one order of magnitude larger than those for water/ethanol, limiting
the potential applicability in biomedical uses. Other important appli-
cations of these nanoparticles are now under study such as catalysis or
water remediation [37–39].

4. Conclusions

The continuous flow process developed in this work allows the
preparation of uniform magnetite nanoparticles with sizes between 40
and 300 nm and very interesting magnetic properties. The continuous
operation using the proposed concentrations and flowrates resulted in
narrow dispersion of properties, using reagents that are non-toxic or
substantially less toxic and an important reduction in waste generation
in comparison to other synthesis methods in batches. Importantly, the
system may operate uninterruptedly providing reproducible

nanoparticles since all reaction parameters are fixed at any stage and
complete homogenization is achieved. Furthermore, the “extracted”
parameters by the continuous flow synthesis of 0.7 g Fe3O4/h enable
the design of a full-scale unit for the production of huge quantities by
just multiplying the tanks’ volumes and the flowrates. New industrial
applications of magnetite nanoparticles in catalysis, biotechnology,
water remediation, etc. or in general, in the area of environmental re-
mediation, which is a subject of growing interest due to the superior
performance of nanomaterials compared to conventional technologies,
could benefit from this work.
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